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Preface

These volumes record the proceedings of the Third International
Symposium on the Natural Radiation Environment. The growing,
more broadly based interest in the subject is reflected in the
increased number of papers as compared with programs of
previous symposiums in the series. The magnitude of these
proceedings is largely responsible for the considerable time
required for their preparation.
The papers are divided into broad categories, beginning with
radioactivity in the ground, proceeding to that in air, water, food,
and the human body, then to environmental radiation, and
concluding with special topics mostly related to instrumentation.
At the end of the proceedings is a summary providing the results
of the intercomparison experiments that took place shortly after
the symposium, involving instrumentation for measuring penetrating environmental radiation as well as radon and its daughters.
Since the grouping of the papers under broad categories provides
an imprecise measure of their content, a subject index as well as
an author index has been provided.
One of the most important aspects of a symposium of this
type is the discussion that follows the presentation of a paper.
With the cooperation of both authors and discussants, we have
been able to include the more important aspects of the
discussions following the particular papers in the text.
We would like to express our appreciation to Joan Roberts
and her colleagues at the Technical Information Center of the
U. S. Department of Energy, who have seen these rather
considerable proceedings through to publication.
Thomas F. Gesell
Wayne M. Lowder
Editors

Introduction

The Third International Symposium on the Natural Radiation
Environment was held in April 1978 at Houston, Texas, the same
site as for the two previous symposiums in this series in 1963 and
1972. One hundred and eighty-four scientists from 20 countries
participated. Details of the history of these symposiums are given
in the first paper of these proceedings. Recent interest in the
subject of natural radiation and radioactivity is reflected by the
fact that, subsequent to the second symposium in 1972, several
workshops on relevant topics were conducted in the United
States, a special symposium on areas of high natural radioactivity
was held in Brazil in 1975, and a Health Physics Society (U. S.)
mid-year topical symposium was devoted to natural radiation in
1976. Another special symposium is planned for 1981 at
Bombay, India.
As with its predecessors, this symposium sought to provide a
common forum for scientific workers in the several disciplines
that deal, sometimes only secondarily, with natural radiation.
Although the basic physics and chemistry of natural radioactivity
have been well known for decades, it is evident that scientific
excitement over natural radiation continues unabated more than
80 years after its discovery. The reasons for this continued
interest are numerous but revolve principally around an increasing
interest in the environment as it pertains to human health and the
competition for scarce energy and material resources.
A detailed understanding of the magnitude and range of
natural radiation exposures of individuals and populations provides an indication of the levels in which present species evolved.
These levels also can serve as a benchmark against which
man-made contributions can be compared. The extent to which
levels of natural radioactivity can be used to justify "acceptable"
or "de minimus" radiation levels or exposures from human
activities remains a matter for serious debate.

IV

In the current regulatory climate, only small additional
man-made contributions of radioactivity to the environment are
permitted. It is crucial to understand the natural or background
radiation levels if small man-made contributions are to be
measured for research or regulatory purposes. Even with the
substantial radioactivity releases associated with the accident at
the Three Mile Island Nuclear Station near Harrisburg, Pennsylvania, uncertainties in the natural radiation levels lead to
substantial uncertainties in the estimates of the exposures due to
the accident.
Areas of anomalously high natural radiation or radioactivity
may someday provide epidemiological evidence for or against the
possibility of any detrimental biological effects of low-level
radiation exposure. The search for and detailed description of
these anomalously radioactive areas are prerequisites for good
epidemiological studies.
While the potentially negative impact of radioactivity on
human health often motivates environmental radiation studies,
there are also more positive motivations. Environmental radioactivity has been used for decades to explore for important
radioactive and associated nonradioactive minerals. It has provided an important tool in many investigations in the earth
sciences. More recently there has been an indication that changes
in concentrations of radioactivity in water and soil gas are
associated with seismic activity. This association, together with
other tools available to the seismologist, may someday permit the
prediction of earthquakes, with the attendant potential for saving
many human lives.
As energy becomes more scarce and more expensive, conservation and employment of nontraditional resources will occur,
and these activities will have an impact on man's radiation
environment. A simple conservation measure available to nearly
everyone is reduction of the infiltration of outdoor air into their
dwellings during heating and cooling seasons. This reduction will
inevitably increase indoor airborne natural radioactivity concentrations in most dwellings because less fresh air will be
available to dilute gaseous radioactivity diffusing into the
structure from the soil, foundation, and construction materials.
This relation between energy conservation and natural radioactivity levels is but a current example of the general
phenomenon of human exposures to "technologically enhanced
natural radiation," that is, to exposures to naturally occurring

radKMSOtopes and to cosmic rays which are increased by man's
activities. Interest in exposures to technologically enhanced
natural radiation is increasing, perhaps owing to the realization
that there is no qualitative difference between such exposures and
those to man-made radioisotopes and thus they should be
accorded a similar degree of attention. The radiological impact of
nuclear energy activities has been extensively documented.
However, we have only begun to document the effect of
nonnuclear energy technologies and many other human activities
on human exposure to ionizing radiation.
In any consideration of what this symposium achieved, the
primary acknowledgment must be accorded to the authors who
made the contributions and to the institutions who supported
their work and permitted their attendance. A special
acknowledgment is due Professor John A. S. Adams of Rice
University who co-organized the first two symposiums and served
as the chairman of the scientific advisory committee for this
symposium. He and his colleagues on the committee provided us
with much assistance in the organization and conduct of the
symposium. Appreciation is due to the Office of Health and
Environmental Research, Assistant Secretary for Environment.
U. S. Department of Energy, and to the University of Texas
School of Public Health which provided financial and logistical
support. Special thanks are given to the staff and students of the
School of Public Health who, led by Dr. Howard Prichard,
volunteered their time and effort to help with the myriad
technical details essential to the smooth running of an international symposium.
Thomas F. Geseil*
Wayne M. Lowdert
James E. McLaughlinf
Conveners of the Symposium

"University of Texas School of Public Health. Houston, Texas,
f Environ mental Measurements Laboratory. U. S. Department
Energy, New York, N.Y.
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The Natural Radiation Environment Symposiums

JOHN A. S. ADAMS
Rice University, Department of Geology. Houston, Texas

Ever since Aristotle, at least, the problem of causation has been
recognized as difficult. The direct causes of the First International
Symposium on the Natural Radiation Environment here in Houston,
Apr. 10—13, 1963, are relatively easy to state. On Monday, Dec. 3,
1961, the New York Times carried on page one, in the lower part of
column one, a story on the thorium content of the Conway granite
in New Hampshire and how it might provide a substantial energy
source if used in a breeder reactor. The New York Times article, in
turn, was based on an article in uic Proceedings of the National
Academy of Sciences, published in November 1961. Wayne Lowder
of the Health and Safety Laboratory of the U. S. Atomic Energy
Commission* was curious about this report and telephoned from
New York to Houston to find out more from the senior author.
From this initial conversation between Lowder and me, who were
then complete strangers, there followed a detailed exchange of ideas
that quickly led to the organization of the First International
Symposium on the Natural Radiation Environment. Apr. 10—13
1963.
If we look more deeply into the causes, which children are
trained not to do, we might ask why the report appeared on the
front page of the New York Times It is a defensible hypothesis that
it appeared on the front page because it was Monday and there had,
fortunately, been no major disaster, such as a presidential assassination the previous day. Indeed, the second most newsworthy item
*Now the Environmental Measurements Laboratory of the U. S. Department
of Energy.
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selected for summary by the editors of the New York Times
concerned Mrs. John F. Kennedy's being the favorite "cover girl" of
magazines that she would never dream of reading. Publication of the
initial report by the National Academy of Sciences and the fact that
our research was done with the support and collaboration of Oak
Ridge National Laboratory also contributed. M. King Hubbert
sponsored publication by the Academy because he was impatient
with the rejection of the manuscript by several geologic and general
journals and because he was incorporating the data in his 1962
survey of energy resources. Still another link in the chain of
causation is the fact that my colleagues and I at Rice University have
been able to work for the past 25 years on the geochemistry of
thorium, uranium, and potassium with the continuous and generous
support of the Robert A. Welch Foundation under Grant C-009.
Regardless of the mixture of chance and choice that ied to the
first symposium, the second and third symposiums resulted from the
continued recognition that, like most important problems, the
natural radiation environment does not fall completely into one of
the traditional academic departments or disciplines. A central,
common, and interdisciplinary interest which continues strong is that
both the health physicist interested in environmental levels of
radioactivity and the mineral explorationist interested in locating
ores are looking for anomalies above regional background and both
have large areas to cover with minimum budgets. One difference of
interest is that the environmentally concerned are particularly
interested in industrial increments to the regional backgrounds,
whereas the mineral explorationist is interested in naturally high
concentrations that may lead to commercial deposits. Another
difference is that the mineral explorationist is accustomed to dealing
with bankers, because it is ore only if you can get a bank loan to
develop it; by contrast, the environmentally concerned must perforce
deal with the public and their political representatives. Intercalibration of concept and of instruments has not always been easy, but the
continued and increased interest in these symposiums and their
proceedings testifies to the increasing need for ever more-detailed
descriptions of the real v/orld at lower and lower costs per data
point.
Looking broadly at the three symposiums, it is interesting to
note that some concepts have stood the test of time and more data.
Thus tiie lognormal distribution is not limited to the thorium
content of the Conway granite but is useful in describing the natural
radioactivity in the soils and vegetation at Hanford, the radioactivity
of Swedish rainwater, and the radioactivity of Japanese rainwater,
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among many environmental examples. The conveners of this symposium were startled by the large number of papers submitted regarding
222
Rn, but this is merely a result of a growing recognition that the
inhalation of 2 2 2 Rn said its daughters is a very major contributor to
the ionizing radiation dose to the lungs of the general human
population. Radon-222 is also an important factor in human
exposure to technologically enhanced natural radiation (TENR).
However, the tracing of concepts is as difficult as the tracing of
causes. Thus the lognormal distribution has been recognized empirically and described theoretically for many years. Regarding 2 2 2 Rn,
the association of lung cancer (actually Schneebergkrankheit) with
uranium mining was accurately described several years before
Becquerel's 1896 report on radioactivity. Again, regarding TENR, I
presented a paper to The Geological Society of America 5n 1954
giving measurements of the uranium "spike" in Wisconsin river
waters from the phosphate fertilizer spread on the fields and
estimates of the total amount of uranium spread on the fields each
season. Despite these many difficulties in mastering and mining the
literature, the participants in this and the previous symposiums have
performed a particularly useful service in bringing together literature
references from widely diverse specialties. Indeed, the flattering
suggestion that the first two proceedings be reprinted arises at least
in part from the diversity of viewpoints and literature sources
brought together.
Before concluding this brief historical introduction, some selfcriticism is in order. With only a few isolated exceptions, the
participants in these symposiums, including myself, have been
relieved and satisfied to present measurements without discussing the
effects, if any, of natural ionizing radiation. The difficulties of
proving or disproving a dose or dose-rate threshold for the expression
of genetic or somatic damage from ionizing radiation in human
health, together with the weighty political and economic consequences of such a proof, may explain but not excuse such a
"conspiracy of silence." As experts in the study of the natural
radiation environment, are we adequately communicating with each
other or the public in general the essential knowledge and ignorance
regarding effects? In communication, are we where sex education
was 40 years ago? By way of illustration, let us consider three
essential points. First, those of us who attended the symposium at
Poqos de Caldas, Brazil, June 16—20, 1975, or read the proceedings
must conclude that, in this area of maximum natural radiation, there
are no demonstrable effects on humans. Furthermore, given the size
of the population, the expected frequency obtained by assuming no
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threshold and extrapolating to zero, and other health problems, it is
unlikely that effects could be detected. Second, the assumption of
no threshold has not been proved for any environmental stress. Thus
gravity-free, noise-free, germ-free environments are not ideal. There is
an optimum range above zero for the biological, chemical, and
physical factors that we know most about. Finally the observation
that Drosophila willinstoni from Pocos de Caldas appear to have
developed some resistance to ionizing radiation1 and the growing
understanding of the repair mechanisms of deoxyribonucleic acid
{Science, Vol. 200, pp. 518-521, May 1978) suggest that organisms
can and have developed healing mechanisms to repair the chemical
bonds and molecular structures damaged by natural levels of
radioactivity. In short, have we been intellectually honest, and given
the threshold hypothesis equal time, realizing that the question may
not be settled for some time, if ever?
I take great pleasure in welcoming you to this symposium, in
some cases to Houston for the third time. The first symposium was
held in Houston as part of the celebration of Rice University's 50th
anniversary. During this celebration a series of specialized symposiums were held with the intention of dealing with some of the
important problems for the 50 years from 1963 to 2013. As we
approach a point one-third of the way through those 50 years, it
does appear that in this rymposium we do hav9 a topic of redeeming
social importance.
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Radon Migration in the Ground:
A Supplementary Review*

ALLAN B. TANNER
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ABSTRACT
Since the First International Symposium on the Natural Radiation Environment,
our understanding of radon migration in the ground has been aided by research
in solid state physics, in occupational health, in uranium exploration, in lunar
radioactivity, and in the use of 2 2 2 R n for predicting earthquakes. Water is the
most important agent in pnabling radon isotopes to escape from solid material:
Water absorbs kinetic energy of the recoil atom of radon; it is an active agent in
altering and hydrating mineral surfaces, thus enhancing their emanating
power; and it decreases the adsorption of radon on mineral surfaces. Once in
rock and soil pores, radon atoms migrate by diffusion and by transport ip
varying proportions. In diffusion and transport calculations, it is desirable to use
the radon concentration in the interstitial fluid as the concentration parameter
and to include porosity explicitly. Most values of diffusion coefficient in the
literature are for an effective diffusion coefficient, equal to the true diffusion
coefficient divided by porosity, and should be corrected before applying
boundary conditions. The transport component is important in dry, permeable
soils in che upper layers but is much reduced below depths of several tens of
meters. Research in disequilibriums in radionuclides of the uranium and thorium
series suggests that mucn assumed migration of 2 2 2 Rn is, in fact, a more general
migration of uranium and radium isotopes.

In the proceedings of the First Symposium on the Natural Radiation
Environment, I presented a review of the processes by which the
atoms ot the several natural isotopes of radon escape from solid
material and migrate in the ground (Tanner, 1964b). This review is
intended, not to be a revised edition of the earlier one, but to
supplement it with information thai has resulted from more recent
•Publication authorized by the Director, U. S. Geological Survey.
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work, that was overlooked, or that appears to need additional
treatment or emphasis. This review should also serve as a guide to the
literature of recent applications of radon migration to various
problems in radiation measurement, lunar studies, uranium prospecting, earthquake prediction, and detection of near-surface geologic
features. The review follows topics in the same order as its
predecessor; those unfamiliar with the earlier review should find it
advantageous to read the two papers sequentially by topic.
MIGRATION OF RADON ISOTOPES
Migration into Rock Pores

Emanating Power
Before an atom of a radon isotope can migrate, it must escape
from the site of its parent radium isotope. Under steady-state
conditions, the fraction of the radon atoms formed in a solid which
escapes from the solid is defined as the emanating power of the solid
for the radon isotope in question. In the Soviet literature, the
preferred term is coefficient of emanation. "Escape ritio," "escapeto-production ratio," and "percent emanation" are other equivalent
terms used in recent literature. The variability of emanating power
among different substances and the effects of heating have been
noted since the very early days of radioactivity studies (Rutherford,
1901, and many others). In the 1920s, Otto Hahn and his associates
originated the "emanation method" of studying the internal surface
and grain size of artificial powders. Fliigge and Zimens developed the
theory of emanating power in the later 1930s and early 1940s. Wahl
and Bonner (1951, Chaps. 9 and 10) comprehensively reviewed
emanating-power theory and results to 1950. More recently, Quet,
Rousseau-Violet, and Bussiere (1972, 1975) treated the theory for
isolated particles; Andrews and Wood (1972) treated the emanation
process with respect to entry into groundwater; and Kapustin and
Zaborenko (1974a, 1974b) developed the theory for both steadystate and transient conditions and for a nonzero concentration at the
po^a boundary.
Direct-Recoil Fraction
Upon the decay of an atom of one of the natural isotopes of
radium, most of the excess energy is carried off by an alpha particle
and the remainder, 104 to 105 times greater than typical chemijal
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Fig. 1 Schematic diagram of emanation processes. Two very fine
spherical grains of 2-jum diameter are in contact near B. Water is
present in the stippled zone of the pore; the open zone is air-filled.
Radium-226 atoms (•) decay in the upper grain, each yielding an
alpha particle (as shown at A), and a 2 2 2 Rn atom (O). Atom A lies
at greater depth within the grain than the recoil range, R; recoil
Rn atom A' is contained within the grain. Atom B' escapes from
the upper grain but buries itself in the lower grain. After escape from
the upper grain, atom C loses the remainder of its recoil energy in
the water and is free to diffuse through the pores. Atom D' loses
little of its recoil energy in the air and buries itself in the lower grain.
Atoms E and D may escape from their recoil pockets by diffusion
before condensation of the excited atoms of the grain (indirectrecoil effect). Within a mean life of 2 2 2 R n (5.5 days), its diffusion
distance in the solid grain is less than the width of any line in the
figure. The circles greatly exaggerate the atomic dimensions.

bond energies, is carried by the resulting radon atom. Figure 1
illustrates the recoil process. Within the mineral grain where the
decay takes place, the recoiling radon atom has a range of 20 to 70
nm (Quet, Rousseau-Violet, and Bussiere, 1975) for minerals of
common density. A radon atom that is directed toward the boundary
has a chance to escape into the pore. Those radon atoms that
terminate their recoil paths in a pore compose the direct-recoil
fraction of emanating power. If the pore is filled with gas, the range
of the recoaing atom is equal to the fraction of its remaining kinetic
energy multiplied by its recoil range in air, which is about 63 jum for
222
Rn, 83 Mm for 2 2 ° Rn, or 92 fxm for 2 ' 9 Rn (Fliigge and Zimens,
1939). In compacted natural materials either (1) the grain sizes are
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much larger than thfi recoil range in the grains, so that few recoil
atoms escape from the grains in which they originate, or (2) the
pores are much smaller than the recoil range in air, so that the recoil
paths do not terminate in the pores if the pores are gas filled.
Consequently, the direct-recoil fraction of emanating power is less
than 1% in dry, compacted, granular materials. If the pores contain
water or another liquid, however, the range of the recoil atom is only
about 0.1 jum and the probability that it will stop in the pore is
greatly increased. Thus the presence of a liquid in the pores increases
the direct-recoil fraction of emanating power.
Indirect-Recoil Fraction
If a recoiling atom has enough energy to traverse the pore, it
penetrates the adjacent solid surface and forms a pocket of depth
comparable with the recoil range in the solid material, reduced by
the fraction of energy already expended. Fliigge and Zimens (1939)
estimated the pocket to be about 10 nm in both depth and diameter;
Zimen and Mertens (1971) estimated it to be about 10 nm deep and
1 nm in diameter. Recognizing that the energy absorbed along the
recoil path was sufficient to melt the solid material in the pocket,
Fliigge and Zimens considered the possibility of an indirect-recoil
fraction of emanating power due to diffusion of the recoil atom out
of the pocket while the material was still molten. However, they
reasoned that, because the thermal conductivity (10—1 cm2/sec) was
several orders of magnitude greater than the diffusion coefficient
(10~ 4 cm2 /sec) in the molten material, the recoil atom would be
trapped in the pocket. Since my earlier review, Zimen and Mertens
(1971) have reconciled many troublesome experimental observations
with the theory by a "knock-out effect": The material of the recoil
pocket is briefly transformed to vapor, in which the diffusion
coefficient is of the same order of magnitude as the thermal
conductivity; the radon isotope atom then has a significant probability of escaping back into the pore. Carbonates and metal hydroxides
may also be explosively dissociated by the knock-out effect,
augmenting the indirect-recoil fraction of emanating power.
Diffusion Fraction
Because the direct-recoil fraction of emanating power is very low
for sand-sized grains in which the radium isotope precursor is
homogeneously distributed, the much greater emanating power of
many natural materials is often assumed to be due to diffusion of the
radon isotope atom through solid material. My earlier review cited
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experimentally determined diffusion coefficients for helium, argon,
and lead in ionie crystals; it is reasonable to infer diffusion
coefficients of 10~~20 cm2 /sec or less for the radon isotopes in ionic
crystals at room temperature. Such small diffusion coefficients limit
movement to only a few lattice constants during the mean life of
- 2 2 Rn and indicate little chance of any movement of 22O Rn or
2 9
' Rn in ionic crystals.
The possibility of diffusion of 2 2 2 Rn through zones of radiation
damage has been proposed repeatedly as an explanation of radon loss
from radioactive minerals. Recent ingenious experiments by Lambert, Bristeau, and Polian (1972) and by Lambert and Bristeau
(1973) indicate that radiation damage alone does not significantly
increase radon escape by diffusion. They exposed a dressed face of a
rock or mineral sample to a film of 2 2 6 Ra for a period of 1 to 5
weeks, thereby implanting 2 2 2 R n atoms in the sample surface. Each
radon atom implanted was then at the end of a disordered recoil
pocket leading directly to the surface of the sample. After
irradiation, the exposed surface was observed with an alpha
spectrometer for a period of four to five half-lives of 2 2 2 Rn. The
measurement chamber was pumped constantly to remove any radon
escaping from the surface; such radon loss would be manifested by a
departure in the alpha counting rate from the decay rate of 2 2 2 Rn.
The samples, experimental temperatures, and apparent radon losses
were: (1) NaCl monocrystal, laboratory temperature, 1.7 ± 0.7%;
(2) cleaved mica crystal, laboratory temperature, undetectable;
(3) hard fine-grained limestone, 573°K, 3.1 ± 2.7%; and (4) basalt,
573°K, 0 to 2%. In contrast with these small losses, even when
optimum conditions prevailed for diffusion through radiationdamaged zones, emanating powers of alpha-radioactive zircons have
been reported to be as great as 12.1% for 2 2 2 R n (Barretto, 1973,
Table 6) and as great as 23% for the much shorter lived isotope,
220
Rn (Starik and Melikova, 1957, Table 6). Zircons, in general,
have much lower emanating powers (see, e.g., Barretto, 1973,
Tables 4 and 5). Most zircons contain water, although it is not an
essential constituent (Gottfried. 1978). It is consistent with the
evidence cited to speculate that the effect of radiation damage is to
form a mosaic of channels in which watei- may be introduced to
increase the direct-recoil fraction of emanating power or along which
the mineral may be altered to increase the indirect-recoil and
diffusion fractions.
The experiments by Lambert and his colleagues did not test the
possibility of radon losses by indirect recoil during the implantatior.
procedure.
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Effect of Moisture and Adsorption on Emanating Power
Water that is present in pores, capillaries, and structural gaps in
mineral crystals increases the probability that radon isotope atoms
will terminate their recoil paths in those spaces, thus augmenting the
direct-recoil fraction.
Hydrated surfaces tend to have greater emanating power than
unhydrated surfaces. Wahl and Bonner (1951, pp. 289-290) cited a
relation found by H. Miiller to exist between emanating power and
radon adsorption on chabazite, a natural zeolite with a degree of
hydration that can be altered without changing its crystal structure.
In experiments at 293° K on chabazite samples with degrees of
hydration ranging from about 7.3 to 0 moles of water per formula
weight, the emanating power for 2 2 2 R n ranged from ^63 to ==1%,
and the adsorbing power ranged in a nearly complementary manner
from 1 to =5=73 in relative units. In addition to its tendency to
diminish adsorption of radon isotopes, hydration may cause enhanced emanating power through both direct- and indirect-recoil
effects.
Adsorption effects on the release of radon isotopes from geologic
materials have not been studied sufficiently to determine unambiguously whether they are an important factor. Barrer and Grove (1951)
inferred that inert gases were not adsorbed appreciably on beds of
small synthetic crystals of analcite, a zeolite. Shashkin and Prutkina
(1970) found that 5 to 10 times as much air must be blown through
radioactive coal to de-emanate it than through silicate rocks in 5- to
10-g samples. Kelly (1961a, Fig. 3) found that ' 3S Xe frozen on glass
at 77° K was 95% desorbed 5 to 6 times faster than if frozen on
charcoal; release from both surfaces was nearly complete upon
warming up to laboratory temperature. Wertenstein (1935) inferred
that the mean residence time of 2 2 2 R n on clean glass surfaces at
90°K was only 4.3 msec. In some unpublished experiments in 1959,
I observed that 2 2 2 R n carried in air bubbled through a 1.9 ptCi
226
R a solution would pass through a brass cylinder containing
copper wool until the temperature in the cylinder was low enough to
condense oxygen (90°K), at which point the 2 2 2 Rn was removed
from the air stream. If adsorption of radon isotopes is not strong on
glass at 90° K, it should be negligible at normal temperatures at the
earth's surface. Miiller's data on chabazite, however, suggest that
adsorption is important to emanating power for some minerals.
Adsorption is greater at reduced pressure; the experimental evidence
is presented in this paper in connection with emanation from lunar
materials.
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Effect of Grain Size on Emanating Power
Flugge and Zimens (1939), Quet, Rousseau-Violet, and Bussiere
(1972. 1975), and Kapustin and Zaborenko (1974a) calculated
emanating power as a function of grain size. Mercer (1976)
calculated the probability of escape of 2 ' 4 Pb atoms by recoil
following decay of 2 ' 8 Po atoms attached to the surfaces of isolated
particles; for spherical, isotropic grains of SiO2 (and typical common
minerals), the probability of escape ranges from =1.0 for grains less
than 0.1 ixm in diameter to =0.54 for grains 0.9 urn in diameter.
Andrews and Wood (1972) studied the emanation of 2 2 2 R n into
water from various size fractions of crushed and sieved samples of
three sedimentary rocks. From assumptions of homogeneous radium
distribution, isotropic crystal structure, and grain dimensions much
larger than recoil range, they calculated that emanating power
resulting from either direct recoil or lattice diffusion would be
proportional to (grain diameter)" 1 . The emanating powers measured
for one limestone and one sandstone were, instead, approximately
proportional to (grain diameter)~"; this was consistent with an
isotropic system of internal pathways permitting easy diffusion.
Extrapolation of the relation between emanating power and particle
diameter gave 100% emanating powei for particles less than about 1
ium in diameter. For another sandstone the emanating power was
nearly independent of size of the sand grains or of aggregates of
grains, because the uranium was contained in a cement composed of
oxide, carbonate, and silicate. Emanating power could be correlated
with iron content.
Megumi and Mamuro (1974) studied the emanation and related
characteristics of two soils derived from granite. The concentrations
of the precursors of 2 2 2 R n and 2 2 0 Rn were progressively greater
with decreasing grain size in the mean diameter range from > 2800 to
20 fxm. For one of the soils, the emanating power, as measured on
the fraction containing the finest grains, was =25% for 2 2 2 Rn and
••• 10% for 2 2 0 Rn. For the other soil, the measured emanating power
for 2 2 0 R n only averaged =13%. The 2 2 0 R n emanating power was
nearly independent of grain size with both soils, but most of the
220
Rn was emanating from the finer size fractions because of the
greater concentration of the precursors in them. Starik (1959,
Table 53) reported that emanating power was similarly not sensitive
to grain size in the range 50 to 5000 jum for all three radon isotopes
from radium isotopes adsorbed on barium nitrate crystals.
Emanating Power of Minerals, Rocks, and Soils
Emanating power should be conceived as a property of the
material in samples sufficiently small that negligible decay of the
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radon isotope takes place between the time it becomes available for
rapid movement through pores and the time it is collected for
measurement. My earlier review cited six publications containing
results of determinations of emanating power of mineral and rock
samples. Wahl and Bonner (1951, Table 9A) compiled a table of
about 300 determinations of emanating power and of heating
experiments with elements and compounds. Iokhel'son (1958) and
Shashkin and Prutkina (1970) described heating experiments with
rocks. Barretto (1973, 1975; see also Barretto, Clark, and Adams,
1975) determined 2 2 2 R n emanating power of 125 diverse mineral,
rock, and soil samples. Austin (1975) reported 2 2 2 Rn emanatingpower measurements of 760 samples of uranium ores. Shashkin and
Prutkina (1970) reported determinations of 2 2 2 Rn emanating power
of 25 samples of uranium minerals; the 2 1 9 Rn emanating power
exceeded 10% in three and exceeded 1% in 16 of the 21 samples for
which it also was determined. Garavelli (1962) reported numerous
emanating-power experiments.
The recent measurements of emanating power of terrestrial
minerals, rocks, and soils agree with measurements reported in my
earlier review. Most minerals and nearly all rocks and soils emanate
radon isotopes to a far greater degree than can be accounted for by
recoil or by diffusion from major mineral crystals that are structurally intact and in which the radium isotope precursor is uniformly
distributed.
Uniform distribution of the precursor is valid for the radiochemical techniques for which emanating-power theories have been derived
but is not usually valid for rocks and soils. Uranium and thorium,
which are not compatible with the crystal structure of the major
rock-forming minerals, normally reside in smaller "accessory" minerals, are adsorbed on clay minerals, or are occluded in fine-grained
or amorphous cements and other coatings. The succession of
radioactive recoils from uranium and thorium and leaching make the
radium isotopes even more available to networks of capillaries and
intergranular boundaries (Starik, 1959, pp. 194-196).
Fewer emanating-power measurements of geologic materials have
been reported for 2 J 9 Rn and 2 2 ° Rn than f or 2 2 2 Rn. The published
measurements for more than one isotope from a given sample usually
do not differ by as much as an order of magnitude. By linear
diffusion theory, we expect the differences to be in proportion to
the square roots of the half-lives; i.e., the emanating powers for
219
Rn, 2 2 0 Rn, and 2 2 2 Rn should be in the rough proportions
1.0 : 3.7 : 290 if the radium isotope precursors are distributed
similarly. The different geochemical behavior of uranium and
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thorium may invalidate conclusions based on comparison of the
emanating powers for 2 2 2 Rn and 2 2 ° Rn. However, 2 3 8 U and 2 3 s U
occur in a nearly constant ratio, and their decay patterns do not
differ sufficiently to account for the contrast between the 290-fold
difference in emanating power for 2 2 2 Rn and 2 * 9 Rn expected to
result from a diffusion mechanism and the less than tenfold
differences observed in real samples. The increase of 2 2 2 Rn
emanating power when samples are immersed in water (Shashkin and
Prutkina, 1970) is also inconsistent with a mechanism in which
diffusion is the rate-limiting step.
Although the indirect-recoil effect (including the knock-out
effect) and adsorption may play a greater role than previously
supposed, the conclusions about the emanation process given in my
earlier review (Tanner, 1964b, pp. 164-165) can be repeated:
Any appreciable emanations of radon-222, radon-220, or iadon-219 atoms
come from radium isotopes distributed in secondary crusts or films or in
the shallow surface layers (approximately as deep as the recoil range) of
intact crystals of the host minerals. Radon isotopes in the deeper regions
of the crystals are unavailable without the development of large internal
surface, such as may result from chemical corrosion, weathering, or
intensive fracturing on a microscopic scale.... The principal mechanism
by which the radon isotopes enter the pores, capillaries, or microfractures
is radioactive recoil into liquid-containing spaces or diffusion from solid
material appreciably smaller than the diffusion length of the most
short-lived isotope observed.

Migration in a Porous Medium

Variables that are significant in the migration of radon isotopes
in the ground are the decay rate of the isotope, the diffusion
constant for the isotope in the pore-filling fluid, the composition of
the fluid, the motion of the fluid, and, if the fluid has more than one
phase, the distribution of the isotope among the phases.
A liquid (usually water) enhances the emanation process and may
tend to prevent adsorption of the radon isotopes. Once a radon
isotope atom has lost its recoil energy, the liquid hinders its
migration by lowering the diffusion coefficient and by absorbing it.
Two different mechanisms of migration should be distinguished:
(1) diffusion, in which the radon isotope moves with respect to the
fluid filling the pores of the medium, and (2) transport ("convection" in the Soviet literature), in which the fluid itself moves through
the porous medium and carries the radon isotope along with it.
Either or both mechanisms may be important in a given place.
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Distribution of Radon Isotopes Among Fluids
It was found in the early 1900s that a radon isotope distributes
itself in definite, temperature-dependent proportions at equilibrium
in a system of more than one fluid phase. At temperatures common
at the earth's surface, radon isotope concentrations are greatest,
intermediate, and least in the organic liquid, gas, and water phases,
respectively, of a multiphase system. With increasing temperature,
the concentration in the gas phase increases at the expense of the
liquid phases. The ratio of 2 2 2 Rn concentration in a water phase to
that in a gas phase ranges from 0.52 at 273°K to 0.16 at 313°K
(Kofler, 1908). Ramstedt (1911) listed the corresponding ratios (Rn
in liquid to Rn in gas) for 13 organic liquids; they ranged from 4.45
to 55.4 at 273°K and from 3.80 to 23.44 at 291°K. Glycerine is an
exception among the organic liquids; it holds a lower concentration
of 2 2 2 Rn than does water. Wahl and Bonner (1951, Table 6.15)
summarized experimentally determined distribution coefficients. The
distribution between gas and water (or aqueous solutions) has been
reported by Himstedt (1903), Traubenberg (1904), Hofmann (1905),
and Kofler (1908). The distribution between gas and organic liquids
has been reported by Traubenberg (1904), Hofmann (1905), Kofler
(1908), Ramstedt (1911), and Cherepennikov (1951).
Diffusion of Radon Isotopes in a Porous Medium
Currie (1960a, 1960b, 1961) comprehensively reviewed the
diffusion of gases in porous mediums. His findings that are important
to this review are based on hydrogen and can be generalized as
follows:
1. If D is the diffusion coefficient, P is pressure, T is absolute
temperature, and if the subscript 0 indicates standard conditions,
then the diffusion coefficient, Dj, in a continuous gas or vapor is
related to temperature and pressure:
Di/D 0 =(T/T 0 ) n (P/P 0 )

(1)

where the exponent n is expected to be near 1.75 for gases and 2.0
for vapors.
2. Diffusion through dry, porous, granular materials is influenced
by porosity, packing, and particle shape and size, in addition to the
composition, temperature, and pressure of the pore-filling fluid. An
empirical equation accounting for the solid properties is:
= ye*

(2)
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where D; is the diffusion coefficient in the pore fluid as a continuous
medium; e is the porosity; 7 is a constant, ranging from 0.8 to 1.0;
and n, a constant >1, is probably a measure of pore shape.
Equation 2 gives a better fit to experimental data than an often used
linear relation of the form
D/D; = ae + b

(3)

Various values of the constants a and b have been used in practical
applications (Currie, 1960b, p. 318; Kirkham and Powers, 1972,
p. 434). Clements (1974, p. 57) found that the values a = 0.9 and
b = —0.12 gave a diffusion coefficient that was consistent with
diffusion in laboratory columns. Doshchechkin and Serdyukova
(1969) related the ratio D/Dj to the open, or interconnecting,
porosity and the tortuosity [the ratio of the average path length to
the straight-line length in the direction of diffusion (£)]:
D/Dj = e/£2

(4)

The heterogeneity of geologic materials is a source of sufficient error
to justify using Eq. 3. Mica and vermiculite, which are flaky minerals,
have a shape factor that causes D/Dj to be one-half to one-third the
value expected on the basis of Eq. 3. Clays and shales contain
significant proportions of flaky minerals, usually oriented so as to
impede vertical movement; they can be expected to retard diffusion
(and transport) to a greater extent than a porous medium having the
same porosity but consisting of spherical particles.
3. Particle shape is less important if the medium is wet. The
diffusion coefficient is less for porous media with wet pores than for
those that are dry but have the same air-filled porosity; the effect is
probably caused by blocking of the interpore paths by water. Letting
D/Djj be the ratio of the diffusion coefficient for the wet medium to
that for the dry medium, and letting ea/ea be the ratio of the
air-filled fraction of the porosity of the wet medium to its porosity
when dry,
D/D d = (e a /e d ) a

(5)

where a is approximately 4. If the grains themselves are porous, the
medium requires too much characterization to generalize here.
Porosity is necessarily a factor in calculations of diffusion and
transport in a porous medium, but many of the earlier publications
treated the subject as if the medium were continuous. When the
equations published by Grammakov (1936) and cited as Eqs. 1 and 2
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in my earlier review are evaluated from experimentally determined
concentrations of a radon isotope at different depths in a homogeneous porous medium, the diffusion coefficients obtained are
"effective" diffusion coefficients (D*). The effective diffusion
coefficient formally identifies the medium as continuous rather than
porous and is larger by a factor of 1/porosity than the "true"
diffusion coefficient characteristic of the radon isotope, the interstitial fluid, and the obstructions provided by the solid matrix. Most
reports of radon isotope diffusion in the literature do not enable us
to determine which diffusion coefficient is specified, but the manner
of measurement, the range of values reported, and the equations used
(if given) usually suggest that it is the effective diffusion coefficient.
When the effective diffusion coefficient is used as if it were a
constant and is applied to layers of different porosity or to the
interface between soil and the atmosphere, an error can arise because
of the change in porosity. Schroeder, Kraner, and Evans (196F>)
discussed the precautions necessary in using Fick's first law to obtain
the exhalation of a radon isotope from its concentration gradient in
the soil. Bulashevich and Khayritdinov (1959) showed experimentally that the "porous concentration" of 2 2 2 R n was continuous
across a sand—air interface; i.e., the concentration in the interstitial
space and the concentration in the air were equal at the interface.
They discussed both the concentration parameter and the porosity
corrections in diffusion and transport equations and noted errors in
the works of Grammakov and Popretinskiy (1957) and Budde (1960
and earlier papers). Most investigators since 1963, notably Schroeder,
Kraner, and Evans (1965), Doshchechkin and Serdyukova (1969),
Robertson (1969), Clements and Wilkening (1974), Culot, Olson, and
Schiager (1976), Jeter, Martin, and Schutz (1977), Clements, Barr,
and Marple (this symposium), and Jonassen and McLaughlin (this
symposium) have avoided these errors.
Bulashevich and Kartashov (1967) and Bulashevich, Kartashov,
and Bashorin (1970) reported measuring the diffusion coefficient of
rocks in place by introducing an artificial pulse of radon at a point.
Their method gave reasonable values of D* = 2.9 x 10~ 2 and
3.8 x 10~ 2 cm2/sec for rocks in two locations.
Ghosh and Sheikh (1976), measuring diffusion of 2 2 2 Rn through
nonradioactive sections of rock, obtained D* = 1.436 x 10~ 5
cm 2 /sec for muscovite chlorite schist, 1.15 x 10~ 6 cm2/sec for
epidiorite, and 0,79 x 10~ 6 cm2/sec for quartzite.
Porstendorfer (1968a, 1968b), measuring the diffusion coefficients for 2 2 2 Rn and 220 Rn,obtained values of D* = 3.2 x 10~ 6
cm 2 /sec in bacon, 1.3 x 10~ 6 cm2/sec in paraffin, and 5.7 x 10~ 4
cm2 /sec in polystyrene foam.
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Migration in Unsaturatjd, Undisturbed Rock and Soil

Mechanisms of Movement
Both diffusion and transport by moving fluids are significant in
moving radon isotopes in the ground. In general, diffusion is the
dominant mechanism in the intergranular channels, capillaries, and
smaller pores; in the larger pores, transport may become important
or even dominant.
The diffusion processes and sources of pressure gradients that
cause gas flow are detailed by Wilkening (this volume). Knudsen
diffusion is applicable when the mean free path of the diffusing atom
(0.1 jum in air at STP) is much greater than the capillary diameters
and the gas atoms collide mainly with the solid walls. Within leached
zones of radiation damage, fine capillaries, and cements, Knudsen
diffusion should prevail. In the larger capillaries and in the pores, the
gas atoms collide mainly with other atoms of the fluid, resulting in
molecular diffusion.
The relative contributions of diffusion and transport to migration
of radon isotopes and other gases are quite difficult to determine in
practice. In my earlier review (Tanner, 1964b, pp. 169-170), I
showed that one-dimensional migration of a radon isotope in a
homogeneous porous medium results in exponentially decreasing
concentration of the isotope in the direction of migration. The
exponential argument includes both diffusion and transport parameters. Unless the diffusion coefficient or the transport velocity is
accurately known, any combination of the two components will
satisfy the simple diffusion model. Robertson (1969) found that
field studies based on injections of 8 5 Kr closely matched calculations
based on a diffusion model with an effective diffusion coefficient of
about 0.02 cm2 /sec. Schroeder, Kraner, and Evans (1965) found that
average concentrations of 2 2 z R n at depths of 0.87, 1.50, and 2.86
m in soil at the Nevada Test Site fit a diffusion model with
D* = 0.036 cm 2 /sec. Within the upper few decimeters of the soil,
however, transport, in addition to diffusion, caused the effective
diffusion coefficient to be 0.1 cm2/sec—nearly that for 2 2 2 Rn in
open air. Israel (1962 and earlier publications) has shown that typical
concentrations of 2 2 2 Rn in the atmosphere can be balanced by a
deficit in the uppermost layer of soil of typical uranium series
activity and that typical values of : 2 2 Rn exhalation are obtained if a
diffusion model with D* = 0.05 cm2 /sec is used.
Jonassen and McLaughlin (this symposium) described use of a
diffusion model and measurements of 2 2 2 Rn buildup from samples
held at various pressures in a pressure vessel to obtain the rate of

18

TANNER

exhalation of 2 2 - R.n from building materials and walls. They also
evaluated the effect of pressure decreases on 2 2 2 Rn exhalation from
walls.
Although not directly applicable to diffusion of radioactive
nuclides, the extensive work by Newton and Round (1961) on the
diffusion of helium through sedimentary rocks is noteworthy
because it illustrates some of the considerations necessary for
multilayer modeling.
Meteorological Effects
Since the earlier review was compiled, relatively few general
studies have been reported on the effects of meteorological variables
on the concentrations of radon isotopes in soil gas and their
exhalation into the atmosphere. Pearson and Jones (1965, 1966)
observed depression of the rate of exhalation of 2 2 2 Rn during
periods when the soils were cold or frozen; during a winter thaw the
exhalation rate rose by a factor of two or more. Wind speed at a
height of 0.5 m and the fraction of soil space occupied by air were
also monitored but gave no obvious correlations with exhalation.
Megumi and Mamuro (1973) measured both 2 2 2 Rn and 2 2 0 R n
exhalation at Osaka; they found little seasonal variation in 2 2 2 R n
exhalation, but the summer exhalation rates for 2 2 0 Rn were 2 to 3
times greater than those in winter because they were strongly
affected by the soil moisture content. Bakulin (1969) found seasonal
changes for exhalation of 2 2 2 Rn to be not more than 10%, the
maximum exhalation being in the summer. Gabelman (1972) found
the alpha activity of soil gas to correlate directly with temperature
and inversely with atmospheric pressure and rainfall. A heavy rain
sealed the surface and caused an increase of alpha activity in the soil
gas during the following 12-hr period; as the rain percolated
downward through the measurement zone to the water table, the
alpha activity decreased several-fold. Guedalia et al. (1970) found no
direct influence of the variations in atmospheric pressure on the
exhalation of 2 2 0 R n . Mageru and Rezlescu (1965) inferred that
temperature, pressure, and wind speed were the principal meteorological factors in 2 2 2 Rn variation in the atmosphere near the surface.
Decreasing atmospheric pressure causes an increase in exhalation
of 2 2 2 Rn and and an upward shift of its concentration profile in soil
gas, as noted in my earlier review. No general analytical treatment
of the combined effects of diffusion and a varying transport
component, induced by atmospheric pressure changes, appeared until
that of Clements <\r.d Wilkening (1974). They found that the
differential equation combining diffusion and transport components
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can be solved by numerical methods, using the soil parameters of
porosity and permeability, the interstitial-fluid parameters of density
and dynamic viscosity, the 2 2 2 Rn parameters of decay constant and
production rate, the appropriate true diffusion coefficient, and an
analytic expression for the velocity field resulting from a small
pressure change. Experimental measurements of 2 2 2 R n exhalation
that best fit their model use maximum transport velocities of about
4 x 10~ 6 m/sec upward or downward, depending upon the direction
and magnitude of the pressure change. Because the pressure changes
are propagated progressively more slowly with distance below the
surface, day-to-day cycles of atmospheric pressure result in significant transport components at shallow depths only. On the basis of a
sinusoidal variation of pressure and soil parameters typical of his area
of investigation, Clements (1977) calculated that the velocity would
be diminished by a factor of 1/e at depths of 16.5 and 28.5 m for
sinusoids of 1- and 3-day periods, respectively. Numerical results and
curves showing the pressure and velocity variations at various depths
as results of linear and sinusoidal pressure changes are also given in a
progress report of modeling studies by Jeter, Martin, and Schutz
(1977).
Migration in Unsaturated, Fractured Rock, Disturbed Soil,
and Underground Cavities
Migration through fractures, vents, and underground cavities is
not amenable to general mathematical analysis because the openspace system is unique at each location. However, migration of the
radon isotopes can be described in a qualitative way for some
systems, such as volcanic vents and caves. Iwasaki et al. (1968)
concluded that the source area for 2 2 2 R n and 2 2 0 R n should be near
the ground surface at a volcanic vent they investigated. Wilkening
(1977., this symposium; see also Wilkening and Watkins, 1976)
reported the variation of 2 2 2 Rn in a horizontal tunnel, under the
influence of atmospheric pressure changes, and in Carlsbad Caverns,
under the influence of seasonal changes in the convective flow of air
between the cave and the atmosphere.
Migration in Saturated Rock and Soil
As noted in my earlier review, migration of radon isotopes
through significant distances in saturated rock and soil requires
transport, because diffusion coefficients are very small, and in many
instances the flow pattern cannot be adequately defined for
mathematical analysis. A graph showing relative 2 2 2 R n concentration in water as a function of distance from an emanating rock
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surface, for diffusion plus various transport velocities, was given by
Andrews and Wood (1972). A transport velocity of only 10~ m/sec
is more effective than diffusion in moving 2 2 2 R n away from the
rock surface. Korshunkov (1970, Fig. 2) found that the 2 2 2 R n ,
226
R a , and uranium concentr Mons in water withdrawn from a
borehole had maximum values at i. certain withdrawal rate; at higher
rates the decline in concentration of 2 2 2 R n exceeded declines in
226
R a and uranium. Kimura and Komae (this symposium) have
shown various applications based on the migrat ion of 2 2 2 Rn-bearing
groundwater into surface waters, wells, and gis spouts. Hammond,
Simpson, and Mathieu (1977) found that about 40% of the 2 2 2 Rn in
waters of the Hudson River Estuary entered by molecular diffusion
from sediments; stirred-up and suspended sediments and dissolved
226
Ra accounted for the remainder.
RADON MIGRATION IN THE LUNAR SOIL

Studies of radon migration in the lunar soil and of alpha
radioactivity of the lunar surface were provoked by speculation by
Kraner et al. (1966) that 2 2 2 R n might diffuse from the lun;<i soil,
form a rarified atmosphere, and implant 21 8 Po in the lunar surface
upon its decay. The speculation was based on the typical emanating
power of terrestrial soils and a diffusion coefficient comparable with
those observed on earth. Some variation was subsequently found in
the rate of alpha-particle emission from the lunar surface, but the
rate was several orders of magnitude lower than that expected on the
basis of the assumptions by Kraner et al. (Turkevich et al., 1970;
Gorenstein and Bjorkholm, 1972; and others). The radioactivity of
lunar samples returned by the Apollo missions has been examined by
several groups (Iindstrom et al., 1971; Adams et al., 1971; Grjebine,
Lambert, and Le Roulley, 1972; Stoenner et al., 1972; Yaniv and
Heymann, 1972; and subsequent papers by the same groups). A
moderate enrichment of 2 1 0 P o has been found on the surfaces of
some samples of lunar fines; this enrichment indicates implantation
of 2 ' ° Pb and its precursors from 2 2 2 Rn in the interstices.
Both reduced emanating power of the lunar soil and retarded
diffusion cause the exhalation of 2 2 2 Rn to be much less from the
lunar surface than from the earth's surface. Yaniv and Heymann
(1972), Adams et al. (1973), Lambert et al. (1973), and Stoenner et
al. (1972, 1974) made emanating-power measurements of the fine
fractions of various lunar samples under simulated lunar conditions
of low pressure. Room-temperature values of emanating power were
less than 1%. At temperatures below 243°K the emanation of 2 2 2 Rn
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is decreased, but it has not been determined whether the decrease is
caused by lessened emanating power or lessened ability of the 2 2 2 Rn
atoms to diffuse from the sample (Lambert et al., 1973). Adams et
al. (1973) found that the emanating power of a standard terrestrial
granite at 1 atm was 11 to 9% in the range of 530 to 300°K, about
8% at 253° K, and about 3% at 193° K. Adsorption was inferred to
cause the marked reduction of emanating power at low temperature.
Adams et al. (1971) de-emanated a 473-mg fraction of dust (< 60
jum) from Apollo 12 soil sample 12070 at room temperature and 1
atm pressure. Their result for the rate of emanation of 2 2 2 Rn, when
combined with the precursor activity in a different split of the
sample measured by other investigators, yielded a 2 2 2 Rn emanating
power of 48% within estimated accuracy limits of less than ±50% of
the result. This anomalously high emanating power may have
resulted from the use of a value of precursor activity that was not
representative of the sample de-emanated, or it may be the result of a
combination of very fine grain size with great specific surface and
adsorption of moisture during preparation. Otherwise the result is
not consistent with the emanating-power mechanisms acknowledged
in these reviews. Adams et al. (1973) later reported an emanating
power of (0.25 ± 0.15)% for a split of the same sample; this
measurement was also made at room temperature and 1 atm
pressure. Yaniv and Heymann (1972) obtained values of <0.73 and
< 0.57% on 887 mg of another split at room temperature and ^10~ 5
atm pressure. Experiments with an Apollo 14 sample showed up to
several-fold increases in apparent emanating power when the pressure
was increased to 1 atm, but the higher pressure alone could not
account for an increase of two orders of magnitude.
Because there is practically no water in the lunar soil, few atoms
terminate their recoil paths in intergranular spaces; consequently, the
direct-rr -oil fraction of emanating power is low. There is insufficient
water and oxygen to permit formation of hydrated or corroded
surfaces, such as are found to correlate well with highly emanating
terrestrial soils; thus the indirect-recoil and the diffusion fractions of
emanating power are also low. In addition, adsorption plays a much
more important role on the moon than on earth because (l)the
adsorption sites on the lunar grains must be sparsely occupied,
(2) the enthalpy of adsorption is much greater in the lunar vacuum,
(3) the gas molecules in lunar soil nearly always collide with solid
surfaces, and (4) the average soil temperature on the moon is lower
than that on earth.
Stoenner et al. (1972, p. 1710) summarized evidence that the
mean grain size of at least some lunar soil is very small, on the order
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of micrometers, and that the specific surface area for adsorption is
large.
Kinoshita (1908) found that the "condensation" temperature of
2 9
' Rn and of 2 2 ° Rn not only is spread out over several tens of
degrees but also is strongly dependent on pressure. WeiLenstein
(1935) presented strong arguments that (even with the large amounts
of radon isotopes used by the early experimenters) the radon isotope
atoms are not plentiful enough to form a continuous layer on a cold
surface and that the "condensation" and "vaporization" phenomena
referred to in even the modern literature are in fact effects of
trapping by condensing gases. On the basis of experiments with
glassware outgassed at 693° K, Wertenstein calculated a mean
residence time of 4.3 msec for the true adsorption of 2 2 2 R n atoms
on glass at 90°K and 1 atm pressure. The enthalpy of adsorption,
AH a , can be calculated from the well-known equation:
T = T0 exp (AHa/RT)

(6)

where r is the mean residence time, r 0 is a constant ^ l Q " 1 3 sec, R is
the gas constant, and T is the absolute temperature. For r = 4.3
msec, r 0 = 10~' 3 sec, R = 8.3 J mol"' °K~ 1 , and T = 90°K, the
value of AHa = 18 kJ/mol (4.4 kcal/mol). Stoenner et al. (1972) cite
4.3 kcal/mol (18 kJ/mol) as the heat of vaporization of liquid
222
Rn. From diffusion of 2 2 2 Rn through columns of fine particulate materials at pressures of 2 x 10~ 2 to 20 x 10~ 2 torr (2.7 to 27
Pa), Friesen and Adams (1976) obtained AHa = 8 to 9 kcal/mol (34
to 38 kJ/mol). Chackett and Tuck (1957) inferred from measured
values of AHa of neon, argon, krypton, and xenon on charcoal in the
pressure range 10~ 2 to 10~ 4 mm (10° to 10""2 Pa) that AHa for
2 22
Rn should be 13.5 kcal/mol (56.6 kJ/mol). These widely ranging
values of the enthalpy of adsorption of 2 2 2 R n , probably equally
applicable to the other radon isotopes, demonstrate the strong
dependence of adsorption on pressure and imply that the radon
isotope atoms stick to surfaces for long periods in the vacuum and at
the average temperatures prevailing on the moon.
ENVIRONMENTAL RADIOACTIVITY
Effects of Radon Isotope Migration on the Gamma-Ray Field

The short-lived decay products of radon isotopes, particularly
P b and 2 l 4 B i (from 2 2 ? Rn) and 2 0 8 T l (from 2 2 0 Rn) are the
most important gamma-ray emitters of the uranium and thorium
2|4
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series. Migrations of 2 2 2 R n and 2 2 0 Rn, if they take place, are
consequently significant to measurements of gamma radiation fields.
Beck (1974) calculated that the gamma-ray flux from 2 2 2 Rn
decay products in the atmosphere is about 2% of gamma-ray flux
from 2 2 2 R n decay products in the soil during normal turbulence,
but it can rise to about 20% during atmospheric inversions. Tyukhtin
(1974) inferred that seasonal variations in gamma-spectrometric
analyses of rocks in situ were due to variations in exhalation of
2 22
Rn and 2 2 ° Rn. Errors in gamma assay and corrections based on
emanation of 2 2 2 Rn from natural materials were discusser! by
Bolotnikov (1961,1964,1965), Artsybashev and Bolotnikov (1961),
and Filimonov (1974). Novikov (1966) treated the same problem for
2 20
Rn emanation from thorium ores. Putikov (1963) noted substantial errors in borehole gamma-ray measurements resulting from
emanation. L0vborg, Bptter-Jensen, and Kirkegaard (1978) reported
values ranging from 153 to 242 ppm for the apparent uranium
concentration in a uranium-loaded concrete calibration pad. The
variation was inferred to be due to 2 2 2 Rn migration from the pad
and could be correlated with the degree of sealing of the concrete by
ice or moisture. Culot, Schiager, and Olson (1976) applied linear
diffusion theory to multilayered porous media to estimate the
gamma-ray field over a radon barrier.
Natural soil radioactivity has been used as the gamma-ray source
for determining the water equivalent oi snow cover by gamma-ray
absorption (Vershinina and Dimaksyan, 1969; Bissell and Peck,
1973). Garrigue (1939) measured 2 2 2 Rn concentrations as great as 1
nCi/liter under the snow layer in the Pyrenees. Precipitation was
shown by Bissell and Peck to cause an increase in the gamma-ray
intensity above snow; it was not determined whether precipitation
was causing displacement of 2 2 2 R n upward to the soil surface or
whether some ot.ier mechanism was responsible.
Radon in Mines

As was found for cellar air by Schmid (1932), 2 2 2 R n concentrations in mine atmospheres are greatest during periods of decreasing
atmospheric pressure (Schroeder, 1964). Serdyukova, Xapitanov, and
Zavodskaya (1965) devised methods of calculating the average
diffusion coefficient for 2 2 2 Rn in the walls of mine workings from
its concentration in mine air. Pohl-Ruling and Pohl (1969) showed
methods of calculating supply and removal of 2 2 2 Rn as a function of
pressure changes. Bykhovskiy et al. (1969) published a monograph
on the engineering of mines to minimize exposure to 2 2 2 Rn and its
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decay products. Thompkins and Cheng (1969) measured exhalation
from the rock walls of a Canadian uranium mine and described the
technique and calculations. Franklin and Marquardt (1976) operated
continuous 222Rn monitors at five locations in an inactive uranium
mine and observed the same inverse correlation with atmospheric
pressure reported by other workers.
Radon-222 Exhalation from Mill Tailings

Uranium milling results in waste (tailings) which contains 2 2 6 R a
of moderate-to-high emanating power. Raghavayya and Khan (1975)
estimated that the amount of 2 2 2 Rn emanating from tailings used to
fill exhausted parts of mines would be much greater than that
emanating from the ore itself. The release of 2 2 2 Rn to the
atmosphere from waste dumps was measured by Bernhardt, Johns,
and Kaufmann (1975). Clements, Barr, and Marple (this symposium)
found that a two-layer diffusion model of exhalation fit measurements when used with a true diffusion coefficient of 0.004 cm2 /sec
(D* = 0.01 cm2 /sec).
Radon in Natural Gas and Petroleum

The presence of 2 2 2 Rn in some natural gases and petroleum has
been known since the early 1900s (Burton, 1904). The possible
health hazard from 2 2 2 Rn in natural gas was suggested by Bunce and
Sattler (1966) and evaluated by Gesell (1974, 1975) and by Barton,
Moore, and Rohwer (1975). The radioactivity of 2 2 2 Rn in natural
gas, as delivered to consumers, appears to be a minor source of
radiation exposure.
The migrations of the various nuclides of the uranium series in
the natural gas reservoir of the Panhandle Gas Field of Texas were
studied in an extensive investigation reported by Pierce et al. (1964).
Within the interstices of carbonate reservoir rocks, the uranium
isotopes reside generally in organic solids and petroleum. Radium226 tends to be leached into coexisting brines; upon its decay, the
product 2 2 2 Rn migrates back into the organic liquid and natural gas
phases.
Martelly (1950) reported radioactivity corresponding to that of
10.6-hr 2 ' 2 Pb, a decay product of 2 2 0 Rn, in gas spouts on the Santa
Elena Peninsula of Ecuador.
Luca Muro (1947) found a sharp increase of alpha activity in the
soil gas at a depth of 70 cm over a shallow deposit of asphaltite.
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GEOPHYSICAL APPLICATIONS
Location of Buried Faults and Geological Structures

Zones of anomalously high surface gamma-ray activity and
R n concentration in soil gas have long been associated with
buried faults or dislocations. Schoeneich (1960) located faults
overHin by thin sediments. Vogler (1960) presented several arguments to prove that uranium and 2 2 6 Ra migration from faults and
accumulation by means of ion exchange with clays in the soil is the
principal cause of emanometric anomalies over the faults. He showed
examples of correlation between emanometric anomalies over several
faults and the radioactivity of the A 2 , B,, and B2 soil horizons at the
same respective locations. Budde (1961) considered that faulting
would create greater surface area of the material in the fault zone
and, consequently, greater emanation release. Jirkovsky (1962)
presented examples of the use of emanometry to locate faults and
geologic contacts buried by alluvium as an aid to geological mapping
and engineering. I (Tanner, 1964a) found that 2 2 2 Rn anomalies in
groundwater in the vicinity of a fault scarp were probably due to
coprecipitation of 2 2 6 Ra at the locus of interaction between water
rising along the fault and normally flowing groundwater. Israel and
Bjornsson (1967) measured 2 2 2 R n and 2 2 0 Rn in soil gas in traverses
over five faults. The isotopes showed similar trends for some
traverses; this similarity of behavior suggests that the radon isotopes
were derived from 2 2 6 Ra and 2 2 4 Ra at the sampling points. The
authors caution that the several instances of anomalies in 2 2 2 Rn
only could be due to the disparate geochemical behavior of the
uranium and the thorium series, as well as to migration of 2 2 2 Rn
from greater depth than migration of 2 2 0 Rn (roughly 0.1 m). An
anomaly at Bad Nauheim appeared to be due in part to migration of
222
R n from below 3m. Lauterbach (1968) related anomalies in
profiles of the gamma rays from 2 ' 4 Bi to the patterns of dispersion
of 2 2 6 R a rising with water along fault planes. Gabelman (1972)
inferred that 2 2 2 Rn in near-surface soil gas had migrated along faults
from relatively deep sources at a salt dome. Bulashevich et al. (1976)
and Chalov et al. (1976) studied methods of identifying waters from
faults by means of the ratios of uranium series isotopes.
222

Use of 2 2 2 Rn and gamma-ray measurements in prospecting for
petroleum was discussed in my earlier review (Tanner, 1964b,
pp. 176-177). Additional references are Kellogg (1957), Liu et al.
(1959), Walker and Litzenberg (1959), Sikka (1963), Alekseyev and
Gottikh (1965), and Foote (1969). Armstrong and Heemstra have
discussed case histories (1972a, 1972b) and provided an extensive
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review (1973) of the use of radio metric methods in connection with
petroleum exploration. Gates and McEldowney (1977) showed
hypothetical routes by which 221 Rn would leak from hydrocarbon
reservoirs via faults to the surface but presented no supporting
argument other than the existence of anomalous concentrations of
222
Rn in soil gas over uranium ore bodies; this subject is discussed in
the following section.
Exploration for Uranium

For many decades, the measurement of 2 2 2 Rn in soil gas has
been used as a method of greater sensitivity than measurement of
surface gamma-ray activity for locating deposits of radium or
uranium. Many investigations have assessed the depth of penetration
of the method and the effects of meteorological factors. The most
definitive field study yet noted was the first, reported by Bogoslovskaya et al. in 1932. By means of ionization chambers and
electrometers, they measured the 2 2 2 R n concentration in soil-gas
samples brought up by tubes from depths of 0.5 and 1 m at various
points in a 10-m-square plot of ground and from depths of 0.5,1, 2,
3, 4, 5, and 6 m in the center. Lateral differences at a 1-m depth
were about 10 to 20% of the mean value upon stabilization after
emplacement of the sampling tubes. Little change of concentration
was found below 3 m. After the background measurements had been
made, porous uraniferous rock was buried at a 5-m depth. The
effects of the disturbance caused by emplacement of the source rock
and of the soil-gas sampling tubes were negligible after about one
mean life of 2 2 2 R n (5.5 days). Table 1 gives results selected from
daily measurements during a 30-day period at points above and in
the uraniferous source rock. These results illustrate (1) the very
marked reduction of 2 2 2 Rn concentration with distance above the
source layer and (2) the strong influence of variations in atmospheric
pressure. If we assumed that all the 2 2 2 Rn migration from the source
layer were by diffusion, the calculated diffusion coefficients would
range over an order of magnitude, depending upon the atmospheric
pressure trend of the previous several days. The source layer was
detectable, with a gross-signal-to-background ratio of about 2 : 1 at a
1 -m depth, 4 m above the source layer. At distances of more than
2 m to the side of the source layer, the 2 2 2 Rn concentration at a
1 m depth was not significantly greater than background.
Pradel et al. (1963), conducting tests of 2 2 2 Rn as a prospecting
.'«rt.hod, found that fluctuations as great as 100-fold were observed
:.', t.to- z 2 2 Rn concentrations in single small samples of soil air taken
nu different days, but that 20-liter samples gave results that were
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TABLE 1

Radon-222 in Soil Gas Above Uraniferous
Layer at a Depth of 5 m*
Depth, m
Conditions
Barometer stable
5 days preceding
Barometer rising
2 days preceding
Barometer falling
2 days preceding
Mean
Mean for overburden
Mean effect due to
buriedlayer
2 22

0.5
2.82

4.08

7.63

21.7

74.8

436

2.0

3.39

5.12

10.45

38.0

436

3.24
3.41

5.76
4.45
2.6

9.74
8.25
5.0

28.2
22.9
5.6

126.5
82.0
6.2

447
437
6.6

2.25

3.25

17.3

75.8

430.6

•Data are from Bogoslovskaya et al., 1932. Concentrations of
Rn at the various depths are in relative units.

reproducible within a factor of 1.5. Although 2 2 0 R n and wet soils
also presented problems, the method was concluded to be useful in
exploring for uranium.
Case Histories
Some of the numerous papers describing the use of radon
methods of prospecting through 1961 were cited in my earlier review
(Tanner, 1964b, pp. 177-178). Case histories summarized here are
those in which anomalously greater than background concentrations
of 2 2 2 R n in soil gas (anomalies) were inferred to be related to
uranium mineralization at known minimum depths.
Bowie, Ball, and Ostle (1971, Fig. 5) showed the results of
traverses over a uranium-bearing vein under about 1 m of glacial
drift. During diy weather, the vein was detected by a two- to
three-fold anomaly in 2 2 2 Rn in soil gas but not by surface gamma
radiation; following a heavy rain the soil-gas anomaly increased about
fourfold and a surface gamma-ray anomaly about twice background
appeared.
Dyck (1969a) measured a peak-to-background ratio of about 15
for 2 i 2 Rn in soil gas in gravel and glacial till overlying a uraniferous
stratum; the depth to the source was estimated at 1.5 to 4.5 m.
Surface gamma radiation was similarly anomalous but exceeded
background by a factor of only about 3.
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Skvarla (1964) described the use of borehole probes utilizing
inflatable packers, adsorption of 2 2 2 R n from the borehole air on
charcoal, and measurement of gamma rays from the collected decay
products from exploration boreholes in patterns having spacing as
great as 0.5 mile (800 m). He reported discovery of uranium ore by
this method in the Maybell area of the Colorado Plateau. In the
Uravan area of the Colorado Plateau, anomalous 2 2 2 Rn was detected
more than 100 m from the nearest known uranium mineralization.
Stevens, Rouse, and De Voto (1971) observed diverse results in a
study of three areas in the western United States. In one area the
2 22
Rn content of soil gas correlated with uranium in the soil but not
with buried uranium deposits; in another impermeable strata
prevented detection of uranium deposits by emanation methods; and
in the third - 2 2 Rn in soil gas gave an eightfold anomaly over a
uranium-bearing sandstone buried at a depth of 0.3 to 9 m in a
sandstone stream-channel sequence.
Miller and Ostle (1973) described the successful tracing of a
uranium-mineralized fault covered by as much as 2 m of glacial drift
by measurement of 2 2 2 Rn in soil gas.
Caneer and Saum (1974) described a soil-gas 2 2 2 Rn anomaly
that correlated closely with the vertical projection of uranium ore at
a depth of 110 to 120 m.
Gingrich (1975) and Gingrich and Fisher (1976b) reported
results of 2 2 2 Rn measurements of soil gas by means of sensitized
cellulose nitrate films positioned so as to detect only airborne
emitters in soil gas. Gingrich and Fisher cited six instances where
anomalous soil-gas alpha measurements have been correlated with
significant uranium deposits at depths of 25, 75, 100, ^150, *150,
and 185 m. The 75-m- and 185-m-deep deposits were below the
respective water tables, at 3 to 24 and 30 m. The 100-m-deep deposit
was displaced down the bedding plane of its host rock, so that its
vortical projection to the surface was displaced from the location of
the soil-gas anomaly. Numerous other associations of anomalies with
uranium mineralization at unspecified depths have also been cited.
Because the film measurements are usually made for 30-day periods,
they have the advantage of averaging out daily (but not seasonal)
fluctuations. By means of a permeable barrier, 2 2 0 Rn can be delayed
so that it and its decay products cannot reach the sensitive film
(Ward. Fleischer, and Mogro-Campero, 1977).
Morse (1976), using an alpha-scintillation chamber, found that
measurements of 2 2 2 Rn in soil gas in podzolic soils and glacial till
could locate radioactive pegmatite buried by about 3 m of overburden. Fluctuations in 2 2 2 Rn concentration were not significant.
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Warren (1977) reported tests of the film method and of cups
containing electronic semiconductor alpha detectors, which permit
readings to be made without disturbance of the sampling point.
Little significant difference was found among results using counting
periods of 3 days and longer. Both types of apparatus showed
strongly anomalous alpha activity in soil gas over uranium mineralization located at depths of less than 20 m.
Causes of Radon-222 Anomalies
Enough case histories have correlated buried uranium deposits
with 2Z2 Rn soil-gas anomalies to suggest strongly that they are causally
related. The relation is sometimes stcted and more often is implied or
inferred to be one of direct migration of 2 2 2 R n from the uranium
deposit to the near-surface point of measurement. Migration through
the longer of the distances cited in the casp histories requires such
great attenuation of the 2 2 2 R n flux density that the remainder
should be masked by a larger background 2 2 2 R n concentration
generated by 2 2 6 R a in the soil. It is easily derived that the
background concentration, B, is related to the concentration of
226
Ra:
B (nCi/liter) = (p • K • e 226 Ra)/3e

(7)

where p is the soil density (g/cm 3 ); K is the fractional emanating
power; e is the soil porosity; and e 2 2 6 Ra is the 2 3 8 u equivalent at
equilibrium (ppm) of the activity of 2 2 6 R a present. Selecting
reasonable values of 0.2 for emanating power, 1.5 for density, and
0.2 for porosity, we obtain the result that the background
concentration of 2 2 2 Rn in soil gas should be roughly 0.5 nCi liter" 1
ppm~' 2 3 8 U if equilibrium prevails through 2 2 6 Ra. Considering
that soils typically contain 1 ppm of 2 3 8 U (Baltakmens, 1976) and
that both emanating power and porosity tend to be greater for fine
soils and less for coarse soils, so that the ratio K/e is not greatly
variable, we may conclude that the undepleted concentration of
222
R n in typical soil gas should be in the range of 0.1 to 1 nCi/liter
of soil gas. Depletion of the 2 2 2 Rn by exhalation would affect both
the signal and the background 2 2 2 Rn. The progress report of Jeter,
Martin, and Schutz (1977, Fig. 9) shows attenuation curves for a
1-m-thick layer of 0.6% U 3 O 8 of 20% emanating power at a depth of
60 m in a homogeneous inactive overburden having an associated
true diffusion coefficient of 0.02 cm2/sec (D* = 0.13 cm2/sec). The
2 22
Rn concentration is equal to the nominal background level of 0.1
nCi/liter (10~ 3 - 2 5 dps/cm3 of soil) at a depth of about 35 m in the
absence of a transport component. In the presence of a 1 x 10~ 4
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cm/sec constant upward transport component, the background level
is reached at about a 17-m depth. Figure 17 of their work shows that
even a relatively long period of atmospheric pumping (7 days) has
less than a 3% effect at 20 m; thus the simple diffusion model is
appropriate for deeply buried ore. The convection-cell mechanism
proposed by Mogro-Campero and Fleischer (1977) for generating
constant upward transport velocities substantially greater than the
1 x 10~ 4 cm/sec used by Jeter, Martin, and Schutz could cause
222
R n migration through longer distances, but the hypothesis
remains to be proved.
When a uranium deposit lies more than a few meters below the
water table, the diffusion process is not adequate to result in
significant soil-gas anomalies from migrating 2 2 2 Rn; a transport
mechanism is required. The radon isotopes are too dispersed to
associate and form bubbles that could move because of their
buoyancy. They can be carried by major gases, as is observed at some
natural springs and in volcanic gases. The possibility of emanation of
major gases from a distributed uranium deposit (in contrast with
mineralization along a fracture), so as to be useful in prospecting,
does not appear to have been tested. To the extent that upwardmoving water might transport radon isotopes, it should be even more
effective in creating 2 2 2 Rn anomalies by transporting 2 2 6 Ra, 2 3 4 U,
and 2 3 8 U upward from a deposit and leaving a "halo" of activity
nearer the surface. Classic examples of such anomalies are the highly
em&nating hot-spring deposits, in which 2 2 6 Ra is coprecipitated with
calcium and magnesium carbonates (see, e.g., Wollenberg, 1974).
Fluctuations of the water table during a period commensurate with
the half-lives of 2 2 6 R a (1.6 x 103 years) and 2 3 4 U (2.45 x 10 5
years) should be geologically reasonable and adequate to have
resulted in many, if not all, 2 2 2 Rn soil-gas anomalies. Since my
earlier review, research has shown that 2 3 4 U , in particular, is
preferentially leached from uranium-bearing rock and migrates in
groundwaters (Granger, 1963; Rosholt, Doe, and Tatsumoto, 1966;
Osmond and Cowart, 1976).
Soil-gas 2 2 2 Rn anomalies that might well have been inferred as
rising from a roll-front uranium deposit were found by Martin and
Bergquist (1977, Fig. 111-10) to be closely correlated with the
gamma-ray analyses of the soil samples removed from the holes
bored for the soil-gas analyses. The gamma-ray analyses were
dependent upon the concentrations of the short-lived 2 2 2 Rn decay
products 2 1 4 P b and 2 l 4 B i . Schutz (1978) found, from measurements of 2 2 6 Ra and 2 1 0 P b from holes 3 to 60 m deep over a
uranium deposit at a depth of =130 m, that the 2 2 2 Rn measured in
the soil gas could be accounted for by local sources.
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Lack of correspondence between surface gamma-ray anomalies
and those of 2 2 2 Rn in soil gas is sometimes proposed as evidence for
migration of 2 2 2 Rn from depth. Such a conclusion is quite
unnecessary. Gamma radiation measured at the surface by totalcount instruments includes cosmic radiation and radiation from 4 0 K,
from the thorium series, and sometimes from fallout, as well as that
from the uranium series. The gamma-ray component from the
uranium series is depleted further by exhalation of 2 2 2 Rn from the
upper soil layers. The insensitivity of surface gamma radioactivity to
buried uranium in comparison with 2 2 2 Rn in soil gas is, consequently, an effect of a poorer signal-to-background ratio. Sensitivity
can be improved by making the gamma-ray measurement in the
ground, where the cosmic and fallout radiations are shielded to some
extent and where the concentrations of 2 2 2 R n and its decay
products are much greater; use of gamma-ray spectrometry makes
the measurement specific to the uranium series. Michie, Gallagher,
and Simpson (1973) described a thorough examination of radiometric anomalies in northern Scotland, where surface gamma-ray,
gamma-probe, and soil-gas 2 2 2 Rn measurements and analyses of soil
and water samples were all used to study the dispersion of uranium
series nuclides from shallow bodies of uranium-bearing rock. Uranium, copper, lead, zinc, and all the radiometric anomalies were
found to be displaced by as much as 100 m downslope in overburden
made up of peat, soil, glacial till, and residual soil. In some places the
gamma-probe and 2 2 2 Rn anomalies largely coincided.
Bhatnagar (1973) and Tewari and Bhalla (1976) found that
22 2
Rn concentrations in soil gas at a given place fluctuate so that
repeated measurements give a lognormal distribution in ground
containing only local sources of 2 2 2 Rn and a compound lognormal
distribution if 2 2 2 Rn is derived from both local and distant sources.
An excellent review of the use of : *2 Rn for prospecting for
uranium and descriptions of the origins: of various types of anomalies
were presented by Smith, Barretto, and ?ournis (1976).
Earthquake Prediction

Annual measurements of 2 2 2 Rn concentration in hot mineral
water from an aquifer 1300 to 2400 m deep in the Tashkent Basin,
Uzbek SSR, Soviet Union, yielded consistent but slowly rising values
of 0.55 to 0.60 nCi/liter during the years 1956 to 1959. When
measurements were resumed in 1965, the values had risen to nearly
1.3 nCi/liter, and they continued to rise at a rapid rate, reaching 1.5
nCi/liter on Apr. 20, 1966. After an earthquake of magnitude 5.3
near the water well on Apr. 26 and its aftershocks, the 2 2 2 Rn
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concentrations decreased to 0.75 nCi/liter and continued to decrease
to about 0.5 nCi/liter. These findings, published by Ulomov and
Mavashev (1967), provoked great interest in the use of changes in the
222
R n concentrations in groundwater and soil gas to warn of
impending earthquakes. In May 1976, the 2 2 2 R n concentration in
thermal mineral water in the same basin rose from the normal level
to a level about four times higher in about 1 day's time, osculated for
4 days until the magnitude 7.3 Gazli earthquake struck about 20 km
away, and then declined to the normal level in another week
(Sultankhodzhayev, Chernov, and Zakirov, 1976). Instances of
222
R n anomalies in groundwater preceding earthquakes have been
reported by the Red Mountain Observatory, Kunming, China (Sykes
and Raleigh, 1975). The Seismological Brigade of Hebei (Hopeh)
Province, China (1975), reported groundwater 2 2 2 Rn anomalies
preceding seven earthquakes, ranging in magnitude from 4.3 to 7.9,
from 1969 to 1974; they imply that anomalies have been noted with
many other earthquakes. Accurate predictions were issued for the
magnitude 4.3 earthquake at Sin Tang on Aug. 5, 1971, and for the
magnitude 4.9 earthquake at Hew-Jin on June 6, 1974. Although
222
Rn anomalies in groundwater in connection with land subsidence
and slides in Japan have been observed by Kimura and Komae (this
symposium), they have not observed premonitory effects such as
those mentioned. Studies of the use of 2 2 2 Rn to predict volcanic
eruptions in Kamchatka have been reported by Chirkov (1973) and
by Sugrobov and Chirkov (1974).
Measurements of 2 2 2 Rn in groundwater and in soil air near
potential earthquake locations in California are being conducted by
several groups, represented in the Seismicity and Radioactivity
session of this symposium, and by publications by Teng, Ku, and
McElrath (1975), King (1976a, 1976b, 1977b, 1977c, 1977d, 1978),
King and Teng (1976), A. R. Smith et al. (1976), Smith, Wollenberg,
and Mosier (1977), Bircbard and Libby (1976,1977,1978), Shapiro
et al. (1977), and Wollenberg et al. (1977). King (1976b, 1978)
observed two large coherent maximums of radon isotope concentrations in soil gas from 20 stations along fault segments ~60-km long
in central California; the maximums correlate with two moderate
earthquakes, with earthquake energy release, and with the winter
seasons of 1975—1976 and 1976—1977. He believes the seasonal
correlation to be fortuitous because of the absence of similar
anomalies at stations in the same climatic zone but removed from the
earthquake region. Birchard and Libby (1976, 1978) noted both
positive and negative anomalies in soil gas preceding several moderate
earthquakes in southern California but questioned the negative anomalies. Shapiro et ai. (1977) reported a decrease in the 2 2 2 R n
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concentration in ground-level air before an eaithquake of magnitude
3.2 near Newhall, Calif., in early 1977. Cathey (1977) and Moore et
al. (1977) reported decreases in - 2 2 Rn concentration in groundwater
preceding an earthquake of magnitude 2.3 in South Carolina on
Feb. 23,1977
Methods of continuous monitoring of 2 2 2 Rn in groundwater
were described by Cathey (1977) and by Noguchi and Wakita
(1977).
Neither the details of the behavior of rock and interstitial water
in the zone of an impending earthquake nor the mechanisms causing
the anomalous - - 2 Rn concentrations have yet been established. Two
principal models of the phenomena occurring in an earthquake zone
and their implications with respect to various parameters of potential
value in prediction have been discussed by Mjachkin et al. (1975).
Substantial fluid migration is permitted by one of the models and is
required by the other. Mavlyanov et al. (1971) suggested that
ultrasonic vibrations in the deep zones promote release of 2 3 4 U and
222
Rn. Gorbushina. Tyminskiy, and Spiridonov (1972) noted that
the concentration of helium and tha ratio, 2 3 4 U / 2 3 8 U , were
anomalously great in some groundwaters near Tashkent at the time
of the 1966 earthquake and also proposed that ultrasonic vibrations
could cause release of the helium and 2 3 4 U and could accelerate
their diffusion. Sultankhodzhayev et al. (1974) noted that the
22:
Rn concentration in groundwater is controlled by the rate of
flow of the water through radioactive layers of the ground and
reported that the emanating powers of some rock samples were
increased at high pressure.
Intuition tells us that pre-earthquake fracturing, if it takes place,
should increase the rock surface exposed to circulating fluids and
consequently should increase 2 2 2 Rn release to the fluids, resulting in
a positive anomaly. However, the effect of deformation is probably
not so simple, owing to sometimes counteracting factors: emanatingpower change, transient release of local concentrations of 2 2 2 Rn,
permeability change, and change in the rates of flow of fluids
through zones of greater and lesser concentrations of emanating
226
Ra. Emanating power is directly related to the total surface area
communicating with rock pores; if an extensive network of internal
capillaries in the grains of a rock is responsible for most of its
emanating power, as must often be true, simple shearing of the rock
grains should increase the total surface and the emanating power
only slightly. Starik and Melikova V1957; pp. 225-226 of ihe
translation) concluded that pulverization of the mineral khlopmite
did not increase its emanating power. Starik and Lazarev (1960)
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stated that the emanation ability of minerals depends only slightly
on the change in specific [outer] surface; they pointed out that the
internal surface is due to a network of capillaries that is little
affected by crushing. The Seismological Brigade of Peking (1977)
measured the quantity of 2 2 2 R n that could be flushed from
226
Ra-loaded porous cement cubes before and during uniaxial
compression. Following a 3-year storage period, each of three cubes
was flushed with air, the effluent being continuously monitored by a
scintillation counter. Uniaxial compression was applied until rupture
occurred. The concentration of 2 2 2 Rn collected increased at the
time of rupture by 22% to 107%. Similar effects were said to be
observed in experiments with natural rock samples. Because the
experiment periods (about 1 hr) were brief compared with the
half-life of 2 2 2 Rn, it is open to question whether the observed
increases would persist for a long enough time to result in significant
anomalies. Fracturing is an unlikely explanation for 2 2 2 Rn anomalies that have been observed as much as 300 km from the epicenters.
The most comprehensive explanation of 2 2 2 Rn behavior noted
in connection with deep earthquakes is that of Sultankhodzhayev,
Spiridonov, and Tyminskiy (1977). They considered that the
emanating power of the reservoir rocks may be changed as the
microcapillary system in the rocks is changed by deformation; that
the rate of movement of groundwater from 2 2 6 Ra-bearing layers to
inactive layers should influence 2 2 2 R n concentration in the water;
and that alectrical changes accompanying deformation of the rock
may cause changes in its adsorption capacity and consequently in the
retention of 2 2 2 Rn on the rock surfaces. Sultankhodzhayev et al.
(1977) believe that it is possible to predict the location of the focus
of an earthquake by means of continuous measurement of 2 2 2 Rn in
groundwater from points along radii from the epicentral zone.
Whatever mechanisms may be suggested, they need to account for
the observations that 2 2 2 Rn concentrations in groundwater may be
either anomalously high or anomalously low before an earthquake,
may be observably anomalous far away from the zone of inelastic
deformation, and may return to the normal level later.
It is reasonable that squeezing in zones of compression causes a
net upward and outward flow of soil gas, thereby shifting upward the
profile of 2 2 2 Rn concentration near the surface. Measurements of
222
Rn in soil gas at a standard depth in the soil should then show
positive anomalies near zones of compression (and, conversely,
negative anomalies near zones of dilatation, where intergranular
spaces are enlarging). This mechanism has been proposed by King
(1976b, 1977b) and by Birchard and Libby (1976, 1978) to explain
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soil-gas 2 2 2 R n anomalies observed, respectively, in central and
southern California.
RECOMMENDATIONS FOR RESEARCH

The importance of adsorption in retarding the movement of
radon isotopes and holding them on the surfaces of common
minerals, rocks, and soils under typical conditions needs to be
studied. The effect of water on adsorption should be determined.
Radiation-damage experiments of the type described by Lambert
and Bristeau (1973) should be performed on a greater variety of
minerals and rocks. The effect of varying the absolute pressure
during the ce-counting period and the indirect-recoil mechanism
should be studied concurrently.
Treatments of radon-isotope diffusion have tacitly assumed that
gravitational effects are negligible. Although the assumption is
reasonable, it appears not to have been verified. It could be tested
simply by performing diffusion measurements in horizontal and
vertical orientations.
The long-distance migration of 2 2 2 Rn needs to be tested
rigorously at places where it is thought to occur. One approach
would be to measure the vertical profiles of 2 2 2 R n concentration in the ground to depths sufficient to determine whether
the profiles followed the required approximately exponential form. A
second approach, reported by Schutz (1978), would be to measure
the 2 ' °Pb concentration profile, which should indicate the average
222
R n profile for the preceding several decades. The 2 2 6 R a
concentration at each point should be determined in either of the
profile measurements. A third, but less satisfactory, approach would
be to compare measured 2 2 2 Rn concentrations at a standard depth
in the horizontal plane with the 2 2 2 Rn production rates at the
respective sites. For all three approaches it would be necessary to
correct for the disturbance caused by the measurements and for the
effects of variable porosity, saturation, temperature, and emanating
power; also, measurements should be sufficiently standardized to
permit computation of the balance between sources and losses of
222
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Techniques and Principles for Mapping
of Integrated Radon Emanation
Within the Earth

ROBERT L. FLEISCHER and ANTONIO MOGRO-CAMPERO
General Electric Research and Development Center, Schenectady, New York

ABSTRACT
Radon signals from within the ground are used in locating subsurface uranium
deposits and are of potential use in sensing impending earthquakes. Several
factors are documented that affect the reproducibility and reliability of radon
measurements, and new methods are described that make current state-of-the-art
radon measurements much improved over those obtainable in the past.

Measurements of radon* in soil gas just below the surface of the earth
are being used in searching for subsurface uranium and for
premonitory earthquake signals. Because many factors can produce
short-term fluctuations, a major advance was made by H. W. Alter
and J. E. Gingrich in recognizing that measurements that give
integrated values of radon levels—averaged over the short-term
fluctuations—should allow the longer term, more distant signals to
be recognized (Fleischer et al., 1972; Gingrich and Fisher, 1976).
The measuring system originally invented by Alter and Price (1972)
consists of solid-state track detectors (Fleischer, Price, and Walker,
1975) attached inside inverted cups that are placed in the ground for
long periods. It is typical to use a few weeks when the technique is
applied to the search for uranium. For earthquake studies a period of
1 week was used in the two published studies by the integrated radon
technique (Mogro-Campero and Fleischer, 1977; King, 1978).
In general, the measurements will be more useful the more
reproducible they are and the less the background of unwanted or
*The term "radon" refers to 2 2 2 Rn unless it is otherwise specified.
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irrelevant signal. In this paper we describe the principles involved and
document various sources of noise in radon measurements. Once the
origins of these factors are clear, straightforward methods of
eliminating or minimizing the unwanted effects can be identified.
THE METHOD

The purpose of measuring integrated radon values over long
periods of time is to average the short-term variations, such as are
HOLE COVER

Fig. 1 Method far measuring integrated subsurface radon concentrations.
Radon enters the inverted cup, and its alpha decays and those of its alpha-active
daughters are recorded over an extended time.

commonly caused by meteorological variables (Kraner, Schroeder,
and Evans, 1964). As shown in Fig. 1, a detector is placed within an
air space in which the interstitial gas is sampled for radon without
danger of direct impingement on the detector of alpha particles from
the surrounding medium. Figure 2 shows the usual mounting of the
detector within an inverted cup. The shaded volume indicates the
region from which alpha particles from radon can reach the detector.
The subsequent decay products of radon will diffuse within the cup
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Fig. 2 The integrating detector records the alpha decays of 1 2 2 Rn in the
sensitive volume and of the decay products 2' 8 Po and 2 ' 4 Po, which attach to the
surfaces. This diagram applies to a detector with unit efficiency for recording
alpha particles.

and are expected (Fleischer and Mogro-Campero, 1978) to become
attached to exposed surfaces. Subsequent alpha decays of 2 ' 8 Po and
2 x4
Po can reach the detector from the shaded areas in Fig. 2.
As described in detail by Fleischer and Mogro-Campero (1978),
the resultant radon count rate per unit area of detector,
Pi2 2, can be characterized by a constant k 2 2 2, such that
^222 = P 2 2 2 r / N , where N is the number of radon atoms per unit
volume and r is the mean life of radon atoms, 5.5 days. Similar
constants, k,, apply to the othef two nuclides of interest. The total
count rate p is thus proportional to the radon concentration
and its decay rate with a proportionality constant k (equal to
^2 2 2 + k2 i a + k 2 1 4 ) that characterizes both the geometry of the air
space used for detection and the properties of the detector. The
latter enter by restricting the fractions of the shaded areas and
volumes from which alpha decays can be recorded. For example, for
unwanted background to be minimized, electronic detectors normally do not count alpha particles that arrive with less than 1 MeV
energy, and many of the track detectors that are used do not record
alpha particles above some threshold energy. The commercial
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electronic detectors are characterized by a k value of 2.3 cm; a track
detector material of unit efficiency would have a value of 2.6 cm.
The areas and volume shown in Fig. 2 apply to the latter case. The
less sensitive track detectors that have been used exclusively in the
field until recently typically have a lower value of about 0.3 cm. Most
of the data we present here are from these detectors, which have a
sensitivity that is fully adequate for the 3-or-4-week exposure time**
that are recommended.
TRANSPORT QUESTIONS

In the absence of long-range transport, most measurements of
radon within the ground are of radon that is released within a few
diffusion distances of the site of the measurements. Since this
distance (Dr)'4 (where D is the bulk diffusion coefficient of radon in
the medium) does not exceed 1.5 m even in highly porous material,
measurable diffusionally carried signals do not arrive from distances
of more than 10 or 15 m (Tanner, 1864). Complementary aspects of
the limitations of diffusive motion are discussed in the next paper,
this symposium.
In the proposed uses of integrated radon measurements for
detecting earthquake-related signals or subsurface deposits of uranium, local, diffusionally delivered signals may be sufficient because
we might expect the long-range strains around a stress concentration
to alter the pattern of radon release. For the purposes of uranium
exploration, however, only rather shallow deposits are accessible
without systematic transport. Cases where deposits have been found
at depths of 100 m or more (Gingrich and Fisher, 1976) have led to
the inference that long-range transport at upward flows exceeding
3 x 10~ 3 cm/sec occur.
SOURCES OF NOISE IN INTEGRATED MEASUREMENTS OF RADON

A number of factors complicate tne making of measurements in
the field. The first effort is to obtain reliable values for a given
exposure to radon; the second is to relate values obtained to those at
some distance from the measuring point, i.e., to decide when distant
radon signals are present and to establish the strengths of such
signals. We are aware of several significant factors that affect such
measurements: other extraneous radon isotopes, moisture, temperature, and depth of detector emplacement. As our skill at eliminating
or minimizing these effects improves, other factors are likely to be
recognized. We hope the new ones will be less important.

MAPPING OF RADON EMANATION WITHIN THE EARTH

t<

I

61

M—Detector

0.2
Sand
Soil
1

2
3
THICKNESS OF SAND, cm

Fig. 3 Relative track production rate from emanation from Thoreau, N. Mex.,
soil as a function of the thickness of high purity S1O2 sand covering the soil, in
geometry as sketched. The l a error bars are from counting statistics only
(Fleischer, 1977).

Radon Isotopes Other Than

222

Rn

Radon-222 is not the sole radon isotope present in the ground.
There is a minor, short-lived isotope, 2 ' 9 Rn, which is derived from
the decay of 2 3 5 U . Radon-220, historically called "thoron" because
it is derived from the thorium decay chain, is more important. It
supplies a signal that is unwanted when uranium is being sought;
because of its mean life of 75 sec, it will move only a short distance
from where it is generated and therefore normally will not supply
any long-range signal. Because thorium in average geological material
has three to four times the abundance of uranium, but slightly less
than one-third the decay rate, the activity per unit value of 2 2 °Rn is
very nearly equal to that of 222 Rn in most cases.
Fortunately simple means exist for excluding 2 2 O Rn from the
detection air space (Ward, Fleischer, and Mogro-Campero, 1977). A
barrier is used to delay the entry of radon isotopes into the sensitive
volume of the de' actor cup and thus to allow the 2 2 ° Rn to decay.
Figure 3 shows how a diffusional barrier of sand reduces the signal
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from conventional soil to about half its original value—as expected
if 2 2 0 Rn and 2 2 2 Rn were produced in equal parts. A simpler, less
bulky barrier for use in the field consists of a permeable membrane
(Ward, 1977) that can be fixed across the mouth of the cup during
exposure. Relationships are given by Ward, Fleischer, and MogroCampero (1977) that allow design for proper reduction of 2 2 °Rn as
a function of membrane properties and the geometry of the air
space.
Moisture

If water vapor within the detector cup condenses on the
detector, the fraction of the radon that is measured will be reduced
because some of the incident alpha particles will be stopped in the
water droplets. Figure 4 shows this effect in the rate of recording of
events on an electronic detector exposed to a constant radoii
concentration but variable condensed water. Figure 5 shows how
long-term effects are correlated with the presence of rondpnsed
water. In this case the values of average readings after exposures of
1 month decrease according to the amount of water present at the
time the detector was retrieved. Moisture on the detector films has

6

8
10
TIME, 103 sec

Fig. 4 Effect of water condensation on alpha particle counting rate for a silicon
solid-state detector. Dry conditions prevailed at time zero and condensation was
induced at time T. The detector was then allowed to become dry by
evaporation.
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Fig. 5 Effect of moisture on track-production rates. Progressive moisture
effects can lower the rate by a factor of 3. Each category of reading corresponds
to 20 to 60 individual measurements. A = average; M = median.

the direct effect just described. Moisture on the ^up implies a humid
atmosphere was present which may have led to condensation on the
film at some time during the exposure. Wet soil both hinders the
diffusion of radon produced within the soil [see measurements of
Grammakov (1936) quoted by Tanner (1964)] and produces a
humid atmosphere in the cup.
The condensation effect, as well as any effects of water on the
registration characteristics of cellulose nitrate, is minimized by
excluding water from the detector. The same membrane that
protects the detector from 2"" ° Rn aids in reducing the water content
of the cup, and a desiccant eliminates the condensation (Likes,
Mogro-Campero, and Fleischer, 1979).
Annealing Effects

Heating can reduce the efficiency with which tracks are revealed
in track detectors, with long times at lower temperatures being
equivalent to short times at higher temperatures (Fleischer, Price,
and Walker, 1975). Thermal effects on cellulose nitrate detectors
now being used are so large that ambient temperatures in the field
can reduce track counts.
This reduction is normally not of importance in searches for
uranium, where many simultaneous readings are made, each at the
same temperature. In this case the relative values are preserved
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Fig. 6 Effect of ambient temperature on radon readings in cellulose nitrate
detectors. Each point represents readings taken over a 7-day integration time and
related to an average temperature of the week. Data near the San Andreas Fault
by King (1978); data from Blue Mountain Lake are by the present authors. The
lines are drawn to enclose two-thirds of the data.O, Blue Mountain Lake; •, San
Andreas [C.-Y. King, Nature, 271: 516-519 (1978)].

properly. However, systematic effects are expected when various
exposure intervals are used or sequential exposures are used during
periods when the temperature is changing. Two examples can be
cited.
The clearer example comes from two sets of isochronal data.
King (1978) monitored radon at 20 fixed points over intervals of 7
days for 2 years. Figure 2b in King's reference shows that, in a gross
way, times of high apparent radon values correlate with times of
lower air temperatures. The highest radon readings also come at the
times of the largest earthquakes, as he notes, and the most extensive
rainfalls also occurred then. The extent of the correlation of the
"average" temperature and radon reading is shown by the filled
signals in Fig. 6, the average temperature being the maximum
temperature less 15°C, which is half the average difference between
the minimum and the maximum. There is a clear trend, with the
average value of the radon decaying by a factor of 3 between 5 and
25° C average temperatures.
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Fig. 7 Effect of exposure time on radon readings in cellulose nitrate detectors.
Each point represents a single reading taken near Thoreau, N. Mex., in 1977. The
numbers indicate the number of the first and last month of the interval of
exposure. The curve is a guide to the eye.

The data in Fig. 6, shown by the open circles, come from the
other side of the continent at Blue Mountain Lake, N. Y. Over 7(±1)day intervals at our site B-5, readings are compared to the average of
the seven maximum and seven minimum temperatures of the week.
The vertical scale is normalized so that the average radon emanation
at the two different sites can be directly compared. The two data sets
ara clearly compatible with a single relationship fo. ^.r-v-.k fading.
Another example comes from a set of tightly grouped sites that
happened to be monitored for variable periods of time. They
approximate isothermal data, but the control is not so good here
because the air temperatures were not measured. Since these
temperatures do not vary in a systematic way with the time intervals,
they will impose random noise on any systematic trends. The data in
Fig. 7 show an appreciable decline with increase in the integrating
period but with considerable scatter. These long-term effects give a
reason for not extending measurements unduly.
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Fig. 8 Track production rate vs. depth calculated for zero vertical flow and
flow per unit porosity of ±7 (D/r)^, where the mean diffusion distance (DT)1^ is
1.2 m and the mean diffusion time T is 5.5 days. The horizontal scale is
calculated to correspond to typical field values at Thoreau, N. Mex.

Depth of Burial

In the ground near the surface of the earth there is, in general, a
concentration gradient of radon caused by the leakage of radon at
the surface. In a uniform earth the concentration rises with depth
asymptotically to the value Co at which local production of free
radon is balanced by local decay. This variation with depth is shown
in Fig. 8 by the curve labeled "result of diffusion only." This curve is
calculated for a mean diffusion distance of 1.2 m that is typical of
dry soils at a site in northwestern New Mexico (Mogro-Campero and
Fleischer, 1977). It shows that, at the typical depths of 50 to 60 cm
at which radon readings are made, the concentration is about Co /3
and is a strong function of depth.
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That variation implies that holes should be drilled to a standard
depth at sites where intercomparison of readings is to be done. If for
some reason that procedure is not possible, a clearly less desirable
alternative is to make corrections so as to normalize readings to the
values they would be expected to have at a standard depth. This
procedure is less rigorous since, in general, the eartn is nonuniform,
because the curve given in Fig. 8 is not known and because vertical
flow may be present.
The effo :t of vertical transport at a bulk flow velocity v(cm/sec) is
shown by the two other curves in Fig. 8, found by integrating a
one-dimensional diffusion equation that includes superimposed flow
at a constant velocity (Grammakov, 1936). For purposes of
illustration, a velocity was used that is seven times the "diffusional
velocity" [which we define as (D/r)' 4 ]. Depending on whether the
transport velocity is upward or downward, the gradient at the surface
is either raised or lowered by a factor of 7. If flow is present but
unmeasured, no proper correction for depth is possible. On the other
hand, a group of holes with different depths at the same site allows
the variation with depth to be recognized and flow to be measured if
present.
A latent assumption of the preceding discussion is that the radon
value measured at the bottom of a hole of depth z is the one
calculated at that depth for a uniform earth with no hole, i.e., the
hole does not seriously perturb the local radon distribution. For the
long, narrow hole commonly used (10 cm diameter, 60 cm deep),
this should be a reasonably good approximation as long as
convection does not mix the air in the hole. If mixing does occur, the
concentration throughout the hole should approach a lowp- value
that is some weighted average of the values along the waus of the
hole.
Evidence -hat such mixing can occur comes from comparisons of
the conventional values with those found in holes in which mixing
was suppressed by filling the holes with inert plastic foam. Table 1
shows such an intercomparison. The readings of unfilled holes are
about half of those for the filled ones.
RECOGNIZING FLOW AND RECOGNIZING DISTANT SIGNALS

Earlier we noted that the radon signals most commonly observed
are diffusional. When, in addition, transport is present, as shown in
Fig. 8, the readings at a given depth in the ground can be either
raised or lowered. Inspection of those curves shows, however, that
unless an elevated signal is transmitted from below, signals at 50 cm
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depth can only be raised by a factor of 3, relative to the values when
there is no flow. Signals that are elevated by significantly more than
a factor of 3 are therefore the prime candidates as distant signals, and
lesser but still elevated signals would imply flow but not necessarily
elevated signals from afar.
To recognize when a signal is elevated, we must measure the local
(diffusional) signal in the absence of flow. Although we have no
rigorous, practical way to do this measurement, Fig. 9 shows a simple
means of approximating what is needed. A representative sample of
the soil or rock in which a measurement is to be made in the field is
placed in a closed system and the radon emanation measured. From
this number we can then compute, as described by Fleischer and
Mogro-Campero (1978), what field reading is expected at a given
depth in material having the same characteristics. This reference
value is only reliable to the extent the sample is really representative
of the material within a few diffusion distances of the site of
measurement. In uniform material it should provide a good reference
value. In heterogeneous material larger samples would be needed to
provide reasonable reliability.
CONCLUDING COMMENTS

Although many factors affect radon readings in the ground, most
of those which have been identified can be dealt with. Meteorological
variables cause effects that are averaged over the 1- to 4-week
integration periods. Radon-220 and water can be excluded from the
air space for radon detection; thermally insensitive detectors should
be used. Background readings give reference levels relative to which
evidence of flow and/or distant signals can be recognized when

TABLE 1

Effect of Suppressing Air Flow in Holes, Scotia, N. Y.

Time interval

Readings for an
average of 3 filled
holes, tracks/cm 2 ,
30 days

Readings for an average of 3 unfilled
holes, tracks/cm ,
30 days

Ratio,
unfilled holes
filled holes

6/20/77 to 7/20/77
7/20/77 to 8/19/77
8/19/77 to 9/23/77

4800
5100
5100*

2500
2300

0.52
0.45

* Average of all six holes.
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Detector -A

Plastic
cup

Glass
cup —

Soil

4 cm

Fig. 9 Geometry used to measure emanation from soil samples to assess the
local field signal at the site from which the soil was collected. In the geometry
shown, both 2 2 0 R n and 2 2 2 R n are recorded. If a suitable membrane is
interposed between the two portions of the chamber, only 2 2 2 R n and its
daughters will be recorded.

present. At our present stage, measurements can now be repeated
with a leproducibility of ±14% as judged by results at a site where we
have extensive experience.
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DISCUSSION
Scott: Does the temperature at a depth of 60 cm really vary from
0 to 25° C over the year as shown in slide? Variations of radon in soil
gas measured in 2.5-m-deep bore holes have been found to be large so
those observed in 60-cm holes are not unexpected.

MAPPING OF RADON EMANATION WITHIN THE EARTH

71

Mogro-Campero: We have no record of the temperature history at
the 60-cm depth. The temperatures shown in the slide are
atmospheric, and the temperature range in the environment or the
detector is probably narrower. We are presently studying the
annealing phenomenon under controlled laboratory conditions, and
these results will determine the temperature effect in a more
quantitative manner.

Search for Long Distance Migration
of Subsurface Radon

ANTONIO MOGRO-CAMPERO and ROBERT L. FLEISCHER
General Electric Research and Development Center, Scheneetady, New York

ABSTRACT
Long-distance radon migration is defined as that requiring nondiffusive transport
modes. The limitations of diffusive motion are shown by using likely field
parameters. Two nondiffusive transport processes are discussed quantitatively:
convection driven by the geothermal gradient and flow induced by atmospheric
pressure changes. Finally, we treat the problem of experimentally determining if
long-range radon migration occurs in a given situation. This includes criteria for
selecting anomalous readings in radon surveys and possible reasons for the
appearance of such anomalous values.

In the context of radon* migration we use the term "long distance"
to signify distances considerably in excess of those which radon can
move by diffusion alone. The characteristic diffusion distance from a
radon source, such that a signal can be recognized in the presence of
background, is determined by the radon source strength, the
diffusion coefficient, and the background level. Uranium ore deposits
provide high radon source strengths, so that radon migration can be
studied in natural conditions.
Radon sampling has received increasing attention in recent years
as a method of locating deeply buried uranium-ore deposits (e.g., see
Bowie and Cameron, 1976). When we consider source strengths and
background values relevant to ore deposits, we conclude that
long-distance migration is required to transport radon for distances in
excess of ~10 m. Ore deposits have been discovered at depths
•Unless explicitly stated, the term radon in this article refers to
the uranium decay series.
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exceeding 100 m on the basis of near-surface radon anomalies (e.g.,
see Gingrich and Fisher, 1976). This suggests the possibility of
long-distance migration of radon. Since a transport mechanism other
than diffusion would be required at significant depths, the study of
long-distance radon migration may lead to the identification of
mechanisms for the motion of underground gases. This broader topic
is of interest in such diverse areas as studies of the natural radiation
environment, leakage from buried radioactive or other wastes,
subsurface geophysics, earthquake prediction, and exploration geophysics and geochemistry. Many topics which are complementary to
those of this paper are discussed elsewhere (preceding paper, this
volume).
LIMITATIONS OF DIFFUSIVE MOTION

First, we estimate the radon source strengths of a uranium ore
body and a background medium. Sandstone is a low background
medium among sedimentary structures; a representative uranium
content is 0.45 ppm by weight (Turekian and Wedepohl, 1961). A
typical ore mined in the Colorado Plateau has a uranium content of
~2000 ppm by weight, with an upper limit of about 8500 ppm
(Park and MacDiarmid, 1975). The source strength will also depend
on the fraction of radon produced which makes its way into the
pores of the medium and which is thereby amenable to transport.
This is termed the emanating power. The emanating powers of the
background medium and the uranium ore need not be the same; the
latter is probably generally higher, although we will not use a definite
numerical value here. As an example we assume that, relative to
background, the radon source strength or radon production rate in
the uranium ore is 10 4 . We use D = 0.03 cm2 /sec for the diffusion
coefficient in sandstone (Schroeder, Kraner, and Evans, 1965; their
definition of D is used throughout this paper). The one-dimensional
solution to the steady-state equation D V2 c — Ac = 0 for radon
concentration c which takes into account diffusion and radioactive
decay with decay constant X (2.1 x 10~ 6 sec" 1 for radon) is
c = Coexp[-(A/D)'*h]

(1)

where h is 'weight above the ore body. Fig. 1 shows that, if we require
that the signal from the ore be twice the background value, the ore
cannot be buried at depths exceeding 10 m. The upper limit for D is
D = 0.1 cm 2 /sec, its value for radon diffusing in air (Tanner, 1964).
The radon concentration profile in this case is also shown in Fig. 1.
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D = 0.1 cm2/sec
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VERTICAL DISTANCE FROM URANIUM ORE BODY, m

Fig. 1 Radon depth profile for diffusive motion, as derived from
Eq. 1. The horizontal two-dimensional uranium ore body is assumed
to produce radon at a rate 104 times
the background production
rate. The profile for D = 0.03 cm2/sec is for a plausible 2subsurface
porous medium, whereas the dashed line for D = 0.1 cm /sec is the
upper envelope of all possible profiles (see text).

Since man3' radon measurements in the ground are made under
conditions of diffusive equilibrium, it is important, in this case, to
have an idea of how large a volume is being sampled. Consider an
infinite three-dimensional region and a constant rate of radon
production. The radial dependence f(r) of radon concentration which
diffuses from a small region is given by solving DV2 c — Xc = 0 in
spherical coordinates. The answer for the space outside the region
can be easily \'erified by substitution as being
= |exp[-(A/D) 1 ' 4 r]

(2)
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Fig. 2 Detection of radon at a measuring site within an infinite
medium of constant production rate. The fraction g(r) of detected
particles originating within a radius r of the measuring site is shown
as a function of r (from Eq. 3). The characteristic distance (D/X)1^ is
1.2 m for D = 0.03 cm 2 /see.

where f(r) is proportional to the probability that a radon nucleus will
decay at radius r. The fraction of particles arriving at a sampling
point from radii less than r is then
(3)

where k = (X/D)'4. This function is shown in Fig. 2. For example, we
find that, for D = 0.03 cm2/sec, 80% of the radon detected comes
from within 3.6 m.
POSSIBLE MECHANISMS OF LONG-RANGE FLOW

Consider a two-dimensional radon source in a horizontal plane
(this could be an idealized uranium ore body). We are interested in
radon concentration c as a function of distance h above the source
region in the presence of convective bulk fluid motion (also called
macroscopic velocity) with vertical velocity v. (This velocity is the
volume of fluid crossing a unit of geometrical area per unit of time.)
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The equation to be solved is (Clements and Wilkening, 1974)

where e is porosity and D is defined as in Eq. 1.
The steady-state solution with the boundary condition of c -*• 0
as h -> °° is
c = c0 exp \L2De
From the discussion in "Limitations of Diffusive Motion," we
require c/c0 ^ 2 x 10~ 4 for a detectable signal from the ore in the
presence of background; for h = 100 m, D = 0.03 cm2/sec, and
e = 0.25 (Schroeder, Kraner, and Evans, 1965), this implies
v $; 6 x 10~"4 cm/sec.
There are two possible radon transport modes for which
quantitative estimates have been made. Convective flow in the
porous subsurface medium induced by the geothermal gradient has
been considered recently (Fleischer and Mogro-Campero, 1976;
Mogro-Campero and Fleischer, 1977). They show that the conditions
for convective flow may well be satisfied under certain field
conditions but that the critical question for long-distance radon
transport is the velocity of such flow. An approximate expression for
the macroscopic fluid velocity v can be extracted from the work of
Lapwood (1948)
v =* 6 x 10~ 3 kH

(6)

where a typical gradient of 30°K/m has been assumed, k is the
permeability defined via Darcy's law, and H is the scale size of a
convective cell. This implies that, to obtain velocities y ^ 6 x 10~ 4
cm/sec which we require for long-range radon transport over a 100 m
distance, the value of k must be very large for H ~100 m (e.g.,
k = 10~ s cm2 for H = 100 m). These values of permeability are high
compared to laboratory measurements on small samples (typically
k ^ l O ~ 8 cm2 for sandstone, Scheidegger, 1957) so that we must
invoke high effective permeabilities caused by joints, faults, and
fractures.
Atmospheric pressure effects were discussed by Clements and
Wilkening (1974) with respect to the radon flux emitted into the
atmosphere. The macroscopic flow velocity induced by atmospheric
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pressure changes is a maximum at the air—earth interface and is given
by
v0 = 0.080 a(ekt)'A

(7)

which is Eq. 19 of Clements and Wilkening (1974) with standard
values for the viscosity of air and mean pressure. The rate of change
of pressure is assumed to be linear, with value a, and we assume a
high value of a = 0.8 mb/hr from their Table 2. For the duration t of
the pressure front, we again take a high value of 72 h from the same
table.
If we require 1G0 m of transport during these 72 hr, and since the
microscopic vertical velocity is ~v/e, we deduce for e = 0.25 that
v =^ 0.010 cm/sec. This velocity is higher than 6.4 x 10~ 3 cm/sec
deduced previously to be necessary for the long-range transport
signal to be above background. From Eq. 7 we then have the
requirement that k = 4.6 x 10~ 6 cm 2 , again large compared to even
high values of sandstone permeabilities as measured in the laboratory.
The depth dependence of v is complicated, but as a measure of
its decrease with depth we calculate, using the previously mentioned
parameters, the depth at which v is down to one-half of its maximum
surface value. From Fig. 1 of Clements and Wilkening (1974), we
deduce that this occurs at a depth of ~900 m, a reasonable value
since we are considering 100-m transport.
The critical parameter for both mechanisms is thus seen to be the
permeability. Since it needs to be considerably higher than laboratory values for these mechanisms to work, field measurements of this
parameter are necessary. In a case where evidence for long-range
radon transport is strong, the temporal behavior of radon and its
correlation with atmospheric pressure should be sufficient to
distinguish among these mechanisms.
RECOGNITION OF LONG-DISTANCE MIGRATION OF RADON
Selection of Anomalous Values

Consider a geologically homogeneous body. Within this body,
abundances of trace elements can usually be well approximated by a
lognormal distribution (Ahrens, 1954, 1965). In fact, according to
Rogers (1964), a good fit to a lognormal distribution can be taken as
evidence of homogeneity. Since radon concentration is proportional
to the abundance of its predecessor in the uranium decay chain,
radon values can usually be expected to be distributed lognormally.
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Data from a radon survey can be arranged as a histogram of the
logarithms of radon concentrations. Anomalous values can then be
defined in the usual way for a normal distribution. If a uranium ore
body is present and sufficient radon originating from it arrives at
some of the sampling sites, these signals can be expected to appear as
a second distribution with a higher average value than the background distribution, or in any case they should produce statistically
significantly higher values. A second test on whether a group of high
values belong to a separate distribution is based on their spatial
clustering. Quantitative estimates on the statistical significance of
clustering can be obtained for a given case by Monte Carlo
simulations.
Probable Causes of Anomalous Values

Having established a criterion for the selection of anomalous
values, we now consider how they may arise. Since we are interested
in obtaining evidence for long-range radon transport, we look for
cases where anomalous values are produced by radon transport from
a deeply buried ore body. First we must try to eliminate from
consideration the anomalous values produced by other causes.
Geological Inhomogeneities
Multiple peaks in the histogram representation might be due to
the sampling of geological entities with different average abundances
of radium ( 2 2 6 Ra, radon's immediate and long-lived predecessor in
the uranium decay chain). Geological knowledge, therefore, must be
applied to the area of interest to determine whether or not radon
sampling is being carried out over a homogeneous area.
Structural Inhomogeneities
We might expect anomalous radon values near faults and
fractures, along which radon can move with relative ease. An
approximate idea of the magnitude of this effect can be obtained as
follows.
Although it must be kept in mind that the production rate of
radon is not constant in space and in fact should have the same
distribution function as that of its predecessor ( 2 2 6 Ra), when
discussing the variation of radon with depth a constant production
rate is assumed for simplicity and can be thought of as an average
value. If diffusion alone is considered, radon concentration c as a
function of depth x measured from the surface is given by (Junge,
1963)

SEARCH FOR LONG-DISTANCE MIGRATION OF SUBSURFACE RADON

^

*

]

}

79

(8)

where X is the radioactive decay constant (X = 2.1 x 10~ 6 sec—1 for
radon) and a is the production rate per unit volume. The concentration is thus independent of D for x > (D/X)'4, whereas concentration
c oc TT% for x < (D/X)"* (shallow depths). The diffusion coefficient
of radon in air (D = 0.1 cm2 /sec, Tanner, 1964) is one to five times
higher than in porous media measured by Schroeder, Kraner, and
Evans (1965). For D = 0.03 cm2 /sec, the characteristic depth (D/X)1*
is 120 cm. The effect is to decrease the concentration for shallow
depths by, at most, a factor of 2 for this example. In a geochemically
homogeneous area, therefore, a significant increase in subsurface
radon concentration near a fault region (or any other region with a
high diffusion coefficient) implies that a transport mechanism in
addition to diffusion is dominant.
Changes in the Diffusion Coefficient Due to Variations
in Temperature and Pressure
If we consider the diffusion of radon in air within the porous
subsurface matrix, we can estimate the effect of variations in
temperature and pressure of the subsurface atmosphere. The diffusion coefficient D in a gas at temperature T and pressure p is
proportional to T%p—1 (Reif, 1965). To estimate extreme values at a
measuring site in the ground, we take likely limits of T (—10°C and
40°C) and p (749 and 775 mm Hg) and assume that they are
uncorrelated. This results in a maximum fluctuation in D of 34%, or
a 16% change in concentration at shallow depths. Such a change is
small compared to other effects. We are considering here only the
direct effect of temperature on the diffusion coefficient. Temperature may affect other parameters, such as moisture content, which in
turn can have a marked effect on radon concentrations.
Changes in the Diffusion Coefficient Due to Moisture Content
The diffusion coefficient of radon in water is lower than that in
air by a factor of ~10 4 (Tanner, 1964). The characteristic distance
(D/X)1-4 is thereby reduced to 2 cm. For a constant radon production
rate, this means that, if we measure radon in the interstitial water,
for example, at a 50-cm depth, the signal will be a factor of ~3
higher than that in air with D = 0.03 cm2 /sec (Schroeder, Kraner,
and Evans, 1965), which is characteristic of a moderately dry
medium. The time constant t for this increase to take place is
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determined by the decay constant of radon, i.e., t = X""1 = 5.5 days.
If the radon-measuring device depends on radon entering the air from
the water, the phase distribution ratio must be taken into account.
For example, for a constant radon concentration in water, the
concentration in air will change by a factor of 3 in going from 0 to
40°C (Faul, 1954). Note that a compensating effect obtains if the
volume of air in the detection space is large relative to the volume of
interstitial water that injects radon into the detection space
(Fleischer and Mogro-Campero, 1978).
Changes in Emanating Power
Radon concentration at all depths depends on the production
rate a (see Eq. 8). The production rate refers only to that fraction of
the total radon which escapes into pore spaces so that it is free to
migrate. This useful fraction is sometimes called the emanating
power. Since the range of recoiling nuclei is very different in air and
water, we expect that emanating power will be a function of water
content. Changes in the distribution of pore sizes or compaction of
the medium will obviously also change the emanating power, so that
these must be considered in evaluating the significance of radon
measurements.
Radium-226 Halos
Because of special circumstances related to the ore-forming
process or to subsequent redeposition after dissolution in water, it is
conceivable that a region of enhanced radium concentration exists in
the neighborhood of a uranium ore body and within an otherwise
homogeneous medium. If the halo pervades part of the area of a
radon survey, anomalous values would appear in a histogram
representation of the data. If the halo pervades the whole area of the
radon survey, the histogram might show only one distribution, but
attention should be given to the results in this case because of the
high value of the median compared to other surveys. The halo
hypothesis can be tested by measuring the distribution of radium in
the area of interest. Although such radium halos would be useful in
exploring for uranium ore deposits, they are useless in the search for
long-distance migration of radon unless their distance from the
measuring site is such as to require nondiffusive transport.
Air Flow in a Medium with a Constant Radon Production Rate
The flow of air is a nondiffusive transport mode for radon. This
can occur in response to atmospheric pressure variations (Clements
and Wilkening, 1974) or can be due to convective motion induced by
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the geothermal gradient (Mogro-Campero and Fleischer, 1977). As
discussed by Mogro-Campero and Fleischer (preceding paper, this
volume), air flow will distort the radon depth profile near the
surface. The equation for radon concentration for a constant
production rate in the presence of flow of velocity v is (from Eq. 5,
in analogy to Eq. 8),

Note that upward flow corresponds to negative velocity in these
coordinates since distance from the surface x increases downward.
The maximum factor of increase in going from no flow to upward
flow is {1 — exp [—(X/D)'4 x] } — 1 . (This expression is not valid near
x = 9 because in the derivation of Eq. 9 the unrealistic value of zero
was used for the atmospheric radon concentration.) For example, for
D = 0.03 cm2 /sec and x = 60 cm, the maximum possible increase in
radon concentration produced by upward flow is by a factor of 2.5.
Radon sampling sites that under these conditions exhibit factors of
increase substantially above 2.5 would be considered as candidates
for evidence of long-range flow from an ore body.
In general, we can see from Eq. 9 that, for a given flow velocity,
and at a given depth, the factor by which the static concentration is
reduced in the case of downward flow and the factor by which it is
enhanced for upward flow are not the same. This will introduce an
asymmetry into the logarithmic representation of the distribution
function of radon values. In fact, it will result in a negative skew.
CONCLUSION

The evidence is fragmentary in the literature for the migration of
radon over distances of 100 m. Although there are no published
reports where it has been convincingly shown to occur, the
consequences of such migration are of sufficient importance to
warrant more rigorous studies. We have discussed two physical
processes that may give rise to long-range migration and we have
considered the problem of recognizing and establishing its existence.
It is clear that scientific evidence for long-range migration of radon
can only result from careful experimental programs at favorable sites.
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Tanner: (1) Do you have (or knov of) surveys in which the
location of the radium precursor was definitely established, and if so,
how? (2) Have you obtained a vertical profile, by track-etch
measurements in a hole bored to progressively greater depths, of the
T value vs. depth? If so, does it follow the exponential function?
Mogro-Campero: Gamma-ray logs have been taken down bore
holes in many cases, and these indicate to some extent where radon
precursors are located. We have also measured the radon emanation
of field samples taken from bore holes as a more direct means of
attaining the radon background depth profile. We have not yet
measured radon depth profiles to any significant depth in the field.
Coupled with the background measurements I have previously
mentioned, the radon depth profile in the field is indeed an
important measurement to ascertain whether long distance transport
from a deep source is occurring.
McLaughlin: In view of the fact that the radon profile is
disturbed when a track etch cup is placed, I would like to know how
long it takes for the radon profile to recover.
Mogro-Campero: I believe that studies with electronic detectors
have shown that an equilibrium concentration is achieved in a time
shorter than a few hours, and I would guess that the determining
factor is the diffusive motion of radon. Our measurements are
integrated over time periods of at least a week and more typically a
month, which is long even compared to radon's half-life.

Track Etch Radon Ratios to Soil Uranium
and a New Uranium Abundance Estimate

H. WARD ALTER
Terradex Corporation, Walnut Creek, California

ABSTRACT
Equilibrium values of the radon content of soil gas are most precisely
determined by the time-integrating Track Etch technique.* This method,
extensively used as a uranium exploration tool, detects radon gas with dielectric
detectors that record alpha-particle emission from the gas. The detectors are
placed in inverted cups that are buried in shallow holes on a grid over the area to
be explored. The cups are left in the ground for 3 to 4 weeks. This time is
essential to integrate the signal and eliminate the large fluctuations in radon
signal strength which occur with time. Integrated radon values, corrected to a
standard exposure time of 30 days, are conveniently expressed as T, the number
of alpha tracks per square millimeter of the solid-state track detector.
Radon anomalies obtained by Track Etch are often suitable uranium drilling
targets, but in the context of this paper only background measurements will be
considered. In each Track Etch survey, a simple statistical algorithm is used to
define the background population of the ranked data and to calculate its mean
and standard deviation. Background calculations were made on 713 Track Etch
surveys conducted on the five major continents. From this large data base, a
mean worldwide background can be derived. At present the worldwidebackground mean is 19 T.
In a number of surveys, where soil was residual rather than alluvial, soil
samples were taken from the B soil horizon of the Track Etch cup holes. These
samples were then chemically analyzed for uranium concentration (ppm U3O8 ).
Track Etch readings for each soil-analyzed hole were divided by ppm UjOg to
give a new statistic, T/ppm. The T/ppm numbers were then analyzed statistically
and the background population derived as previously mentioned, together with
the background mean.
In six surveys so analyzed, the mean values of T/ppm for each survey were
remarkably close, although the surveys covered a wide range of uranium
concentrations, locations, and geological terrains. The mean value of T/ppm for
*The Track Etch technique is covered by U. S. and foreign patents.
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the six surveys is 10.0 T/ppm. If this mean value of T/ppm is then combined
with the mean worldwide background, an estimate of surficial abundance can be
mad*1 it is 1.9 ppm U3O8, a value in agreement with the measurements of
others.
The Track Etch background is related to the background uranium
concentrations, not just in the surface soil but in the shallow rocks down to at
least 200 m depths. In this analysis the uranium content of residual soil is
assumed to be representative of the uranium content of these shallow rocks. The
present analysis would not be expected to be valid for alluvial soil or in any case
where soil uranium content is not representative of the underlying rock.

Application of the Track Etch technique to the measurement of
radon and its alpha-particle-emitting daughters was originally developed to serve as a passive radon monitor in mine environments
(Lovett, 1967; Rock, Lovett, and Nelson, 1969). Although strong
interest in the air-monitoring applications of Track Etch exists to this
day, by far the largest application is to the time-integrated
measurement of radon in soil gas. The latter application finds
extensive use as a simple and effective tool for uranium exploration.
It is therefore appropriate that a series of field observations from
uranium-exploration programs now make possible an independent
measurement of the surficial abundance of uranium. Such measurements are of obvious relevance to the definition of the natural
radiation environment.
THE TRACK ETCH PROCESS

Alpha particles from the decay of radon and its daughters will
cause radiation-damage tracks in a variety of dielectric detectors.
Subsequent etching of the exposed detector makes the tracks visible
for counting. The track density, T, typically given as tracks per
square millimeter, is proportional to the time-integrated concentration of alpha-emitting nuclides in the air space within alpha-particle
range of the detector.
Track Etch detectors are insensitive to light or other electromagnetic radiation. They are resistant to water, dirt, and cold or
warm environments. (The only environmental factor that may limit
certain uses is a much higher than ambient temperature, which can
cause track fading.) These properties have aided diverse applications
of Track Etch, some of which are discussed in this symposium.
For the measurement of radon in soil gas for use in uranium
exploration (Gingrich and Fisher, 1976; Fisher, 1976), the Track
Etch detectors are placed inside inverted plastic cups. The cups are
buried in holes, typically 25 to 75 cm deep, located on a grid that
covers the area to be explored.
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TABLE 1

Mean Track Etch Radon Ratios
to Soil Uranium
Area

No. of
soil samples

Colorado
8
Utah
49
484
Alberta
Utah
150
94
Scotland
Utah
531
Overall mean value

Mean
T/ppm
9.4

10.1
8.6

15.6
10.0
6.2

10.0 + 3.1

Because of the high temporal variability of the radon concentrations in soil gas, the cups are left in the ground for 3 to 4 weeks or
more to give a precise equilibrium reading. Subsequent etching and
reading gives values for T (corrected to a standard 30-day exposure
period) which relate both to background levels of radon in the soil
and to statistically anomalous levels which can define uranium
drilling targets. Only the background information from Track Etch
surveys is covered here.
A simple statistical algorithm with computer solution is used to
extract the background value for each survey from the ranked Track
Etch radon values. Such background measurements are now available
for 713 Track Etch surveys in 23 countries on all five major
continents. These surveys cover a wide variety of rock types and
geological terrains. The mean value for all surveys worldwide is 19
tracks/mm2 and the standard deviation of the mean is 12
tracks/mm 2 .*
SOIL URANIUM AND RADON MEASUREMENTS

In a limited number of surveys, data were available from soil
samples taken from cup holes placed in residual soil. For each of
these surveys, the soil samples (from the B soil horizon) were
analyzed for uranium content in ppm U 3 O 8 . The alpha track
density, T, for each cup hole was then divided by its respective
uranium content to give a new statistic, T/ppm. For each survey, the
usual statistical algorithm was used to extract the mean background
value of T/ppm. The results are shown in Table 1.
*A11 errors in this report are expressed as the standard deviation of the mean.
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TABLE 2

Surficial Uranium Abundance Estimates

Reference

Uranium
concentration,
ppmU 3 O 8

Ruzicka, 1976
Bowie, 1970
Lang etal., 1962
Gableraan, 1977
This study

0.8-3.5
0.4—4.0
0.2—2.7
1.9 ±1.3

2.2

For the relatively small amount of data now available, the range
of mean values of T/ppm is remarkably low when we consider that
the six surveys covered a range of ppm U 3 O 8 and locations. As more
data are collected, we do not feel that the overall mean value of
10.0 ± 3.1 T/ppm will be significantly changed.
The radon measured in the surface soil is derived not only from
uranium in the soil itself but from uranium in the rocks to depths of
200 m or more. Accordingly it must be emphasized that the
soil-analysis results of Table 1 are valid only where the uranium
content of the underlying rock is assumed to be close to the uranium
content of the soil analyzed. This should only be true for residual
soils and would be invalid for alluvial or otherwise transported soils
not derived from the underlying rock.
A SURFICIAL ABUNDANCE ESTIMATE

From the mean value of 19 ± 12 T for 713 surveys and the value
of 10.0 + 3.1 T/ppm from Table 1, we can readily calculate a
surficial abundance estimate of 1.9 ± 1.3 ppm U,O 8 . This value is in
good agreement with the measurements of others (Ruzicka, 1976;
Bowie, 1970; Lan?, Griffith, and Steacy, 1962; Gableman, 1977) as
shown in Table 2. The ranges of ppm UjO8 in the literature cited
cover the range of values in typical rocks.
CONCLUSIONS

Following are the major assumptions made in this study, together
with some comments.
In the six cases, soil uranium content is representative of the
underlying rocks. This is not necessarily true, even if the soil is
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residual, because of selective geochemical leaching or concentration
of uranium in the surface soil.
Background data from the 713 surveys represent a valid and large
enough sample of surface rocks to permit an abundance estimate. We
lack enough data on rock type to make a detailed analysis by rock
type at this time. It is also possible that there is some selection
process taking place because these surveys are assumed to be in
geologically promising areas for uranium wheie background might be
higher than normal. Error due to such selection is diminished by our
calculation of true background.
The contribution of thoron ( 2 2 0 Rn) to the radon signal is
disregarded. Both T/ppm and the mean Track Etch value would be
reduced in about the same proportion if possible thoron interference
could be eliminated. The estimate of abundance should then remain
relatively unchanged. Although we have developed means to eliminate the thoron ( 2 2 0 Rn) signal from the Track Etch readings in the
field, our statistics on surveys using the thoron elimination technique
are currently inadequate.
The values calculated here will be adjusted as more data become
available.
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Baston: You (Mr. Gingrich) stated that the Track Etch film
was superior to any other film currently available. Do you have data
to substantiate your statement?
Gingrich*: Yes, the Track Etch detectors we are using have
been especially developed for radon detection and they have been
extensively field tested in a large number of programs. The Track
Etch process and methods are covered by patents owned by Terradex
Corporation.
Mcgro-Carnpero: What criterion was used to eliminate anomalous
values? It would be interesting in this connection to see a histogram
of your radon values.
Gingrich: We use a statistical algorithm to eliminate the
anomalous values. This algorithm results in a conservative analysis of
the data; that is, readings must be strongly anomalous to be
considered anomalous with our criteria.
A histogram of the data would show that our background mean
values are located near the peak of that portion of the histogram data
which defines the background for the areas surveyed.
Bernhardt: How do you eliminate the interference from 2 2 ° Rn
in the measurement of 2 2 2 Rn by Track Etch?
Gingrich: Thoron ( 2 2 0 Rn) interference can be completely
eliminated by using the Terradex Thoron Filters over the cup
openings. These Thoron Filters are semiperraeable membranes that
slow the flow of incoming gases, and thus they eliminate thoron
•ct-caon because it decays before it reaches the detection volume
within the cup.
Smith: What is the quantitative relationship between detector
sensitivity and moisture consideration on the detector?
Gingrich: Moisture condensation can reduce the readings I y
providing a barrier to the alpha particles, but it is impossible to tell
the exact amount the readings are reduced without examining the
detectors. We have recently developed a method to eliminate the
problem of moisture condensation.

*Mr Gingrich presented this paper in the absence of Mr. Alter.

k

Radon Transport Processes
Below the Earth's Surface

MARVIN WILKENING
New Mexico Institute of Mining and Technology, Socorro, New Mexico

ABSTRACT
Processes by which 2 2 2 R n is transported from the soil to the earth's surface are
reviewed. The 2 2 2 R n formed in the earth's crust by the decay of 2 2 6 R a is free
to move only if the 2 2 2 R n atoms find their way into soil pores and capillaries.
The mechanisms effective in transporting 2 Rn to the surface are related to the
size and configuration of the spaces occupied by the soil gas which may vary
from molecular interstices to large underground caverns.
The near-surface transport processes are divided into two categories: ( l ) a
microscopic process that includes molecular diffusion and viscous flow in fine
capillaries and (2) macroscopic flow in fissures and channels. Molecular diffusion
is divided into two cases, one called Knudsen diffusion where the mean free path
is long compared with the diameter of an equivalent capillary by which the
physical structure of the soil is approximated, and the other is ordinary bulk
diffusion in the soil where the mean free path is short with respect to the
dimensions of the pore spaces. Poiseuille flow is a third concept useful where
transport can be accomplished by laminar flow through capillaries where
pressuie gradiants exist.
Underground air rich in 2 2 2 R n can also reach the surface through cracks,
fissures, and underground channels. This type of transport is shown for ( l ) a
horizontal tunnel penetrating a fractured hillside, (2) a large underground cave,
and (3) volcanic activity. Pressure differentials having various natural origins and
thermal gradients are responsible for the transport in these examples.
Although much work remains to be done before an adequate understanding of
the relative effectiveness of the various transport mechanisms is achieved, 2 Rn
transport by ordinary molecular diffusion appears to be the dominant process.

Radon-222 (T^ = 3.8 days) originates from the decay of 2 2 : i Ra
(T^ = 1600 years) that is distributed widely in the rocks and soil of
the earth's crust. A typical value is 1 pg of 2 2 6 Ra to 1 g of dry soil
or rock (Eisenbud, 1973). Although there is some indication that the
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concentration of 2 2 6 Ra varies both with the kind of soil and depth
beneath the surface (Nerpin and Chudnovskii, 1970), a uniform
distribution will be assumed in this work. The effective radium
concentration, i.e., those 2 2 6 R a atoms which ate located in the rock
or soil matrix in positions favorable for the escape cl the daughter
2 22
Rn atoms into the soil pores and capillaries, viries for different
crustal materials ranging from 2 to 70% of the total 2 2 6 R a present
(Pearson and Jones, 1966 and Wilkening, 1974). Typical values of
the 2 2 2 R n concentrations in soil gas are 200 to 300 pCi/liter.
In this paper we will outline the processes by which 2 2 2 Rn is
transported from the soil pores to the ground surface. We will stress
directions in which problems may be addressed more than solutions
to these problems. Studies are under way in our laboratory and
elsewhere which will advance the understanding of the details of
these processes. For the sake of brevity, we will not include effects
due to water in the transport mechanisms, nor will we attempt to
review the roles played by meteorological parameters. Obvious
applications of this work lie in the fields of uranium exploration, the
proposed detection of earthquakes, and a more complete description
of the natural radiation environment in general.
The processes effective in transporting 2 2 2 R n from soil and
rocks to the surface are related directly to the size and configuration
of the spaces occupied by the soil gas. These spaces may vary from
molecular interstices to large underground caverns. The openings
may be isolated, interconnected, or dead end. The pore volume may
be a small or substantia' fraction of the gross soil volume. All these
characteristics are important to the radon transport problem.
The near-surface transport processes can be broken down into
two major categories: (1) a microscopic process in which diffusive
and viscous flows are dominant and (2) a macroscopic process in
which flow occurs through cracks, fissures, and underground
channels. We will discuss both processes in the following paragraphs.
DIFFUSION AND VISCOUS FLOW

Application of the kinetic theory of gases to soil aeration dates
back to the early part of this century as noted by Baver (1956).
Basically a constituent of the soil gas flows in a direction opposite to
that of the increasing concentration gradient (Fick's Law). If the
diffusive flow is upward in the z-direction, J,j = —D(dC/dz) where Jj
is the diffusion current density, D is the bulk diffusion coefficient,
and C is the concentration of 2 2 2 Rn in the interstitial space. If there
is a fluid current density Jf also in tne positive z-direction, then
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Jf = Cv, where v is the transport velocity. The steady-state equation
for a semi-infinite, homogeneous, porous medium is
Dd2C

7 ? "

1 d(vC)

.
x

<,.,.-«

? - 3 ^ - R C + 0-o

m

(l)

where e is the soil porosity, A.Rn is the decay constant of 2 2 2 Rn, and
0 is the production rate per unit volume of 2 2 2 Rn atoms that are
free to migrate in the interstitial space. The terms in Eq. 1 represent,
in order, diffusion, flow, decay, and production. For flow by
molecular diffusion alone, and with boundary conditions C = 0 at
z = 0 and C = 0/X.Rn at z = —°°, the following solution of Eq. 1 is
obtained:

From Eq. 2 we note that the concentration increases with depth
reaching to within 3% of the concentration at infinite depth at 5 m
when numerical values from Clements and Wilkening (1974) are
used. Molecular diffusion as a significant transport mechanism is
limited to the first few Hitters of surface soil.
Once the solution of Eq. 1 is found for a specified form of the
transport velocity v, the total 2 2 2 Rn current density J in the soil is

In fluid flow the dependence of v on z is found by application of
Darcy's Law v = —(k'/r?)dp/dz where p is the pressure, k' is the soil
permeability, and 17 is the dynamic viscosity of the fluid. Equations 1
and 3 furnish the points'of departure for models relating the physical
properties of soils to transport that is the result of both molecular
diffusion and a pressure-induced flow. Variations of this simple
model have been applied to 2 2 2 Rn in near-surface soils by Alekseev
et al. (1957), Kraner, Schroeder, and Evans (1964), and Clements
and Wilkening (1974).
Because of the great complexity and diversity of the details of
soil structure, no complete mathematical description is possible.
However, the great technological importance of soil physics in
agriculture (Taylor and Ashcroft, 1972), catalysis and vapor absorption in industrial processes, and the flow and recovery of groundwater, oil, and natural gas in porous media has resulted in great
progress being made in recent years toward the development of
mathematical models relating the physical properties of porous
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media. Although no completely descriptive model is yet within
reach, one that is used widely is a model in which the interconnected
pores are treated as straight nonintersecting cylindrical tubes or
capillaries (Scheidegger and Liao, 1972). The diameters are given by
an appropriate distribution function for a given porous medium
(Dullien and Batra, 1970). Wakao, Otani, and Smith (1965) have
derived equations for flow and diffusion in capillaries covering the
complete range of flow from Knudsen to Poiseuille. The characteristics of these flows will be reviewed in order of increasing size of
the equivalent capillary radius, r, as shown in Fig. 1. A summary is
given in Table 1.
Knudsen Diffusion in Fine Capillaries

Knudsen flow occurs in capillaries having diameters that are small
compared with the mean free path of the gas molecules (Fig. 1). This
situation can be met in extremely small capillaries at ordinary
pressures or under conditions of high vacuum (Pr sent, 1958).
Knudsen diffusion is characterized by the fact that the frequency of
collision of the molecules with each other is small in comparison
with collisions with the capillary walls. Since the mean free path in
air at STP is about 0.1 (xm, the capillary would have a radius of the
TABLE 1
Transport in Soils
Ordinary bulk
diffusion

Knudsen
diffusion
Soil
Equivalent
capillary
radius
Flux
Coefficient

Compact,
fine-grained
r/X < 0.1
(r < 0.01 jum)
J = —D

-T-

dz
D = % rv

Porous
r/X> 10
(r < 1 fim)

i-

J

ndc
D
dz

•>=?

r = radius of capillary
X = mean free path, 0.1 jtxm at STP
J = flux
D = diffusion coefficient
C = concentration of radon atoms
z = coordinate perpendicular to soil surface
A = constant

Poiseuille flow
(laminar /viscous)
Fine cracks, fissures

_

Tr4p dp
8t?kT dz

P = Ar 4 prV ^
k = Boltzmann constant
F = flow, molecules per second
v = mean molecular velocity
T = temperature, °K
M = atomic/molecular mass
p = pressure
i? = dynamic viscosity

Knudsen
diffusion

Diffusion

Poiseuille
flow

m

H
Z
£75

Fig. 1 Diffusion and flow in porous media based on a simplified
"equivalent-capillary" model. For Knudsen diffusion the diameter of
the capillary is small compared with the mean free path. For
ordinary bulk diffusion and Poiseuille flow, the mean free path is
less than the capillary diameter.
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order of 0.01 /um. Only the smallest colloidal clays have constituent
particles in this size range (Baver, 19&6). However, the large surface
area of these particles contained in a given mass of clay favors a high
222
Rn release rate. Diffusion in fine capillaries (Knudsen) is not
effective in radon transport in soils near the earth's surface since pore
spaces in most soils are much too coarse grained to fit this capillary
model.
We note that, although Knudsen diffusion does not play an
important role at normal pressures, it provides the predominant type
of diffusive transport on the moon where the 2 2 2 Rn atoms collide
almost exclusively with solid material within the lunar regolith.
Diffusion of radon and other inert gases in the lunar crust has been
considered by Kraner et al. (1966), Lindstrom et al. (1971), and
Adams etal. (1973).
Ordinary Bulk Molecular Diffusion

This mode of transport with or without the addition of
pressure-induced flow is the primary mechanism for radon transport.
An analysis of the dependence of the flow on physical variables
within the equivalent-capillary concept is instructive. Table 1 shows
that the bulk diffusion coefficient D for a constituent such as 2 2 2 Rn
in the soil gas is dependent on the mean free path of 2 2 2 Rn in the
gas in the soil pores and the mean molecular velocity. On
substitution from kinetic theory, we find that the diffusive flux is
proportional to T%, p~~', and M"*54. It is independent of the
equivalent capillary radius, r. Note that 2 2 2 Rn with its large atomic
mass will diffuse only about one-third as rapidly as other constituents of the soil gas since the flow in Knudsen and ordinary
molecular diffusion is inversely proportional to the square root of
the atomic or molecular mass. See, for example, Welty, Wicks, and
Wilson (1976). An increase of temperature of 20° C results in an
increase of J by only about 4% if all other factors remain the same.
The important role played by molecular diffusion in the soil as a
transport mechanism near the earth's surface hac been shown by
work at the New Mexico Institute of Mining and Technology
(Wilkening and Hand, 1960) and elsewhere (Alekseev et al., 1957 and
Schroeder, Kraner, and Evans, 196-5). This research was reviewed by
Tanner (1964) at the first conference on the natural radiation
environment, and that review is updated at this conference (Tanner,
this volume).
Poiseuille Flow

This type of flow occurs in long straight capillaries of circular
cross section. Again the diameter must be large compared with the
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mean free path. Tne velocity of transport is small (low Reynolds
number), with the result that the flow is laminar and dependent on
the viscosity of the gas. Detailed descriptions are given by Present
11958) and others. This type of flow can be a major contributor ..o
radon transport in a variety of crustal materials where pressure
gradients are available and where this type of capillary is appropriate
for approximation to the physical structure.
It is important to remember that the diffusion or flow equations
given in Table 1 when taken separately are not adequate for
explaining transport in a particular medium. A model combining all
flows given might be necessary in a given situation. Further, the
transition from Knudsen to ordinary bulk diffusive flow and the
"slip" flow term for viscous flow in cylindrical capillaries have been
omitted. See Youngquist (1970) for detailed treatment of combinations of these flows. However, diffusion and flow mechanisms of the
type indicated are responsible for a major portion of the upward
transport of radon from soil depths down to several meters below the
surface.
Other Mechanisms

Much work is needed to quantify the changes observed in radon
flux due to wind-scour effects. Wind-induced transport includes both
the direct transfer of momentum on exposed surfaces, hence on soil
gas and air, and the effects of the alternating pressure component
induced in near-surface layers of the soil originating from turbulent
airflow across the surface. The latter problem has been studied both
by soil scientists interested in water-vapor transport (Fukuda, 1955)
and from the viewpoint of seismometer responses to small atmospheric pressure cells as they propagate along the surface at mean
wind velocities (Peterson and Orsini, 1976).
Local temperature gradients have been suggested by MogroCampero and Fleischer (1977) as an important factor in the
transport of radon in soils over uranium ore bodies. Rogers,
Schilberg, and Morrison (1951) and others have studied convection
currents in porous media from both experimental and theoretical
viewpoints in the framework of ordinary diffusive transport in soils.
King (1978) has explored the release of 2 2 2 Rn through strain effects
in soil and rocks of the earth's crust as a possible method for
predicting seismic events.
FLOW IN CHANNELS

Transport of radon-rich air from inside the earth's crust is known
to occur through openings and fissures in the ground that are much
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F«g. 2 Mine tunnel in a geothermally heated and fractured hillside.
A sealed portal at the tunnel entrance permits measurements of
airflow in and out of the tunnel—hillside system.

larger than those treated in "Diffusion and Viscous Flow."
Radon-222 moves through the soil gas by ordinary diffusion over
distances of only a few meters. Pressure-induced Darcy velocities of
the order of 10~ 6 m/sec are sufficient to allow 2 2 2 Rn to move only
about one-third of a meter in one half-life. We now turn our
attention to examples where transport over many tens or hundreds
of meters can occur. There are two main cases to be considered; the
first involves the transport of 2 2 2 R n by air movement through
cracks, fissures, or underground openings where pressure gradients
exist, and the second requires a temperature gradient favorable to
vertical convective transport through relatively large openings. The
first case will be illustrated by 2 2 2 Rn concentration measurements in
a horizontal tunnel (Wilkening, 1962, 1977). The second will be
discussed in relation to the air-exchange characteristics of the
Carlsbad Caverns as reported by Wilkening and Watkins (1976) and
the discharge of 2 2 2 Rn to the atmosphere by volcanic activity.
Horizontal Tunnel

It is not unusual to find caves or mines that "breathe" under
natural conditions. An analysis of one such system sheds light on a
mechanism that can be important in radon transport. A vertical
section through an abandoned mine tunnel west of Socorro, New
Mex., is shown in Fig. 2. The nearly horizo- . tunnel is 172 m in
length and passes through mudstones aneJ ifaceous sandstones, a
part of the Tertiary volcanics that make up the surrounding hills.
Significantly, no uranium-bearing minerals exist in the tunnel in
more than trace amounts. The cross section of the tunnel is
approximately 2 by 1 m. Its average depth below the surface is 30 m.
The entrance is carefully sealed against airflow except for a 0.26-m
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diameter bypass pipe, and there are no other visible openings to the
outside. This arrangement makes it possible to monitor the natural
airflow into or out of the tuiuiel.
Radon, radon daughters, and the barometric pressure were
monitored for a 21-day period in the month of October. Airflow is
induced by two components. One is the diurnal and temporal
fluctuation in barometric pressure, which drives air into or out of the
tunnel system. The other is the convective flow induced by the
fissures in the rocks and soil between the tunnel and the outdoor air
above the hill due to a temperature gradient originating from a
geothermal anomaly characteristic of the Socorro Mountains where
the tunnel is located. Temperature inside the tunnel during the
measurements was constant at about 18° C. The mean outdoor
temperature for this same period was 14° C. The mean minimum
temperature was 5°C. There is a net mean flow into the tunnel which
for a 21-day period amounted to 930 m 3 /day or the equivalent of
almost three times the free volume of the tunnel. The mean 222Rn
concentration inside the tunnel for the period was about 90 pCi/liter
with diurnal maximums averaging about 200 pCi/liter. The passing of
a low-pressure system during the period of study sent 2 2 2 Rn values
up to 510 pCi/liter. The latter is assumed to represent the 222Rn
concentration in the cracks and fissures in the rock surrounding the
tunnel.
The net flow of air into the tunnel each day apparently displaces
an equal volume of radon-rich air out through the rock and soil
above the tunnel. The result is that approximately 6000 pCi/sec of
222
Rn is added to the air above the hill in excess of the normal
exhalation by diffusion. This is equivalent to the quantity of 2 2 2 Rn
from approximately 20,000 m2 of surface in the same area where the
flux is assumed to be 0.5 atom cm" 2 sec""1. Thus we see here an
example of a natural underground system where flow occurs through
crevices and fissures in the rocks under the influence both of changes
in atmospheric pressure and of a "convection" due to a temperature
difference between the tunnel and the surface.
The following observations must be remembered in the foregoing
analyses: (1) There are no major cracks or fissures of the order of
millimeters or more in the walls, floors, or ceilings of the tunnel. On
the other hand, the rock is relatively soft and porous and is generally
fractured. Active fault lines ait visible, and airflow through minute
cracks sufficient to affect a candle flame have been observed. It is
reasonable to assume that access to the outside is through a myriad
of such cracks and fissures. (2) Under the normal diurnal pressure
pattern, outflow measured in the bypass pipe was observed only
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CAVE

Fig. 3 Underground cavity simulating the Carlsbad Caverns. Cave
temperature is higher than the outdoor temperature throughout the
winter months causing convective exchange through the entrance.

from 1400 to 1900 hr local standard time, and during this time only
4% of the total daily flow through the bypass occurred.
Airflow Through the Natural Entrance of the Carlsbcu Caverns

A look at the air exchange through the natural entrance of the
Carlsbad Caverns, New Mex., is instructive for yet another mode of
radon transport where massive air exchange occurs through large
underground openings (shown schematically in Fig. 3). The driving
force is air buoyancy. Air in the caverns is about 14°C the year
around. From October to May minimum temperatures outside the
cave are lower than this (December, January, and February have
average annual minimum temperatures of approximately +3°C, +1°C,
and —0.5°C, respectively). The air column is unstable for at least part
of the day, and exchange through the natural entrance occurs
(Wilkening and Watkins, 1976). Radon-222 concentrations measured
in the cave during the summer months, when very little or no
exchange takes place, give a steady-state level. The deficiency
measured in other months gives an indication of the amount of
radon-rich air from the cave which has been replaced by colder air
from outside the entrance that is very low in 2 2 2 Rn concentration.
The temperature instability produces a natural flow, Q, that is
assumed to be dependent on the temperature difference, 8, between
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the inside and outside. Following the method outlined in Wilkening
and Watkins (1976), the mean flow rate is calculated from
(4)

where ARn = decay constant for 2 2 i R n
V = cave volume in which exchange is taking piace
C m ax = 60 pCi/liter, the maximum concentration reached in
the cave during the late summer months when no
exchange occurs
C = mean monthly 2 2 2 Rn concentration
Summarizing all the contributions to the outdoor air from each
month (the contributions from July, August, and September are
negligible) gives 5.5 x 101 2 pCi/year or an amount that might be
expected from 0.42 km2 of surface soil having a flux of 0.75 atom
cm" 2 sec~~' (0.42 pCi m~ 2 sec""1) (Wilkening, Clements, and
Stanley, 1972). Data for these calculations are from the first year of
monitoring by the National Park Service (Ahlstrand and Fry, 1976).
For an analysis of 2 2 2 Rn concentrations in other caves within the
national park system see Yarborough et al. (1976). Since there are
estimated to be more than 250 caves in the Carlsbad National Park,
Guadalupe National Park, and surrounding lands, the transport of
222
R n to the atmosphere by this mechanism is appreciable,
amounting to perhaps 10% of the annual 2 2 2 Rii flux from the same
land area.
The convective mode of transport of 2 2 2 R n is applicable to a
wide variety of underground enclosures both natural and man-made.
Ventilated mines add large quantities of 2 2 2 Rn and daughters to the
atmosphere (Pohl-Ruling and Pohl, 1969 and Bykhovskii et al., 1969).
Volcanoes

Volcanic activity as a source of atmospheric 2 2 2 Rn was
investigated by Wilkening (1974), Bjornsson (1968), and Iwasaki
et al. (1956). Measurements made in Hawaii, Iceland, and Japan all
showed that the 2 2 2 Rn concentrations from fumaroles and volcanic
plumes are above ambient atmospheric levels. Analyses of samples
taken by our group at an active fumarole in Hawaii on June 12—13,
1969, showed a 2 2 2 R n concentration that was 1.4 pCi/liter above
that of the surrounding air. These samples, taken from volcanic gases
in the plume of this phase III Aloi—Alae eruption, were found to
have 2 2 2 Rn concentrations approximately twice that of the ambient
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trade-wind air. Even though an estimated 0.2 Ci/hr of 2 2 2 R n was
being delivered to the atmosphere during the 22-hr period of this
particular eruption, the sum of all 12 eruptive phases during 1969
along the east rift zone of Kilauea is negligible compared with the
10 Ci/hr calculated for exhalation from the soil and lava surface of
the island during the same time. At most it would appear that, even
during an unusual year such as 1969, volcanic activity would not
contribute more 2 2 2 R n to the atmosphere than that produced by
about 12 km2 of the island surface (total surface area of the island is
10,500 km 2 ). Hence we conclude that volcanoes contribute
negligible amounts of 2 2 2 Rn to the atmosphere.
We have seen that air exchange through cracks and fissures, cave
entrances, and other openings in the earth crust provides major
avenues for 2 2 2 Rn transport; nevertheless, diffusion from the surface
soil and rocks appears to be the predominant transport mechanism.
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DISCUSSION

Tanner: In my review I stressed the necessity of water to
promote the significant emanation of radon into rock or soil voids or
pores. Once the radon atom at thermal energy is in the pore,
however, water impedes the movement of radon, particularly with
respect to steady-state exhalation. Would you comment on the
transient effects?
Wilkening: When water enters the soil, radon-rich air is displaced
causing an initial increase in flux from soil to air. Then a steady state
is approached where diffusion predominates, but the exhalation is
less than it was before the soil particles were covered by an
additional water film. If more water is added so that saturation is
approached, the flux would decrease toward zero.
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Lowe: In one of your slides, you plotted the movement of air
into a tunnel as a function of time and also the radioactivity in the
air as a function of time. These were anticorrelated. Where was the
radioactivity measured, in the tunnel or near the entrance?
Wilkening: The radon activity was measured in the tunnel about
50 m from the entrance. As flow into the tunnel increased, the
tunnel air was diluted by air from outside causing a decrease in the
radon concentration.
Shapiro: Did you attempt to measure the diurnal variation of the
radon concentration in the tunnel with the 18-in.-diameter hole
blocked?
Wilkening: No, this was not done.

Radon-222 Exhalation and Its Variation
in Soil Air

SADAMU MOCHIZUKI and TOSHIO SEKIKAWA
Department of Physics, Science University of Tokyo, Tokyo, Japan

ABSTRACT
A new method has been designed and developed for measuring the concentration
of radon in soil air without disturbing the natural condition of the soil.
By this method, radon concentrations in the soil air at various points down
to a depth of 1 m below the ground are obtained from the concentrations of
radium A ( 2 I 8 P o ) measured in the same air. The radium A concentration is
measured by spectrometry of alpha particles from radioactive ions in the soil airFurther, it is possible to obtain the exhalation rate of radon from the depth
profile of radon concentrations measured at various points below the ground
surface.
The basic experiments and preliminary observations made in the soil air
below the ground confirmed the usefulness of the newly constructed apparatus
for measuring the radon concentration'in the soil air.
Our preliminary observations showed that the radon concentration in the
soil air near the surface of the earth varied remarkably before heavy
thunderstorms.

Natural radon (2 2 2 Rn) is exhaled from the surface of the earth and
diffuses into the atmosphere. Radon plays an important role as one
of the radiation sources which ionize the atmosphere near the ground
(Hess and O'Donnell, 1951; Mochizuki et al., 1975).
On the behavior of radon and its daughter products in the
atmosphere, many observations have been reported; however, such
observations are rare in the soil air near the surface of the earth
because of the measuring difficulties (Jaki and Hess, 1058).
A measuring method for obtaining the concentration of each
radon daughter product in the atmosphere was recently developed by
Nakatani (1975). With this method for clarifying the correlation
105
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between the radon daughter products in the atmosphere and radon
exhalation (Malakhov et al., 1966), the time variations of radon
exhalation and radon daughter concentrations must be measured
simultaneously to the same accuracy. Further, it is important to
know the variations of radon concentrations in the soil air near the
surface of the earth because the source of radon in the atmosphere is
radon that is contained in the soil air.
For measuring the concentration of radon in the soil air without
disturbing the natural condition of the soil, a new method has been
designed and developed. By this method it is possible to obtain the
exhalation rate of radon from the depth profile of radon concentrations measured to a depth of 1 m at various points below the ground.
The measuring method, working characteristics of the apparatus,
rovi some primary results obtained by this method are described in
this paper.
MEASURING METHOD AND THE STRUCTURE OF THE APPARATUS

It is well known that some fraction of the radon ( 2 2 2 Rn)
produced by radium (2 2 6 Ra) decay remains in the soil particles and
the rest diffuses into the soil air. This radon is carried in the soil
toward the surface of the earth. The process is described by the
following equations, which are based on simplified diffusion theory
and the assumption of ideal soil conditions.
The equations are (Wilkening, 1960; Junge, 1963):
(1,

where Q = production rate of radon in the soil, atoms cm~ 3 sec" 1
Cs = concentration of radon in the soil air, atcms/cm3
\ = decay constant for radon, sec~'
d = diffusion coefficient of radon in the soil air, cm2 /sec
Z = depth, cm
The solution of this equation is

«p[-GH
The exhalation rate of radon (E) is given by

y1
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From these equations it is seen that the radon concentration in
the soil air near the surface of the earth decreases gradually with
decreasing depth. It is possible, therefore, to estimate the exhalation
rate of radon from the depth profile of radon concentrations
measured at adequate points below the ground. However, the
development of a practical procedure at the earth—air interface is
considered to be a problem because the variation of radon
concentration close to the earth—air interface is quite complex.
The method developed for measuring the radon concentration in
the soil air without disturbing the natural condition of the soil, based
on the property of radon previously mentioned, is as follows. Radon
concentrations in the soil air at adequate points down to a depth of
1 m below the ground are obtained from the concentrations of
radium A (2J 8 Po) which are measured directly in the same soil air,
because it can be assumed that radioactive equilibrium between
radon and radium A is established normally in the soil air. Since
radium A is positively charged immediately after its production by
radon decay, it can be collected with the aid of an electric field.
Further, it can be detected and counted with the aid of alpha particle
spectrometry. A silicon surface-barrier type of semiconductor (SSD)
WPS used as a detector of alpha particles.
The structure of the apparatus is shown in Fig. 1. This apparatus
is composed of a hemisphere of double screen meshes 10 cm in

-ACRYLIC ACID

,-BRASS

PREAMP.

SS 0
-WINDOW (GOLD FILM, 0.73 mg/cm2)

Fig. 1

Horizontal cross section of the apparatus.
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diameter, with a gold film 1.0 cm in diameter centered in the
hemisphere, and the SSD placed opposite with a spacing of 0.2 cm.
The SSD used is 0.5 cm2 in surface area, 60 pm in useful thickness,
and 48.9 keV in resolution. The bias voltage is 50 V.
Radium A in the effective volume of the hemisphere is collected
on the gold film with the aid of the electric field between the inner
mesh and the gold film. Alpha particles emitted from the collected
radioactive substances are detected and counted with the aid of the
SSD placed opposite the gold film. The counting system used is
shown in Fig. 2.
r— PREAMP. — LINEAR AMP. —

BIASED AMP.

3m
DETECTOR BIAS SUPPLY

MULTICHANNEL
ANALYZER

°OWER SUPPLY

ilATTERY

HEATER SUPPLY

Fig. 2 Counting rystem for alpha particle spectrometry.

FUNDAMENTAL EXPERIMENTS AND DISCUSSION
Determination of the Plateau Curve

To examine the collection state of radium A and the operating
characteristics of the apparatus, we placed the apparatus in a large
glass bottle and introduced radon gas into the bottle. Then we
measured the radium A concentrations while changing the voltage,
which was supplied by a dry battery. We obtained a plateau curve
(voltage vs. count rate) and confirmed that saturation (87.5 ± 5.5%)
was established by a supply voltage of 200 V.
Counting Efficiency

We obtained a value of 0.0625 for the counting efficiency by
calculation and attempted to check this by using the equipment
previously described. But, since the results obtained were considerably different from our expectation, further experiments are being
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conducted using newly constructed equipment and radon gas for
which the concentration is exactly known.
Examination in the Soil

Because the apparatus is used in the soil below the ground, the
operating characteristics must not be changed in the soil where the
humidity is considered to be high. Therefore we examined the
operating characteristics of the apparatus under the condition that
the apparatus was placed in the previously mentioned bottle and
then covered by the soil. Radon gas was sometimes introduced into
the soil in the bottle.
From these lengthy experiments, it was confirmed that the
apparatus is useful for detecting and counting the radium A in the
soil air. Further, the apparatus can be used for a long period of time
without its operating characteristics changing appreciably in the soil.
PRELIMINARY OBSERVATIONS AND DISCUSSION

To examine the operation of the apparatus in the natural soil air,
we carried out experiments over a long period of time at a field site.
Simultaneously, preliminary observations on some parameters were
made with some newly constructed apparatus. These experiments are
necessary for the detailed evaluation of the correlation between the
radon daughter products in the atmosphere and radon exhalation in
the future work.
The measurements made and the equipment used are described in
the following sections.
Radon Concentration in the Soil Air

The newly constructed apparatus previously mentioned is placed
at the depth of 20 cm below the ground, and its working
characteristics are examined.
Radon Exhalation

We are attempting a new method for evaluating the radon
exhalation rate, but this method is incomplete at present because of
difficulties with the problem at the earth—air interface. Therefore,
for the future investigation of this problem, we have been constructing equipment which is modeled after the device described by
Wilkening (1960) and used in the present preliminary observation. A
schematic diagram for the device constructed is shown in Fig. 3.
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Fig. 3 Schematic diagram of the device for measurement of radon
exhalation.

Radon Concentration in the Atmosphere

An ionization chamber modeled upon that of Kawano and
Nakatani (1959) has been constructed and was used for measurements of radon concentration in the atmosphere.
Soil Moisture

The concentration of radon in the vicinity of the earth's surface
depends primarily on the dryness of the ground (Jaki and Hess,

JJ3

Rn EXHALATION AND ITS VARIATION IN SOIL AIR

111

1958). To know the soil state below the ground, we measured the
amount of soil moisture as a function of depth as an index of dryness
of the soil.
Soil moisture meters (Kett Joint Stock Company), based on the
electronic resistance method, were used in the present work.
Some Results Obtained from Preliminary Observations

Alpha-Particle Spectrum Obtained from the Soil Air
An example is shown in Fig. 4 of an alpha particle spectrum
obtained with the aid of the apparatus and counting system shown in
Fig. 2. The measurements were made at a depth of 20 cm below the
ground. The data in (a) in Fig. 4 were obtained after an analysis time
of 1000 sec. The data in (b) were obtained 2 hr later after an analysis
time of 2000 sec. The data in (c) were obtained 4 hr later after an
analysis time of 5000 sec. To determine the peak positions of
radium A and radium C' ( 2 1 4 Po), we measured (d) of Fig. 4 in a
specimen air containing radon and radon daughter products stored in
a large closed vessel.
Another SSD having the same resolution was used for this
experiment. The spectrum was taken from the radon daughter
aerosols (specimen air previously mentioned) collected on a millipore
filter. Analysis was done for 2000 sec with the same gain as with
measurements (a), (b), and (c) of Fig. 4. Since thoron (2 2 °Rn) exists
together with radon in the soil air, the peak appearing betv/een
radium A and radium C' seems to show thorium A (2 ' 6 Po) because
their energies are radium A, 5.998 MeV, thorium A, 6.774 MeV, and
radium C', 7.68 MeV, respectively.
Variations of Radon Concentration and Exhalation
Some examples of radon variations obtained during the period of
preliminary observations are shown in Figs. 5 and 6 along with other
items. The results shown in Fig. 5 were obtained when the weather
changed remarkably. As is seen in Fig. 5, an extremely large change
in the radon concentration in the soil air was found at a depth of
20 cm before the heavy thunderstorm. Also a remarkable decrease of
radon exhalation and a more gradual recovery were found. From
these data we conclude that the capillaries are clogged quickly by
rain and opened gradually as the soil drieo. At the depth of 20 cm
below the ground, the effect of rain appeared about 5 h- after the
rainfall. Although there was heavy rainfall, the radon concentration
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Fig. 4 Examples of alpha particle spectra for various counting times
obtained from fundamental experiments for examination of the
operating characteristics of the apparatus: (a)—(c), soil air at 20 cm
depth; (d), air in closed vessel.
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Fig. 5 An example of diurnal variation of radon in the soil air and
radon exhalation.
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in the atmosphere was only slightly decreased. Probably the period
of rainfall was short.
It is considered that meteorological factors have an effect on the
capillaries of the soil and influence the radon concentration in the
soil air. Therefore an example of variations observed on a calm day is
shown in Fig. 6 together with the other three items.
A detailed discussion of the correlation between the meteorological factors, radon exhalation, and radon concentration in the soil air
is not yet possible. Measurements are continuing at the present time.
Four apparatuses are being used simultaneously at different
depths. An example of the primary analytical method for obtaining
radon exhalation rates from the soil air measurements is shown in
Fig. 7.
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Fig. 7 An example of radon exhalation rate obtained from four
measured values.

CONCLUDING REMARKS
1. The fundamental experiments and preliminary observations
carried out in the soil air below the ground confirmed that the newly
constructed apparatus is useful for measuring the radon concentration in the soil air near the surface of the earth.
2. It is possible to obtain simultaneously both radon and thoron
concentrations in the same soil air with this apparatus.
3. It is possible to obtain simultaneously the concentration
profile of radon in the soil air and its exhalation rate with four
identical apparatuses of this type.
4. From the preliminary observations, the concentration of radon
in the soil air near the surface of the earth was found to vary
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remarkably before a heavy thunderstorm. Our measurements indicate
important and interesting problems on the behavior of radon and
thoron in the soil air near the suri. e of the earth.
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DISCUSSION

Clements: Since your method of measuring 2 2 2 Rn depends on
its equilibrium with 2 I 8 P o , could you comment on how valid an
assumption this is in the soil gas?
Mochizuki: I think the assumption is substantially established
because the diffusion transport of 2 2 2 Rn in unit volume of soil air is
slower than that in the atmosphere over the surface of the earth.
However, it was not confirmed in the present study. Therefore, for
making sure of the equilibrium state, I have prepared some
instruments and experiments are going on.

Reconnaissance of Radon Emanation Power
of Pocos de Caldas, Brazil, Uranium Ore
and Associated Rocks

ENIO B. PEREIRA*
Department of Geology, Rice University, Houston, Texas

ABSTRACT
Emanation coefficients for radon ( 2 2 2 Rn) have been determined for 44 samples of
uranium ore and associated rocks from Pocos de Caldas in Minas Gerais, Brazil.
Values for emanation coefficients range from 2.5 to 100% and can be
divided into two major classes. The representative class (40 samples) averages
11% and includes the uranium ore samples. Above average values of emanation
coefficients have been reported for the ores in most cases. The second class,
which is the high radon emanation class, has been associated with cases of
alteration and isotopic remobilization.
Potential environmental implications of the radon released in the mining
region are briefly discussed.

The flux of radon (2 2 2 Rn) observed above uranium deposits depends
not only on the radium—uranium concentration but also on the
emanation coefficient (EC), which is a measure of the effectiveness
with which this gas is released.
Although studied since the beginning of the century, the relative
importance of the large number of parameters known to be
intimately associated with this effectiveness is still a controversial
issue. Each particular area studied shows certain characteristics that
emphasize one or the other of the parameters.
This paper describes a laboratory study made to measure the EC
in the ore and associated rocks of a Brazilian uranium deposit. Some
important observations concerning the mechanisms of radon release
*On leave from the Institute Astronomico e Geofisico, Universidade de Sao
Paulo, Caixa Postal 30, 627, Sao Paulo, Brazil.
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are discussed as well as the environmental implications of large
quantities of radon as a source of radioactive background in a
neighboring city.
DESCRIPTION OF THE REGION AND SAMPLE TECHNIQUE

The Pocos de Caldas plateau (Fig. 1) is located in the state of
Minas Gerais, Brazil. The plateau is a nearly circular alkaline massif
approximately 800 km2 in area which was intruded during the upper
Cretaceous period (Ellert, 1959; Amaral et al., 1967). The intrusive
body consists mainly of fine-grained tinguaites and phonolites along
with lesser amounts of coarse-grained nepheline syenites, all of which
have been deeply weathered.

M.N.

^.NDRADAS
12 km

Fig. 1 Geological map of Pocos de CaHas. IX'X'il. phonolite; E?j?.-3. altered
tinguaite; E S 3 , foyaite; l"v"u"vl. tinguait'j; ^ ^ , volcanic tuff: j ^ H J , lujavrite
and chibinite. (CNEN-Brazil)
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Although the entire massif rises above the surrounding country
rocks, differential resistance to erosion has produced a topographic
low within the center of the massif, leaving a higher rim at its
periphery.
The city of Pogos de Caldas is located on the northern border of
the massif. Some smaller cities surrounding the plateau as well as
other major features are also shown in Fig. 1.
The principal uranium mineralization in this area is located in the
central part of the plateau where the action of hydrothermal
solutions has highly altered the regional tinguaite. The location of
this uranium mineralization within the alteration is shown as C-09 in
Fig. 1. Samples collected inside the uranium mine galleries at this
location include rock specimens, clays, and other deposits accumulated in the fractures. Many of the samples were obtained from
boreholes drilled above the mineralized area. The total of 44 samples,
with their varied composition and degrees of alteration, seems to be
representative of that area.
RADON ESCAPE FROM THE URANIUM ORE AND ASSOCIATED ROCKS

The laboratory technique used in this part of the work, described
in detail by Barretto (1973) and Pereira (1977), consists in the
determination of the ratio between the number of escaping radon
atoms and the number of radon atoms which are retained within the
mineral grains or matrix material, under similar physical conditions
of granulation, humidity, and temperature. To minimize the influence of the microfissures, void spaces within the rock, and water
content, we have uniformly ground all samples to a very fine powder
(150—200 mesh) and then oven-dried them.
The emanation coefficients of all 44 samples are shown in the
distribution diagram of Fig. 2. Except for the last four samples at the
high end of this distribution (EC > 30%), the data when plotted
cumulatively on log-probability paper (Aitchison and Brown, 1973),
show that a lognormal distribution represents the data fairly well.
For these samples, an average EC of 11% with a standard deviation of
2% was obtained.
The preceding observation suggests that the ECs at the high end
of the distribution do not represent low probability events in a
statistical sense but rather a special mechanism controlling the radon
escape that can be treated as a separate class.
We found the EC for both the primary and secondary uranium
ores to be above average in most cases (Table 1). The equivalent
uranium contents show a poor correlation with the rate of radon
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Fig. 2 Distribution of radon emanation coefficients.

TABLE 1

Uranium Equivalents, Emanation Coefficients, and
Radium to Uranium Activity Ratios for
Primary and Secondary Ores
Sample

Uranium equivalent,
ppm

262/5
262/6
262/7/1
262/7/2
262/7/3

687 ± 8
1170 ± 8
1547 ± 1 2
1910±10
940 ± 9

262/7/4
285/5
122/5
67/3
TR2/1
TR2/2

2007
531
944
9567
38323
22236

±130
±7
± 11
± 26
±140
±37

•Equilibrium ratio equal to 1.0.

EC, %

Radon/uranium
ratio*

28.6
16.5
14.1
7.2
12.5

± 0.1
± 0.2
±0.2
± 0.1
± 0.2

0.9
0.8
1.0
1.0
1.0

13.9
23.2
9.6
12.2
46.2
19.5

+ 0.8
± 0.4
± 0.2
±0.1
±0.1
±0.1

1.0 ± 0.2
0.9 ± 0.2
0.9 ± 0.1

± 0.2
+ 0.2
±0.2
±0.2
±0.2

1.0 ±0.1
1.5 ±0.2
1.0 + 0.1
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RATE OF RADON ESCAPE. 103 hr 1 g"1

Fig. 3 Correlation between the rate of radon escape and uranium content of
samples.

escape, as shown in Fig. 3. The dispersion of data in this figure shows
that the use of emanometric methods in uranium prospecting is
hampered without the knowledge of the average EC which can be
used to give a proper correction factor.
RADON ESCAPE AND ALTERATION OF MATRIX MINERALS

Among the parameters that are known to affect the rate of radon
escape from a particular rock, the processes of alteration are
undoubtedly very significant.
The results obtained from Fig. 2 show that the Pocos de Caldas
uranium ore and associated rocks have two distinct classes of radon
emanators: (1) the class that includes a great majority of the samples
and has a relatively small range of ECs, the mean being 11%, and
(2) the samples from the emanation tail at the high and of the
distribution in Fig. 2. Samples included in this latter class are highly
altered or totally amorphous when analyzed by powder X-ray
diffraction techniques.
A relative measurement of the ratio of radium to uranium
activity was made by comparing the ratio of the 186.1-keV
gamma-ray characteristic of 2 2 6 R a , on which is superimposed the
185.7-keV radiation of 2 3 5 U, to the 143.8-keV energy peak of 2 3 5 U
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(Smith and Wollenberg, 1975), the usual 2 3 5 U / 2 3 8 U ratio being
assumed. A high resolution gamma-ray spectrometer was used to
obtain these ratios, which were then compared to those of a
uranium standard in secular radioactive equilibrium (USAEC New
Brunswick Laboratory, No. 3B). This technique gave good results for
the uranium ores where a fairly high state of secular radioactive
equilibrium was observed (Table 1); however, it cannot be applied to
low-activity samples because of poor counting statistics.
Of particular interest is sample TR2/1 in Tabl; 1 which has a
high radium/uranium activity ratio. This sample belongs to the high
radon emanation subclass previously described and suggests an
isotopic remobilization mechanism giving rise to an anomalous
226
Ra concentration. If this radium does not reincorporate into the
crystal lattice of some mineral, the radon will escape without much
difficulty (Austin, 1975).
DISCUSSIONS AND CONCLUSIONS

It has been shown that the ECs for the uranium ores at POQOS de
Caldas are, in most cases, higher than the average obtained for all
samples of that locality. These ECs are near the upper limit for rocks
and near the lower limit for soils, following Barretto's classification
(1973).
Fujimori, Oliveira, and Utsumi (1976) describe the uranium
mineralization at C-09 as mostly an aggregate of uranium oxides
disseminated within the fissures and around the mineral grains in the
host hydrothermalized tinguaite. In this case, a lower retention rate
for radon would be expected, giving rise to higher ECs, as observed.
Further, weathering allows the formation of high radon emanation
deposits that accumulate within fissures and along the mine galleries.
The nature of the EC for the uranium ores and associated rocks
at C-09 has environmental implications that depend on whether
open-pit or underground mining is used and on the proper choices
for stockpiling and disposal of wastes. In both cases the city of Pocos
de Caldas, located on the plateau 18 km from the C-09 mineralized
area and receiving winds from SSW to NNE, can possibly be exposed
to transported radon and ite long-lived daughter products originating
in the mining region (Ferreira, 1976).
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DISCUSSION
Scott: You have determined the emanation fraction of finely
ground rock. Can you use this to estimate the radon release rate from
the in situ ore body or broken ore?
Pereira: Yes. You can obtain a lower limit for the radon release
rate if you know the average uranium concentration of your ore and
make proper corrections for particle size.

Statistical Analysis of Radon
Flux Measurements

M. A. HAGHI, N. K. SAVANI, P. V. RAO, and J. A. WETHINGTON, JR.
Department of Nuclear Engineering Sciences and Department of Statistics,
University of Florida, Gainesville, Florida

ABSTRACT
The radon emerging from the earth's surface can be used in classifying lands for
development purposes. Radon flux is subject to diurnal variation, weather
variables, seasonal fluctuations, etc. Statistical sampling procedures are applied
to this problem to ascertain the proper spacing of sampling points, the number
of samples taken at each point per day, and the number of days in the sampling
program to establish the exhalation rate at a known precision. Results from
small and large pieces of land showed that reliable radon flux measurements
require extensive sampling programs. For best results, preliminary measurements
should be made, and the results should be used to determine the number of
determinations needed in Ihe final sampling protocol.

The potential hazards resulting from human exposure to high radon
concentration arise from the short-lived radon daughters. Nevertheless, the efforts in this project were directed toward measuring
radon concentrations, because it is the influx of radon and its
subsequent rate of loss which ultimately control the amount of
progeny. Scintillation cells were used to measure radon concentration and flux. In this technique the evaluation of the radon content
of a sample relies on the alpha activity of 2 2 2 Rn and its two
short-lived daughters, 2 ' 4 Po and 2 ' 8 Po.
Early results showed that there were wide variations in flux from
one type of land to another and also at different locations within the
same piece of land. It has been shown by other observers (Moses,
Stehnsy, and Lucas, 1960; Steinhausler, 1975) that meteorological
fluctuations influence radon concentrations on a diurnal and a
124
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seasonal basis. It was felt that there was need to formulate a
statistical model that would establish a suitable sampling procedure
for ascertaining, to a fixed probable error, the mean radon exhalation
rate for a given piece of land.
APPARATUS
Radon Collection

A 20-gal garbage can, with added inlet and outlet tubes, was
inverted over the ground to be sampled. The outlet tube was
connected with Tygon tubing to the suction port of a portable
circulation pump. The outlet of the pump was connected to a drying
tube followed by an in-line 5.0-/im membrane filter to remove
particulate matter. The- air sample then passed into a radon
scintillation flask, which was, in turn, connected to the inlet of the
drum.
Radon Scintillation Flasks

Plastic scintillation flasks 4.5 and 2.0 in. in diameter were designed
for flow-through sample collection. The larger flasks had two valves
on the top. Because of space limitations, the small flasks had only a
single valve, but a needle arrangement provided flow-through sample
collection. Flask design and coating procedures were based on the
work of George (1976). Flasks were calibrated (Culot, 1973) by
emanating 2 2 2 Rn from an aliquot of a National Bureau of Standards
(NBS) 226 Ra solution.
Radon Concentration and Flux Measurement

The background of a scintillation flask was recorded, and the atmosphere to be evaluated for radon concentration and flux was sampled.
After at least a 4-hr waiting period, the photoactivity of the flask was
recorded, and the flux at the time of sampling was calculated from
the expression:
_(CPHHVD)_

(Rc)(A D )(T D )

[

'

where J = radon flux (pCi cm" 2 h r ~ ' )
CPH = net radon counting rate corrected to time of collection
(counts/hr)
Rc = calibration constant [cph liter" 1 (STP) pCi~' ] obtained
from the NBS solution
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V'D = volume of drum (liter)
AD = surface area of drum (cm2)
TD = time from drum implantation to sampling (hr)
STATISTICAL MODEL AND ANALYSIS OF RADON FLUX
MEASUREMENTS: SMALL PARCELS OF LAND

Sampling Procedure
To study sampling variation, we conducted an experiment
involving three sampling days and three sample spacings. The test site
selected was a 40- by 50-ft area at the University of Florida Field
Building. Gamma surveys were conducted to be sure there were no
"hot spots" on the land, and four drums were implanted at three
spacings and locations within the site, as shown Li Fig. 1. Flux

Fig. 1 Spacings and locations used in drum sampling at the
University of Florida Field Building.
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measurements, made on three separate days, are summarized in
Table 1. Note that the measurements can be grouped according to
the number of spacings used and the number of days during which
measurements were made. Since four drums were used each day at
each spacing, the total number of drum measurements was 36.
TABLE 1

Radon Flux (pCi cm" 2 hr~')
for Various Spacings on Different Days
Date
Spacing

11/9/76

11/11/76

11/28/76

10 by 10 ft

0.148
0.116
0.151
0.228
0.139
0.215
0.193
0.135
0.146
0.132
0.135
0.162

0.156
0.142
0.151
0.153
0.130
0.145
0.144
0.157
0.185
0.138
0.212
0.116

0.117
0.129
0.110
0.112
0.094
0.134
0.155
0.139
0.128
0.141
0.095
0.152

15 by 15 ft

20 by 20 ft

Analysis of Variance

The variation of the data in Table 1 was analyzed by representing
a measurement of radon flux on a given day at a given time as
Y = /i + S + D + 5 + E

(2)

where Y = logarithm (In) of radon flux
H = true average of In radon flux
S = effect of spacing
D = effect of day
5 = joint effect of spacing and day
E = random error accounting for other unknown effects
Logarithm of radon flux was used instead of absolute radon flux
because we found that the variation was a function of radon flux
and, thus, was stabilized by use of In radon flux. The results of this
analysis are presented in Table 2.
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TABLE 2

Analysis of Variance*
Source of variation

SS

MS

E(MS)

0.0105

0.0052

DF

Days, D

2

0.3496

0.1748

a2- • 4 a 2 + 3 o |
2
a23a2n

Spacing and day 5

4

0.1251

0.0312

a 2 - <-40^

Random error, E

27

0.8907

0.0329

a2

Total

35

1.3759

Spacing, S

2

•See text for an explanation of terms and computations.

The terms and the mechanics of computation used in compiling
Table 2 were as follows:
DF = number of degrees of freedom
SS = sum of squares computed from he data, measuring the
amount of variation ascribable to the source
MS = mean squares computed from the data, estimating the
variance ascribable to the source
E(MS) = expected mean squares or theoretical variance ascribable to
the source
Any E(MS) is a linear combination of the components of variance
(ffS> ab> e t c -) d u e t o different sources affecting the response, Y. The
values of MS and SS were calculated by the methods described by
Mendenhall (1968).
Applying the F-test of statistics, we concluded that a|) was
significant, whereas a | and a£ were not significant at the 5% level.
To obtain adequate sample size to estimate the true mean In
radon flux, ju, within a specified limit, A, where
|Y-MI<A

(3)

according to Mendenhall (1968), we must ensure that the variance
of the average radon flux, a | , is such that

ff =

^w

=A

(4)

where Z is a constant depending on the desired level of confidence;
e.g., it is 1.96 at 35% and 1.645 at 90%. Since
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(5)

n,nD

where nu is the number of days and n! is the number of
measurements per day, the measurement, day, and variance components are related as in Eq. 6:

The values a2^ = 0.0478 and a2 = 0.0329 were calculated by
equating MS to E(MS) from the data in Table 2. Equation 5 was then
used to relate the number of days the drums should be emplaced and
TABLE 3

Relationship of Number of Days (nn)
and Number of Measurements per Day (n,)
"D
ni

90% Confidence level

95% Confidence level

A = 0.1
1

21.8

1
2
5
10

87.2
69.8
59.1
55.5

31.0
A = 0.05
124.2
98.8
83.7
78.6

the number of samples needed per day to ascertain, to a fixed
probable error, the radon flux emanating from the ground. Results
are tabulated in Table 3.
For the chosen area (2000 ft 2 ), drum spacing was not an
important variable in evaluating the radon emanation rate from the
ground, but, on the other hand, intensive sampling over a number of
days was a requisite for precise work.
Extension of the Statistical Model: Five Small Pieces of Land

Data Acquisition and Analysis
The next step was to check the applicability of the formulated
model. This was done by selecting four additional sites (sites 1, 2, 3,
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TABLE 4

Comparison of Variances, a 2 and
a}y, for Various 2000-ft 2
Sites at One Location
Site

a2

ai

Original

0.033
0.080
0.570
C.877
0.060

0.048
Negligible
Negligible
0.088
Negligible

1
2
3
4

and 4), each 40 by 50 ft, adjacent to the original site. Gamma
surveys were conducted as before to make sure there were no hot
spots on the land. Four drums were implanted at random spacings
within each site. Flux measurements were made on each site with
four randomly spaced drums on two nonconsecutive days.
The variances of the results were analyzed as previously
discussed. The values of a2 and OQ from the original site, plus those
from sites 1 to 4, are shown in Table 4.
Discussion of Results and Conclusions
The F-test results show that the values of a 2 for sites 1 to 4 are
not different from the corresponding value for the original site at the
1% level.
The criterion, |/x — Y| < A, was again used to relate the number
of measurements per day and the number of days of sampling
required to give a certain error bound on the radon flux. Measurements from the original site, plus those from sites 1 to 4, were used
to construct Table 5. Note that the range of results, in percent, is not
symmetric since A involves a difference between logarithms, as
shown in Eqs. 2 and 3
It is apparent that a precision greater than 71 to 140% of the true
average flux requires a prohibitive amount of sampling.
STATISTICAL MODEL AND ANALYSIS OF RADON FLUX
MEASUREMENTS: A LARGE PARCEL OF LAND
Experimental Details and Data

The sampling described previously was concerned with statistical
sampling aspects of small land areas, ~2000 ft 2 . This work was
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TABLE 5

Number of Days (nn) Required to Measure Radon Flux
at Various Error Bounds*
nD
A

Range, %

Original
site

0.68
0.50
0.40
0.34
0.10
0.05

50—190
60-160
67—150
71-140
90—110
95-105

0.7
1.2
l.S
2.7
31
125

Site 1

Site 2

0.7
1.2
1.9
2.7
31
125

4.7
8.8
14
19
219
876

Site 3
8.0

14.8
23.2
32
371

1483

Site 4
0.5
0.9
1.4
2
23
92

* Based on one measurement per day and at the 95%
confidence level.

extended to a large plot of land near Lakeland, Fla., which had been
mined for phosphate and reclaimed. The 44-acre tract for this
experiment was selected and surveyed for gamma radiation by the
staff of the International Minerals and Chemicals Corporation,
Lakeland, Fla. Three contours (1,2, and 3) corresponding to gamma
levels of 40, 50, and 70 /iR/hr were selected, and two sites (A and B)
in each contour were sampled for 3 days. Figure 2 shows these
locations. The numbers in each square indicate the gamma radiation
levels in microroentgens per hour. Table 6 shows the results of this
experiment.
Analysis of Variance

Since the concepts for treating the data were the same as those
discussed earlier, only the essential foimulas used in this particular
study are reproduced here.
Definitions
Y = In of radon flux
ix = true average of In radon flux
C = effect of contour
S(C) = effect of site in a contour
D = effect of day
CD = effect of contour and day interaction
S(C)D = effect of site in a contour and day interaction
E = random error
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Fig. 2 Lakeland experiment site. The shaded area is moist to wet.
Numbers in the centers of squares are gamma radiation levels
(jUR/hr). Circled numbers identify contours and sites.

TABLE 6

Radon Flux (pCi cm""2 hr —1 ), Lakeland Experiment

Contour

Day 1

Site A
Day 2

1

0.732
0.816
0.666
1.574
1.356
1.630
0.573
3.25
1.831

0.783
0.793
1.470
2.420
1.126
2.900
0.597
0.401
0.353

2
3

Day 3

Day 1

SiteB
Day 2

Day 3

0.733
0.385
0.381
2.450
1.090
2.190
0.943
1.290
0.447

0.326
1.190
1.330
0.372
0.070
0.473
0.549
0.849
0.582

0.910
1.830
1.300
0.570
0.315
0.561
0.947
0.816
1.123

0.459
0.989
0.534
0.516
0.566
0.435
0.823
1.104
0.818

STATISTICAL ANALYSIS OF RADON FLUX MEASUREMENTS

133

Y = ju + C + S(C) + D + CD + S(C)D + E

(7)

Model

Discussion of Results and Conclusions
The analysis of variance, presented in Table 7, shows that
a
S(C)D> aCD> ffD> an^ aC a r e negligible. It follows that
m

(8)

mn

v/here n is the number of measurements per site and m is the number
of sites. This relationship is summarized in Table 8.
Assuming one measurement per site (n - 1), the number of sites,
m, can be selected to evaluate the flux at various specified error
bounds. Table 9 shows these results for the Lakeland experiment.
Again, it is clear that precision estimates of radon flux require
extensive sampling programs.
CONCLUSIONS

Results from small and large pieces of land show that reliable
radon flux measurements require extensive sampling programs. Using
TABLE 7

Results of the Analysis of Variance*
Source

DF

C

2

SS

0.0290

E(MS)

MS
0.0145

4H

h 3<7

HH

S(C)

3

8.5876

2.8625

D

2

0.2528

0.1264

CD

4

2.8144

0.7036

S(C)D

6

4.5003

0.7501

<£•f

36

18.3867

0.5107

°l

53

34.5673

E

Total

1 3a

A"

S(C)D

6a2CD + 9 a | ( c ) + 18a c
S(C)D

+ 9a

S(C)
CD

h 3(T

S(C)D

+ 6or

h 3or

S(C)D

+

3(J

I(C)D

*See text for an explanation of terms and computations.

6CT

CD

+ 18a

D
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TABLE 8

Relationship Between Number of Measurements
per Site (n) and Number of Sites (m)
Number of sites, m
90% Confidence lewal

'95% Confidence level

n

A = 0.1

A = 0.05

A = 0.1

A =^0.05

1
2
3
10

201
132
109

828
544
540
318

286
188
156
110

1064

77

700
579
408

TABLE 9

Number of Sites Required
to Measure Flux at Various Error
Bounds*
A

Range, %

0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.05

50-200
55-1.82
61-165
67—149
74-135
82-122
90—110
95-105

Number of sites, m
5.8
7.9

11.4
17.9
32
72
286

1145

*At the 5% level, one measurement
per site.

a few measurements to establish whether a guideline is being
exceeded or might be exceeded for a large or a small piece of land is
a totally useless procedure. A preliminary sampling program should
be made and the results used to fix the final sampling protocol.
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DISCUSSION

Bemhardt: Have you done any work to evaluate the
reproducibility and error associated with your measurement
technique, e.g., (1) Do you measure the radon accumulation over
several points in time? (2) Is there a prot *m with solar heating of
the drum?
Wethington: We feel the measurement technique is good to 10%.
Our sampling time is 15 to 30 min; consequently solar heating is not
a problem.
Smith: Multiple short-time samples permit statistical testing of
the population, whereas an integral measurement encompassing the
total sampling time does not permit such statistical testing.
Wethington: That is correct.
Roessler: Further comment regarding integration vs. short-term
measurements: (1) Short-term integration—several grab samples
over no more than several days give the same results as integration
over the same time period. (2) Certainly there are variations over
periods of time greater than a few days—we have observed this and
are concerned about determining a long-term average. We attempt
(not always with success) to sample quarterly with samples taken
about a week apart each quarter. Furthermore, we are participating
in a long-term flux sampling experiment involving weekly sampling at
each of four stations in Florida. Indeed there is week-to-week
variation and a general seasonal pattern. (3) Consequently what
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Mogro-Campero implies is correct—a measurement with a technique
which integrates over weeks or months would indeed have a narrower
confidence interval than a short-term sample when estimating the
long-term average. The source of variation would then be spacial, and
the primary concern would then be replication in space.

Automated Radon-Thoron Monitoring
for Earthquake Prediction Research

M. H. SHAPIRO,*t J. D. MELVIN.t N. A. COPPING.f T. A. TOMBRELLO.t
and J. H. WHITCOMBt
fW. K. Kellogg Radiation Laboratory, California Institute of Technology,
Pasadena, California, and JSeismological Laboratory, California
Institute of Technology, Pasadena, California

ABSTRACT
This paper describes an automated instrument for earthquake prediction
research which monitors the emission of radon ( 2 2 2 Rn) >-nd thoron ( 2 2 0 R n )
from rock. The instrument uses aerosol filtration techniques and beta counting
to determine radon and thoron levels; a programmable microcomputer that
controls mechanical operations, collects data, and monitors the condition of key
components; and a call-up telemetry system to transmit data to a central
location over standard telephone lines. Data from the first year of operation of a
field prototype suggest an annual cycle in the radon level at the site which is
related to thermoelastic strains in the crust. Two anomalous increases in the
radon level of short duration have been observed during the first year of
operation. One anomaly appears to have been a precursor for a nearby
earthquake (2.8 magnitude, Richter scale), and the other may have been
associated with changing hydrological conditions resulting from heavy rainfall.
SUBSURFACE RADON MEASUREMENTS
IN EARTHQUAKE PREDICTION

The recent observations of rapid uplifts in a large area of southern
California centered on Palmdale, and recent observations of unusual
seismicity in the same area (McNally and Kanamori, 1977), have
focused attention on the possibility of a major earthquake along the
•Permanent address: Department of Physics, California State University,
Fullerton, Calif.
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locked portion of the San Andreas fault. As a result, research on the
development of an earthquake prediction capability for southern
California has increased substantially during the last few years. One
of the many potentially promising geophysical signals being
investigated is the measurement of subsurface radon concentrations.
Early work in Russia and China noted the apparent correlation of
anomalies in subsurface radon concentrations with major earthquakes, and in the last 2 years additional reports from a number of
countries have noted radon anomalies that were precursory to
earthquakes (Ulomov, 1968; Kisslinger, 1974; Li, Kun, and Min,
1975; Birchard, 1977; Birchard and Libby, 1976; King, 1976,1977a,
1977b, 1978a, 1978b; Press, 1976; Haicheng Earthquake Study
Delegation, 1977; Shapiro et al., 1977; Talwani et al., 1977).
Several techniques have been used to monitor radon. In this
country, radon levels are measured in discrete, small samples of well
water (Craig et al., 1975; Smith, 1977, 1978; Smith et al., 1975,
1976), in situ in water from continuously flowing wells and springs
(Smith, 1977, 1978; Smith et al., 1975, 1976; Talwani et al., 1977),
in soil gas by using track detectors (Birchard, 1977; Birchard and
Libby, 1976; King, 1976, 1977a, 1977b, 1978a, 1978b), and with
continuous and near-continuous air monitoring systems (King,
1977b; Shapiro et al., 1977). Radon concentrations are measured by
monitoring the alpha activity of the radon itself (Craig et al., 1975;
Birchard, 1977; Birchard and Libby, 1976; King, 1976, 1977a,
1977b) and by monitoring the gamma activity (Smith, 1977, 1978;
Smith et al., 1975, 1976) or the beta activity (Shapiro et al., 1977;
Melvin, Shapiro, and Copping, 1978) of the radon decay products.
The available radon data provide the following information:
1. Radon anomalies frequently, but not always, precede earthquakes. The proximity of the monitor to the epicenter does not
always correlate with the size of the precursory signal Sensitivity
appears to be greatest for events located on the same fault or fault
system as the monitor.
2. Precursory radon signals may be either increases or decreases
from "normal" levels. One Chinese study (Li, Kun, and Min, 1975)
suggests that monitors located in zones of compressional strain
record anomalous increases, whereas those in dilatent zones record
anomalous decreases.
3. Data from continuous or almost-continuous radon monitors
frequently show diurnal variations (Smith, 1977; Shapiro etal.,
1977; Melvin, Shapiro, and Copping, 1978). Some investigators think
that these diurnal variations are related to the lunar tides or, in other
cases, that temperature variations are responsible.
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4. Monitors that sample soil-gas or groundwater radon close to
the surface frequently exhibit a rapid response to short-term
atmospheric variations and to rainfall.
5. When the effects listed in items 3 and 4 arc removed from the
data, long-term variations in the radon levels often remain (King,
1976, 1977a, 1977b; Melvin, Shapiro, and Copping, 1978). Some of
these signals appear to be correlated with local earthquakes, and
others appear to be seasonal variations.
6. Some radon anomalies have been observed only hours before
earthquakes (Haicheng Earthquake Study Delegation, 1977). Therefore a complete radon monitoring system must include the capability
for continuous or near-continuous monitoring.
At least part of the diumal and seasonal variations in radon levels
near the surface appears to be due to thermoelastic strains induced
by daily and annual temperature cycles. Calculations to predict the
effects of thermoelastic strains on tilt data have been published
(Harrison and Herbst, 1977) and are readily extended to radon
concentrations near the surface.
THE CALTECH RADON MONITORING PROGRAM

At present the specific models that would lead to a fundamental
understanding of the earthquake risk in the uplift zone of southern
California are not well developed. Nevertheless, a growing body of
empirical evidence suggests that a number of geological and
geophysical parameters undergo fairly marked changes before an
earthquake. These parameters include seismicity, acoustical velocity,
uplift, tilt, strain, local gravity, resistivity, groundwater levels, radon
content of groundwater, and radon and thoron emanation. In
addition, before some major earthquakes there have been reports of
strange animal behavior and anomalous atmospheric electrical discharges [earthquake lights and lightning (Pierce, 1976)]. Although it
is unlikely that any one parameter can be used to provide definitive
predictions of impending earthquakes, it is likely that correlated
changes in a number of parameters will provide reasonably reliable
predictions. The Caltech radon monitoring effort has been aimed at
developing a fully automated microcomputer-controlled system that
can be integrated easily with other field instrumentation as part of
the prediction effort.
The automated radon—thoron monitor developed at the California Institute of Technology (Caltech) is described fully by Melvin,
Shapiro, and Copping (1978). In contrast to most other instruments
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used for radon monitoring in earthquake prediction programs, the
Caltech device uses aerosol filtration techniques to concentrate
samples of radon daughter products. These are counted with an
end-window, pancake-geometry Geiger-Mueller (G-M) detector. This
provides both high sensitivity and excellent background discrimination at low cost and with great ruggedness. The sensitivity of the
instrument is indicated by the fact that it easily measures the low
levels of radon and thoron in the ambient air of the laboratory
during bench-test procedures.
The Caltech instruments are controlled by inexpensive on-board
microcomputers that can handle up to 256 additional digital or
analog inputs besides the basic monitor operation. We plan to use
these additional input channels to monitor temperature and strain
probes at each site in order to gather data on thermoelastic strains in
the vicinity of each unit. Each field unit is capable of communicating
data to a central location in re iponse to a telephone call from a
central computer. (At present, a microcomputer with an automatic
dialing system is used to communicate with the field monitors.) This
permits the use of ordinary voice-quality telephone lines and thus
reduces telemetry costs. In addition to the collection of scientific
data, each on-board microcomputer monitors the status of all key
electronic and mechanical components of the device. Since this
information also is telemetered to the central computer, the need for
service trips to units at remote sites is greatly reduced.
Although the Caltech radon—thoron monitor is a highly sophisticated device, its initial cost is lower than most competitive real-time
radon monitoring systems. Indeed, over the long run the total cost of
installation and operation is competitive even with passive monitoring techniques (radon cups and discrete water samples) since
frequent costly trips to the field are eliminated.
The first prototype Caltech radon—thoron monitor has been in
field operation at the Kresge Seismological Laboratory in Pasadena
(seismic station PAS) for over 1 year. During that time it has proved
to be exceptionally reliable, with no failures of the computer or
ancillary electronics and with only a few minor mechanical problems
that were easily diagnosed with data from the on-board microcomputer. This experience resulted in design changes for succeeding
units. The improved version of the monitor is shown in Fig. 1.
For determining the background levels and distinguishing between radon daughter and thoron daughter activity, the following
sampling sequence is carried out for each measurement. First, a fresh
segment of a continuous filter-paper strip is positioned over the
air-intake port, and a 60-min background count is taken. Aerosol is
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Fig. 1 The Caltech automated radon—thoron monitor.

then injected into the air volume if necessary, and a half hour is
allowed for the agglomeration of radon and thoron decay products.
Next the G-M tube is moved away from the air intake, and air is
drawn through the filter paper for a short period of time (typically 4
min at approximately 0.1 m 3 /min). The G-M tube is repositioned
over the aerosol spot on the filter paper, and a 20-min count is taken.
This second count includes contributions from both radon and
thoron daughters. The sample is then allowed to decay for 220 min,
and a 60-min count is taken. Because of the short half-life for the
radon daughters, 2 14 Pb and 2 ' 4 Bi, the excess above background for
the latter count is due almost entirely to the thoron daughter 2 ' 2 Pb.
In the field, this operating sequence is repeated three times a day.
However, with some adjustment of counting times, up to six full
cycles a day can be obtained. More frequent sampling for radon
daughters alone can be done in locations where the thoron
conHbution is negligible; however, in closed air spaces, equilibrium
will not be achieved if samples are taken more frequently than every
few hours. For relative measurements this is not an important
consideration.
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OPERATING EXPERIENCE
At the Kresge site, radon and thoron data are obtained from a
24-m-deep borehole that is cased through the overburden. The lower
15 m of the borehole is in solid rock. Water fills the hole to within
4.5 m of the surface. Exhaust air from the positive displacement air
pump in the radon—thoron monitor is bubbled through the water in
the borehole in order to strip radon and thoron into the air space
above. The instrument vault housing of the monitor is mounted
directly over the borehole and is sealed from the ambient air.
Initially, strong diurnal variations in the data from the borehole
operation were noted. These were found to correlate with the
external ambient air temperature, with radon levels low in the
morning and high in the afternoon. This effect was determined to be
a result of condensation in the instrument vault at low temperatures,
which removes radon daughters from the air space in the instrument
vault. Insulation of the instrument vault and the installation of a
small thermostatically controlled heater eliminated almost all the
diurnal variations in the data. Small remaining short-term
temperature-related variations in the data were found to be nearly a
linear function of temperature, so that corrections were made easily.
Typical raw data, short-term temperature dependences, and
temperature-corrected 24- and 72-hr running averages of the raw data
are shown in Figs. 2, 3, and 4.
The short-term temperature corrections have little effect on the
long-term trends in the data. Figure 5 shows 7-day averages of both
raw and temperature-corrected data obtained over approximately 11
months at the Kresge site. Data from the summer months reach a
minimum that is approximately 40% below the average of all the
data, whereas the spring data are about 50% above the average.
Figure 5 suggests an annual cycle in the data from the Kresge
monitor. To test this hypothesis, we have fitted the data with a curve
of the form

+ A c os(||t-0)]
s(||t-0)]

(1)

as shown in Fig. 6. Here t is time (in weeks), with t = 0 representing
the week of maximum average ambient air temperature, and 0 is a
phase delay representing the amount of time required for the radon
levels to respond to the input temperature wave. Although only data
for a period of 2 years or more can fully establish the existence of an
annual cycle, the reasonably good fits in Fig. 6 strongly suggest that
(Text continues on page 148.)
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the long-term variations observed in the data are a response to the
annual thermal cycle. A good fit was obtained with A = —0.4 and
© = 20°, indicating both strong and rapid coupling of the radon
levels to changing thermoelastic strains in the rock in the vicinity of
the borehole. In this respect, this particular site appears to be
excellent for testing models of radon transport.
As a check to ensure that variations in the observed data are not
due to drifts in the electronics, the stability of the background
counts is checked on a continuous basis. Over the entire operating
period, the mean background was 209 counts in 20 min, compared
to net radon counts of 600 to 1500 counts in 20 min. The maximum
variation of weekly averaged background seldom was greater than
±5% from the mean, and the standard deviation was considerably
less. This indicates that the long-term stability of the instrument is
excellent.
Although the existence of an annual cycle might at first sight
seem to preclude the usefulness of the data for prediction, this need
not be the case. If the cycle (in the absence of seismic activity) is
reasonably regular, then corrections can be made to the data to
remove this temperature effect. In addition, if the functional
dependence of the cycle on the ambient surface temperature can be
established, then the correction factors can be adjusted to take into
account variations that might arise from abnormal meteorological
conditions. Furthermore, precursory signals of duration less than
about 6 months are readily separated from the more slowly varying
annual cycle.
During the period of operation since location of the Kresge
instrument over the 24-m borehole and thermal insulation of the
vault, there has been only one felt earthquake within 25 km of the
instrument. This was a 2.8-M (Richter magnitude) event
near downtown Los Angeles on Dec. 22, 1977. A positive
anomaly of approximately 2 weeks' duration was noted prior to the
event. The anomaly is discernible in Figs. 5 and 6 and is shown in
more detail in Fig. 7, where the 72-hr running averaged data are
plotted every 8 hr. The anomaly associated with this event was a 40%
increase in radon level lasting for about 9 days before the event. The
40% increase is referred to the data level expected from the annual
variation. As can be seen from Fig. 5, the anomaly is discernible in
both the raw data and the data to which the short-term temperature
correction has been applied.
A second anomaly was observed a few weeks after the first one.
This anomaly was similar in duration but somewhat larger in
magnitude than the first. The interpretation of the second anomaly
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was complicated by the onset of heavy rainfall 2 weeks before the
anomaly began. The termination of the positive anomaly was
followed by a period of about 3 weeks of data that would be
considered below normal for the time of year. During this period the
closest felt event to the monitor occurred on Mar. 8, 1978. This was
a 3.0-M event 50 km to the southeast in the northeast part of Orange
County. It is far from clear that this event was related to the
observed anomaly since it was a small-magnitude event relatively far
from the monitor.
At the same time, there is a good chance that the second
anomaly represents a response of the environs of the monitor to the
changing hydrological conditions produced by a rainfall that was
more than twice the normal amount for the season. This possibility is
supported to some extent by our observation that the level of thoron
daughters at the Kresge site began to rise coincident with the rainfall.
Unfortunately the observed thoron daughter levels at this location
are on the low side, amounting to only one or two standard
deviations above background on a weekly average basis. However,
after the heavy rainfall, these levels consistently rose to about three
standard deviations above background. This would indicate a higher
flow rate of groundwater through the region in the vicinity of the
monitor.
Rikitake (1976) has proposed the following duration—magnitude
relationship for earthquake precursors based on a fit to a large
number of observed premonitory signals:
logi o t = 0.76 M - 1 . 8 3

(2)

where t is in days. This relationship would predict events with
magnitudes of between 3.7 and 3.9 M for the 10- to 14-day
anomalies that we have observed, which is somewhat larger than the
events actually observed. Since there is considerable scatter in the
data from which Eq. 2 is derived, our results probably are not
inconsistent.
The second Caltech instrument was installed recently in a
26.1-m-long sealed, horizontal tunnel at Big Dalton Canyon Dam.
This site is near the Sierra Madre fault line and approximately 25 km
east of the Kresge instrument. The tunnel is located very close to the
flood control dam and should provide some interesting comparisons
with the Kresge instrument since at this location we can expect some
strain to be induced from reservoir loading in addition to the
thermoelastic strains. The amount of water impounded behind the
dam is recorded accurately; therefore reasonably accurate estimates
of mass loading will be possible.
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SUMMARY AND CONCLUSIONS

It is far too early to assess the final role that real-time radon
monitoring will play in an operational earthquake prediction system.
Nevertheless, the results to date are encouraging. It appears likely
that, as more data are accumulated, it will be possible to discern the
relationships that exist between the radon levels at a given site and
the strain field that exists in the vicinity of the site. Once this has
been done, there remains the difficult task of separating the changes
in radon level that are a response to tectonic strains from the changes
that are responses to other influences, such as thermoelastic strains
and hydrological factors. Our preliminary findings, which indicate
that thoron daughter levels can provide some indication of changes in
hydrological conditions in the vicinity of the monitors, are encouraging in this regard.
In addition, much work remains to be done to extend our
network over significant areas of active fault zones and to develop
automated data-exchange systems that would permit the correlation
of radon data with other geophysical information on a real-time or
near real-time basis. Also much work remains to be done in the
development of realistic models that would enhance our theoretical
understanding of radon response to tectonic stress.
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DISCUSSION

Mogro-Campero: At what depth are the epicenters of earthquakes in the region you are studying? How far do you expect the
stress volume to extend? Will it reach the near-surface environment
you are studying?
Shapiro: Earthquakes along the San Andreas fault often occur at
shallow depths; nevertheless, the source depths are several kilometers
below the surface. There appears to be substantial evidence for
large-scale land deformations before major earthquakes, at least in
some cases. This would indicate that the stress fields involved extend
to the near-surface environment.

Roles of Radon-222 and Other Natural
Radionuclides in Earthquake Prediction

ALAN R. SMITH, HAROLD A. WOLLENBERG, and DUANE F. MOSIER
Lawrence Berkeley Laboratory, Berkeley, California

ABSTRACT
The concentration of 2 2 2 R n in subsurface waters is one of the natural
parameters being investigated to help develop the capability to predict
destructive earthquakes. Since .1966, scientists in several nations have sought to
link radon variations with ongoing seismic activity, primarily throjgh the
dilatancy model for earthquake occurrence. The radon method has been
incorporated into a practical earthquake-prediction program in the People's
Republic of China, but it remains in the study phase elsewhere. Within the range
of these studies, alpha-, beta-, and gamma-radiation detection techniques have
been used in both discrete-sampling and continuous-monitoring programs. These
measurement techniques are reviewed in terms of instrumentation adapted to
seismic-monitoring purposes. A recent Lawrence Berkeley Laboratory study
conducted in central California incorporated discrete sampling of wells in the
aftershock area of the 1975 Oroville earthquake and continuous monitoring of
water radon in a well on the San Andreas Fault. The results presented show
short-term radon variations that may be associated with aftershocks and diurnal
changes that may reflect earth tidal forces. A successful earthquake-prediction
program will probably incorporate data from a variety of sensors—data that are
continually updated and evaluated through statistical correlations. No single
method is likely to be successful if used alone.

The causes of earthquakes have until recently been among the least
understood of all natural disasters. The concept of plate tectonics
now provides a coherent explanation for the existence of the major
seismically active belts on earth. These belts are the boundary areas
of relatively rigid crustal plates that move with respect to each other
across the face of the globe. Although plate tectonics and the seismic
history of a region tell us, in general, where to expect large
154
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earthquakes, they do not at present give specific information on
time, exact location, or magnitude of any future earthquake. Such
exact knowledge is, of course, required if effective warning systems,
such as those for tornadoes, hurricanes, and tidal waves (tsunamis),
are to be developed for earthquakes. (Note that we do not address
the socioeconomic aspects of earthquake prediction in this paper.)
The broad-scale success of the plate-tectonics concept has, in
part, encouraged earth scientists in several nations to embark on
serious efforts to develop earthquake-prediction capability to a level
that could provide a basis for public action. A number of techniques
used to measure geophysical parameters have been applied to the
problem of earthquake prediction both in this country and abroad,
and some success has been reported from the People's Republic of
China, Japan, and the Soviet Union. Such parameters as tilt, creep,
strain, gravity, magnetic field strength, electrical resistivity, and
seismic-wave velocity have been studied in relation to local seumic
activity in hopes that earthquake precursor signals will be disclosed
among some or all of the measured quantities. Reports from the
Soviet Union and the People's Republic of China indicate that a
radiometric parameter, the amount of 2 2 2 Rn in subsurface waters,
may also be a useful precursor signal of seismic activity (Gorbushina
etal., 1972; Press et al., 1975; Smith etal., 1976; Raleigh et al.,
1977).
EARTHQUAKES AND PRECURSOR SIGNALS
The period of stress buildup which precedes an earthquake is
generally believed to be longer for a large earthquake than for a small
one. Thus precursor signals may be expected to begin a longer time
before a large earthquake, and the duration and amplitude of these
signals or the region over which they are sensed may be related to the
size of the impending earthquake. These "long-term precursor
signals" may delineate the place and magnitude of an earthquake but
may be on such an extended time scale that they yield little
information on the actual time of occurrence.
There may also be short-term precursor signals, unrelated to
earthquake magnitude, from which a more precise time can be
obtained. Such signals would be of great value in planning emergency
measures to be taken by persons living in the epicentral regionmeasures that would be required for periods of only a few days.
The dilatancy model for the earthquake mechanism (Nur, 1972;
Scholz, Sykes, and Aggarwal, 1973; Whitcomb, Garmany, and
Anderson, 1973) provided a framework within which the long-term
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precursor phenomena can be fitted in the general sense. The time
scale for such seemingly divergent parameters as the ratio of seismic
velocities, changes in local magnetic field strength, changes in the
earth's electrical resistivity, and changes in the radon content, of
subsurface waters can be accounted for by the dilatancy model. In
summarizing various precursor phenomena, Scholz, Sykes, and
Aggarwal (1973) found that the time of appearance and/or duration
of a precursor are roughly proportional to the Richter magnitude of
the subsequent earthquake. For example, precursor time scales of
~1 day would be expected for earthquakes of magnitude 2.0, 20 to
30 days for magnitude 4.0, 400 to 600 days for magnitude 6.0, etc.
These phenomena were associated with shallow-focus earthquakes
occurring in widely separated regions and were, therefore, considered
generally applicable to prediction of this type of earthquake.
Dilatancy-related phenomena might not provide a recognizable
short-term precursor, particularly for a large earthquake. Although
all precursor signals are necessarily related to the changing stresses in
the earthquake zone, we might expect the short-term precursors to
constitute a less-consistent set than long-term precursors. In fact,
large and unexpected variability in parameter values may be some of
the most useful short-term precursors. This may sometimes be the
case for radon in subsurface water, as reported from mainland China
(Wang, 1977) and suggested by one interpretation of the data from
the Lawrence Berkeley Laboratory (LBL) studies in central California (Smith etal., 1976, 1978). The LBL studies suggest an
alternate mechanism for producing variable radon content, which
could produce large variations of eithe sign and might serve as a
short-term precursor. This is discussed in a later section of this paper.
EARTHQUAKE PRECURSOR SIGNALS AND
NATURAL RADIOACTIVITY

Among the naturally occurring radionuclides, the 2 3 8 U decay
series, shown in Fig. 1, has received the greatest attention in
connection with earthquake-prediction research. The abundances of
several members of the series have been studied in water, soil gas, and
the atmosphere in relation to the occurrence of subsequent earthquakes. Because of its nearly ubiqi ,ous occurrence, appreciable
abundance, chemical inactivity, and convenient half-life (3.82 days),
222
Rn is the 2 3 8 U daughter most extensively studied in this
context.
Several investigators noted that there is sometimes an increased
emanation of 2 2 2 Rn into the atmosphere from surficial materials in
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Fig. 1 Schematic diagram of the 2 3 8 U decay series showing alpha
decay by double-line arrows and beta decay by single-line arrows.

fault zones (Ochiai, 1951; Okabe, 1956; Israel and Bjoernsson,
1967). Since 1975, radon emanation into soil gas has been observed
in shallow holes along the San Andreas Fault system in central
California (King, 1975, 1976,1978, and this volume).
The 2 3 4 U/2 3 8 U ratio in deep aquifers was studied in connection
with earthquakes in central Siberia. The ratio did vary with respect
to seismic activity but apparently in response to rather than in
anticipation of seismic events. Other hydrochemical elements behaved in a similar fashion, and only 2 2 2 R n appeared to provide
premonitory information (Gorbushina et al., 1972).
In terms of the dilatancy model, it is postulated that microfracturing in a volume of rock under increasing compression leads to
increased release of 2 2 2 Rn into the newly created pore spaces. If
water can occupy and move through these voids, an increased radon
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content can be expected at nearby wells that draw water from the
newly fractured volume. Further increase in stress may lead to
closure of the microfractures, and this may be accompanied by
decreasing well-water radon content shortly before or at earthquake
time.
There are also radon members in the decay series originating with
23S
U and 2 3 2 Th. Their half-lives (4 sec for 2 1 9 R n and 56 sec for
220
Rn) are so short, however, that transport over significant distance
before decay is unlikely, and their value as precursor signals is
expected to be correspondingly reduced. Although their potential
value appears to be limited, they should be investigated—particularly
since in certain circumstances the ratio of 2 2 0 R n to 2 2 2 Rn in air
and/or water might possibly provide a short-term precursor signal.
GENERAL EXTENT OF EARTHQUAKE-RELATED
RADON STUDIES

The initial evidence that precursor signals could be observed from
radon in subsurface water was obtained in the Soviet Union in
connection with the destructive Tashkent earthquake of 1966
(Gorbushina et al., 1972). After the earthquake, routine chemical
analyses made approximately annually of mineral water from a deep
(~1800-m) well revealed that the radon content had increased nearly
threefold during a period of several years before the earthquake.
Subsequent intensive radon monitoring during the aftershock period
led scientists to conclude that radon changes in some (but not all)
deep wells in this region gave precursor signals that were quantitatively related to the magnitude of following aftershocks. Although
radon studies have continued in this and other areas of the Soviet
Union, we are not aware that this method, either alone or in
combination with other methods, has been the basis for any official
earthquake prediction in that nation.
In the late 1960s the People's Republic of China declared the
achievement of earthquake prediction at the practical level to be an
important national policy goal. Subsequently, a professional group
numbering many thousand- and a volunteer organization of tens to
hundreds of thousands set about to implement this policy. Essentially all known methods have been used in this effort—groundwater
radon measurement among them. A startling success was achieved
in February 1975, when the Haicheng earthquake (~7 on the Richter
scale) was publicly predicted early on the day of its occurrence. The
prediction enabled a population of a million or more people to
escape virtually unscathed by remaining outside until the earthquake
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had happened (Raleigh et al., 1977). Several more large earthquakes
have been successfully predicted, and some false alarms have been
issued. Changes in groundwater radon were among the precursors
used to make all the predictions. Predictions were made after sifting
and blending information from many sources over an extended
period of time.
In contrast to these successes, the disastrous Tangshan earthquake in 1976 was not publicly predicted, and apparently the city
and most of its inhabitants perished. In this case the region was
under intensive surveillance, having been identified as a likely site for
a major earthquake within the next few years. Precursor signals were
conflicting, however, and gave no recognizably coherent indication
of coming events. Apparently at Tangshan there were no foreshocks,
a short-term precursor phenomenon that had played a key role in the
Haicheng prediction m 1975. Radon anomalies were noted, both
within Tangshan and at distant points (Wang, 1977). Progress in the
Chinese experience is impressive, but, even with the massive effort
involved, it is clear that there is much yet to be learned about
earthquake prediction.
Groundwater radon variations have been studied extensively in
Japan in connection with civil-engineering and water-resource programs (Kimura and Komae, this volume), as well as for seismic
monitoring (Noguchi and Wakita, 1977). Although Kimura and
Komae were not primarily interested in seismic monitoring, they did
report significant radon changes interpreted to derive from ongoing
tectonic activity—activity that could ultimately lead to seismic
events.
The earthquake-prediction effort in the United States, in contrast
to that in mainland China, has been strongly oriented toward
high-technology instrumentation rather than wide-scale public participation. An exception was th« modest LBL effort in connection
with the 1975 Oroville earthquake (~6 on the Richter scale).
RADON DETECTION METHODS AND
REPRESENTATIVE APPLICATIONS

In practical terms the decay of 2 2 2 R n itself can be measured
only by alpha detection, but, given a knowledge of the degree to
which equilibrium exists between 2 2 2 Rn and its daughters, down M
2I0
P b , we can use alpha, beta, or gamma detection to measure
radon. All three detection methods have been successfully demonstrated for seismic-monitoring purposes. The usual practice is either
to operate the detection system near radon—daughter equilibrium,
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meaning a residence time in the counting volume of 3 to 10 hr, or to
separate the daughters and analyze them in isolation from the parent
radon.
Lucas (1964) measured waterborne radon by deemanation;
stored samples temporarily on cooled, activated charcoal; and then
transferred them to a ZnS-coated scintillation cell for counting. This
method has very high sensitivity and is limited mainly by the logistics
of handling arbitrarily large water samples. Typical sensitivity values
are in the range of 2 to 5 (cpm)/(pCi/liter).
The ZnS method has been adapted to continuous-flow water
monitoring (Noguchi and Wakita, 1977), where alpha detection is
accomplished in an air space above a constant-fraction waterdeemanation apparatus. Sensitivity is high; values of ~1C (cpm)/
(pCi/liter) at a constant flow rate of 1 gpm were reported. The
contribution of natural background to the total counting rate is
expected to be negligible at most installations for this type of radon
measuring system.
It has been known for some time that liquid scintillation
techniques can be used to measure waterborne radon (Noguchi,
1964). More recently, Prichard and Gesell (1977) described such a
system, in which a toluene-base liquid scintillator extracts a high and
reproducible fraction of radon from water simply by vigorous
shaking of the two fluids in a closed volume. A detection sensitivity
of ~ 1 cpm per 10 pCi/liter can be achieved with the type of
commercially available apparatus routinely used to measure 3 H, ' 4 C,
and 3 2 P in liquid samples, the standard counting vials, and a 15-ml
sample volume.
Gamma-ray spectrometric techniques have been successfully
applied to measurement of radon in discrete samples (Smith et al.,
1976, 1978); direct counting of collected samples in polyethylene
bottles yielded a sensitivity of 0.9 (cpm)/(pCi/liter) from a 1-liter
sample. The method has adequate sensitivity for most seismicmonitoring purposes and entails a minimum of sample preparation,
but it does require a low-background counting facility for successful
measurement of a large fraction of all samples. The gamma-ray
spectrometric technique has also been adapted to continuous
monitoring (Smith et al., 1976, 1978); sensitivities of 1 to 5 (cpm)/
(pCi/liter) can be achieved, depending on the choice of Nal(Tl)
crystal size, counting tank size, and water flow rate. Contributions
from the natural background to the total counting rate in this type
of system are significant at most installations and must be taken into
account. The background effect can be made essentially constant,
however, by choosing tank size judiciously and by providing local
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shielding. Data from a field station of this type are discussed in a
later section of this paper.
Beta detection has been successfully used for automatic semicontinuous monitoring of waterborne radon (Shapiro et al., this
volume; Melvin, Shapiro, and Copping, 1978). Detection is accomplished in the gas phase after deemanation from the water. The
system is easily adapted for radon monitoring directly from the gas
phase and can be used to distinguish between 2 2 0 Rn and 2 2 2 R n .
The detection sensitivity of this method should be adequate for most
seismic-monitoring purposes, but it is lower than that for the
continuous-flow alpha and gamma detection systems discussed.
Problems arising from the natural-background counting rate are
expected to be intermediate between those of the alpha counting
systems and the gamma counting systems.
Other investigators in southern California used the deemanation
method and ZnS scintillation counting in regular discrete sampling
for waterborne radon (Teng, Ku, and McElrath, 1975; Craig et al.,
1977). Sampling intervals (bimonthly or monthly) were designed for
general surveillance only; details of radon variation that might
accompany the relatively numerous small earthquakes occurring are
not expected to be revealed by this sampling regime.
An investigation of the possible link between local seismic
activity and the filling and emptying of reservoirs has been under
way in South Carolina for several years (Talwani, 1978, 1977). Both
discrete sampling and continuous monitoring for waterborne radon
have been used in the study. A link between reservoir parameters and
the occurrence of small local earthquakes (0 to 2 on the Richter
scale) appears likely at this site. Interpretation of radon data
indicates that precursor signals have been observed.
Variations of the radon concentration in soil gas in near-surface
layers is another radiometric parameter under investigation. The
most extensive measurements of this type are those of the ongoing
study by the U. S. Geological Survey (King, 1975, 1976, 1978, and
this volume), in which track-etch detectors (Fleischer et al., 1972;
Fleischer, Price, and Walker, 1975; Gingrich, 1975) are placed in
shallow holes (~60 cm deep) along the San Andreas Fault system in
central California. The detectors provide integral values for alpha
decay for periods of 1 to 2 weeks. King describes this technique and
its current status in seismic monitoring in a paper in this volume. Here
we will only note that relatively large variations have been observed
from these arrays for time periods during which increased seismic
activity has occurred in the same general regions along the fault. It is
surprising that such large variations accompany the relatively small
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earthquakes (1 to 4 on the Richter scale) occurring at the
corresponding times.
Track-etch detectors were also used for monitoring soil-gas radon
in southern California (Birchard and Libby, 1976, 1977; Craig et al.,
1977). Relatively large variations were also observed in these studies,
but it is not yet clear whether the variations are related to seismic
activity, seasonal climatic changes, or both.
The shallow-hole siting of detectors appears to provide a large
amplification factor for soil-gas radon changes. King (1978) and
other investigators have postulated that the large changes are caused
by upward or downward displacement of the normal radonconcentration profile, which results from relatively small changes in
the net flow rate of fluids upward or downward in the surrounding
alluvial material. Such changes could be caused by persistent raising
or lowering of the water table in response to seasonal rainfall and/or
irrigation usage, by persistent changes in the average barometric
pressure, or by either compressional or tensional tectonic forces.
Some important questions concerning interpretation of tracketch detector data can be studied most effectively by using active
alpha counters, e.g., Si(Li) surface barrier detectors. Studies of this
type are under way at several sites, e.g., along the San Andreas Fault
system in central California (King, 1977) and in southeastern Texas
in a nonseismic region (Moed, 1978).
LBL STUDY OF WATERBORNE RADON-222

In the LBL study program, Nal(Tl) crystal gamma-ray spectrometry has been used to develop high-sensitivity high-precision measurement techniques and instrumentation for both laboratory analysis of
discrete samples and continuous monitoring at field stations.
Precision and reproducibility were regularly within 1 to 3% in the
laboratory; precision of 1% was achieved from counting periods as
short as 10 min at continuous-flow field stations. Instrumentation
and techniques are described in detail elsewhere (Smith et al., 1976,
1978). The techniques have been applied in the field as initial steps
to test the validity of the radon method on the geologic terrane of
central California.
Discrete-Sampling Program

A discrete-sampling program was conducted in the Oroville area
for 20 months during the aftershock sequence that followed the
Aug. 1, 1975, earthquake of Richter magnitude ~ 6 . This earthquake
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occurred in the western foothills of the Sierra Nevada of central
California near the large earth-fill Oroville Dam, a region considered
to be of low seismicity. A detailed description of the earthquake is
given elsewhere (Sherburne and Hauge, 1975).
With the help of a local volunteer organization, we took daily
samples throughout the study period at several wells that supply
water for domestic use. With this relatively frequent sampling, we
obtained a record of radon changes with temporal resolution
appropriate to the expected dilatancy-relaied effects for aftershocks
of the magnitude encountered here (1 to 4 on tho Richter scale).
Nearly 3000 samples were collected. In general, radon levels
measured at wells drilled into unconsolidated sediments showed little
variation with time, ranging from 20 to 30% variation from long-term
average values. Radon levels at bedrock wells showed variations as
large as 10-fold occurring over periods of several days to weeks. An
example of daily discrete-sampling data is given in Fig. 2, which
shows results from one of the bedrock wells. Measured radon
concentrations varied from ~20 to 200 pCi liter~' during the
6-month period immediately after the earthquake. The record is seen
to be quite complex.
Data from this and other Oroville bedrock wells show apparent
correlation between some radon changes and subsequent seismic
activity but do not give conclusive evidence for the validity of
the method in this geologic terrane. For example, we do not yet
know what radon variations occur at these wells in the absence of
seismic activity. In retrospect, the effort was on too small a scale, both
temporally and spatially, to ensure a reasonable probability of
definitive results, either positive or negative.
Other investigators (Evans et al., 1962; Wollenberg et al., 1977)
found that, although soil-gas radon concentration may be affected by
earth shaking (from the underground detonation of nuclear weapons
in testing, e.g.), the concentration of radon in nearby aquifers was
not similarly affected, "ihus any seismically related radon signals
observed at Oroville wells were more likely to be precursors of rather
than responses to the contemporary aftershocks.
Continuous-Monitoring Program

A continuous-monitoring station has been in operation since July
1976 near San Juan Bautista in central California at a 200-ft-deep
well drilled into unconsolidated sediments along an active segment of
the San Andreas Fault system. The detector, a 3-in.-diameter by
3-in.-thick Nal(Tl) crystal, is located at the center of a 400-gal tank,
through which the radon-bearing water flows at a constant rate
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Fig. 2 Daily discrete-sampling data from Oroville well No. 6. The upper profile shows
actual data points plotted on a logarithmic scale. The second profile shows 3-day running
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ranging from 1 to 2 gpm. The water serves both as the gamma
radiation source and as a shield against gamma emitters in adjacent
surficial materials which generally have higher specific gamma
activity than does the water to be measured. In the gamma
spectrometric treatment of detected events, automatic digital gain
stabilization is used to ensure that an invariant portion of the
gamma-ray energy spectrum is recorded as radon-decay data.
In this water supply, which contains ~700 pCi of radon per liter,
the gamma decay rate ia the tank is determined to a precision having
a standard deviation of 1% from a 10-min counting period—the
normal data-accumulation period at this station. Typical data from
the station are shown in Figs. 3 and 4. The six counting periods per
hour were combined to show the average count rate per period
during each hour. Values were also corrected for background. Both
field and laboratory gamma-ray spectrometry show that, in practical
terms, all gamma activity measured in excess of this background
derives from 2 2 2 Rn daughter decay.
Three general kinds of radon profiles having durations of a few
days to a few weeks have been observed. The first and most frequent
pattern consists of regular daily variations, with amplitudes up to
20% of the average long-term value. The second is an essentially
constant level, and the third consists of periods of high and nearly
constant levels interspersed with periods of daily oscillating behavior.
The third pattern was observed only during the late summer of 1976,
but the other two occurred throughout the observation time.
Patterns of the first and second kind are shown in Fig. 3, and
patterns of the third kind are shown in Fig. 4.
It is imperative that we be able to distinguish between mancaused and naturally produced (including seismically generated)
changes in radon levels. Since we do not know a priori that
seismically generated radon signals will be larger in amplitude than
variations presently observed, we must either learn to identify
present variations so that we will be able to reject them by thencharacteristics or abandon the search for seismic signals at this
magnitude of radon variation.
Man-caused changes, such as water-use patterns, may exhibit
both short- and long-term components. Short-term effects are, e.g.,
day—night variations in municipal water-use rates or periodic effects
from occasional prolonged pumping of nearby agricultural wells.
Long-term effects may result from gradual Iraw-down of the aquifer
during the dry season. Natural causes, aside from seismically related
signals, may also exhibit both short- and long-term changes, e.g.,
daily effects from a response to earth tidal forces or long-term effects
from gradual recharge of the aquifer during the rainy season.
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Fig. 3 Continuous-monitoring data from the San Juan Bautista well showing a period of
relatively constant level (profile a) and! a period of daily variation (profile b) that may be
related to earth tidal forces. Data for the six counting periods per hour were averaged,
and the values were corrected for background.
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All these factors are present at the San Juan Bautista test station
and must be assumed to be capable of producing radon changes until
proved to the contrary. The importance of maintaining surveillance
for at least two complete cycles of the longest-term variation is
evident. The station has been operating for nearly 2 full years, so we
can begin to test whether annual patterns exist for radon levels at
this well. It is important to note, however, that the first year was one
of extreme drought and the second year had higher than normal
rainfall. Although these factors are discussed here in the context of a
particular station, they are of general applicability with respect to
waterbome-radon monitoring performed by any method at any site
on any time scale.
Sources for Waterborne

222

Rn

An important part of the LBL study was investigation of the
nature of the source term for observed waterborne radon. We
collected geologic samples—drill cuttings when available, other
materials believed to be representative of aquifers, and rock from
outcrops near sampled wells. Laboratory radiometric analysis by
Nal(Tl) scintillation gamma spectrometry disclosed both the 2 2 6 Ra
content and the degree of disequilibrium existing between 2 2 6 Ra
and 2 2 2 Rn as a result of emanation of 2 2 2 Rn from the materials.
The radon emanating from these materials was considered to be the
source of waterborne radon. This is a reasonable view since, in
general, the radon found in subsurface water is almost totally
unsupported by dissolved 2 2 6 R a (Tanner, 1964; Craig etal., 1977).
We assumed that the aquifer material had a bulk, dry specific gravity
of 2.0, with available pore space of 20% by volume. We also assumed
the aquifer to be homogeneous with respect to this type of radon
production for all water withdrawal rates encountered. Thus a
material containing 0.7 pCi of emanating 2 2 6 R a per gram (the
amount of 2 2 6 Ra which would be in equilibrium with a 2 3 8 U
concentration of 1.0 ppm) would produce a 2 2 2 Rn concentration of
3500 pCi liter"' in pore-space water. The decay-corrected count rate
observed in our laboratory gamma spectrometer from a 1-liter sample
of this water would be ~3100 cpm, on the basis of the previously
mentioned conversion factor, 0.9 (cpm)/(pCi/liter). (Details are given
in Smith, et al., 1978.)
Radon activities for water (cpm) were then calculated from the
measured 2 2 2 Rn emanation values for representative aquifer materials and compared with actual water—radon observations at several
wells, as shown in Table 1. Calculated radon values for these water
sources ars listed, together with ranges of radon values measured
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TABLE 1

Comparison of Calculated and Measured Radon Contents
of Well and Spring Waters
Water source
and
aquifer setting
LBL spring
Fractured volcanics (basalt)
Danville, Calif., spring
Fractured sandstone
San Juan Bautista well
Unconsolidated sediments
Oroville well No. 2
Unconsolidated sediments
Oroville well No. 5
Unconsolidated sediments
Oroville well No. 1
Metavolcanic bedrock
Oroville well No. 4
Metavolcanic bedrock
Oroville well No. 6
Metavolcanic bedrock

Contents calculated
from emanation
activity, cpm

Contents observed
in water
activity, cpm

220—250

150—310

410—630

580-920

505

650—750

345

100-150

345

290-350

155

66—510

30

25—200

30

17—200

during the study period. We found reasonable agreement between
calculated and observed quantities for wells drilled into unconsolidated sediments and springs located in highly fractured formations.
This indicates that the 2 2 6 Ra content of bulk materials could
account for measured radon values. Comparisons of calculated and
observed values for the Oroville bedrock wells showed poor
agreement, however; the calculated values fell near the low end of
ranges that spanned a 10-fold change in radon content (Oroville well
No. 1 rarely fell below 100 cpm). There is a strong suggestion that
for these aquifers a source of radon exists other than that represented
by the bulk rock. Secondary deposits of 2 2 6 Ra along aquifer
branches (fracture systems in bedrock formations) could supply the
extra radon. Serious disequilibrium can exist between 2 2 6 Ra and its
longest-lived parent, 2 3 8 U . Changing chemical environments can
produce highly localized 2 2 6 Ra deposits that are totally unrelated to
the 2 2 6 Ra content of adjacent bulk rock (Tanner, 1964, and this
volume; Wollenberg, 1974).
The open. ig and closing of fractures could produce the variations
noted. Since this behavior is controlled by stress—strain changes in
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local rocks caused by ongoing tectonic activity, short-term earthquake precursors that would noi. necessarily follow the relationship
postulated in the dilatancy model might be produced. These
short-term signals would be valuable to the purpose, even though
they are likely to be highly site dependent.
Summary of LBL Study Programs

Continuous monitoring of water near the wellhead provides the
only real-time indicator of 2 2 2 Rn changes. If radon-based precursor
signals exist, they will be detected at such a station whether they
occur hours or months before the seismic event. An operating
continuous-monitoring station never misses a precursor signal; it also
provides the maximum lead time for the decision and action phases
that should follow recognition of such signals. A continuousmonitoring station represents a relatively large capital investment,
however, and is not easily moved from place to place.
In contrast, the discrete-sampling method represents a minimum
capital investment in the field. The necessary laboratory equipment
is more expensive than that for a single continuous-monitoring
station, but it is generally adaptable to other measurement problems
when it is not devoted to full-time radon monitoring. A field station,
on the other hand, is a dedicated system. Discrete sampling affords
great flexibility in designing field programs, but the "snapshot"
character of the sampling does impose limitations on the detail of
radon profile accessible.
A favorable long-range strategy may be to use a seismicmonitoring network consisting of a relatively small number of
continuous-monitoring "base" stations supported by local discretesampling networks. If the time of an earthquake is perceived to be
approaching, additional continuous-monitoring stations could be
brought into the critical zone(s) to pick up short-term precursor
signals. Of course, this radon network would be only one element in
a complete system of sensors that measure many different parameters.
SUMMARY AND CONCLUSIONS

This review is necessarily brief, and citation of contributions is
meant to be representative rather than exhaustive. Failure to
mention a study is in no way a judgment of the merit of the work.
We discussed the measurement of natural radioactivity in the effort
to provide a physical basis for predicting destructive earthquakes.
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Because of its ubiquitous distribution, relative abundance, and
convenient half-life, among the natural radionuclides, 2 2 2 R n in
subsurface water (and perhaps in soil gas) shows the greatest promise
as a signal—as indicated by studies in the Soviet Union, Japar., and
the People's Republic of China. Radon measurements have played a
role in some successes (acA some failures) at the practical prediction
level in China, where large numbers of professional scientists are
joined by larger numbers of volunteers. They use a wide variety of
methods to generate public earthquake warnings through continual
reevaluation of incoming data.
A modest study effort, based on high-technology instrumentation attended by professional scientists, is under way in the United
States. Instrumentation for radon measurement has been developed
which has the precision and accuracy required for any presently
contemplated seismic-monitoring task.
The high costs of both scientific personnel and instrumentation
are serious impediments to success of the U. S. program at its present
level of funding. Either a substantial increase in funding or the
enlistment of broad-scale volunteer participation is seen as an important factor in maintaining a timely rate of progress in this study
phase. Implementing a practical "earthquake watch" would most
probably require large numbers of volunteers. At the present time
there is no reason to believe the Chinese experience is atypical. We,
too, should expect to require data from a wide variety of methods,
collected by a large number of participants—both professional and
amateur—and constantly reevaluated in timely fashion to produce
the best possible estimate ci the time, place, and magnitude of an
impending earthquake. In audition to the obvious goals c ? lessening
human suffering and property loss, this program would provide a
broadly based opportunity for cooperation between science and the
citizenry.
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DISCUSSION

Jobst: Are the Chinese just lucky or unlucky in application of
radon studies to earthquake prediction? What was the cause of the
disastrous failure?
Smith: They have more wells, more observers, and are using the
data well. There were political and physical reasons for the failure
noted.
The Chinese employ many methods in their earthquake prediction program, and an official prediction is the result of continued
re-evaluation of accumulated data—a process that encompasses a
period of at least several years. Groundwater radon is among the
methods regularly used.
There have been several other successful predictions of major
earthquakes in addition to the cited Haicheng case. Failure to predict
the 1976 Tangshan earthquake is attributed to existence of
conflicting evidence and the absence of foreshocks. Some radon
anomalies were observed shortly before (within days) the earthquake
struck.

Radon Emanation in Tectonically Active Areas

CHI-YU KING
U. S. Geological Survey, Menlo Park, California

ABSTRACT
Subsurface radon emanation has been continuously monitored for up to three
years by the Track Etch method in shallow dry holes at more than 60 sites along
several tectonic faults in central California and at 9 sites near the Kilauea
volcano in Hawaii. The measured emanation in these tectonically active areas
shows large long-term variations that may be related mainly to crustal strain
changes.

As part of an effort by the U. S. Geological Survey to achieve an
earthquake prediction capability, we began on May 7, 1975, to
monitor subsurface radon emanation in central California to search
for possible premonitory signals. Some preliminary results of this
experiment were reported in a previous article (King, 1978). The
central California monitoring network was later expanded and now
consists of more than 60 stations along several major traces of the
San Andreas fault system between Santa Rosa and Cholame. In this
paper I present data from this expanded network and from a
network of 9 stations near the Kilauea volcano in Hawaii.
EXPERIMENTAL TECHNIQUE

We use a simple Track Etch method to measure radon emanation.
A small piece of plastic film (cellulose nitrate) which is sensitive to
alpha radiation is attached to the inside bottom of a plastic cup (9
cm high, 7-cm aperture). The cup is placed upside down at the
bottom of a borehole (10 cm in diameter, 0.7 m deep) to expose the
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film to the soil gas for a period of a week or more, after which it is
replaced by a new cup. The air gap in the cup is sufficient to shield
the film from all alpha particles generated in the soil. However, since
radon and its isotopes are gaseous, they may move into the cup and
emit particles close enough to leave tracks in the film. The retrieved
film is then chemically etched, and the enlarged alpha-particle tracks
in the film within an area of nearly 6 mm2 are counted under a
microscope. The measured track density is assumed to be proportional to the average concentration of radon and its alpha-emitting
isotopes in the soil gas in the space under the cup during the period
of measurement.
The boreholes are supported by plastic pipes 0.8 m long. The
upper ends of the pipes are approximately 0.1 m above giound
surface and are capped to prevent surface water from flowing into
the holes and to reduce atmospheric effects. A small amount of
moisture is sometimes observed on the retrieved films, especially
during the winter months. The moisture-stained areas in the film are
usually bypassed during the particle-track counting process to avoid
any possible reduction in detection sensitivity. Most of our monitoring sites in California are located within the active fault zones to
maximize possible tectonic signals.
RESULTS
Figure 1 shows part of the radon-monitoring network in central
California • and the epicenters and dates of larger earthquakes
(magnitude >4.0) that have occurred near the network. Not shown
in Fig. 1 are 10 additional stations (21 to 30) to the southeast along
the San Andreas Fault between San Benito and Cholame and 10
additional stations (51 to 60) to the northwest between the San
Francisco Bay and Santa Rosa. No earthquakes of magnitude >4.0
have occurred in these areas since the experiment began.
The monitoring stations are grouped into five arrays to improve
the signal-to-noise ratio. Figure 2 shows the recorded radon concentration as a function of time for these arrays. Also shown are several
larger earthquakes that have occurred within 30 km of the centers of
the individual arrays. (The magnitude 4.6 earthquake that occurred
on June 21, 1977, is farther than 30 km.) The radon data of each
array are obtained by first dividing the weekly or biweekly readings
of each station by the average value of the station during an initial
period of up to 40 weeks and then by summing the "normalized"
values of the same week for all the stations in the array with equal
weight.
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Fig. 1 Locations of some of the U. S. Geological Survey stations
monitoring radon emanations in central California (triangles with
station numbers) and epicenters of larger (magnitude >4.0) earthquakes (circles with magnitudes and dates).

177

MAY
1975
MAY
MARCH
1975
1976
1977
1978
11 I i I I i i | i i i i i i i i i i i | i i i i i i i i i i i | i i i

1976
I'"

1977
I

MARCH
1978
I" '

Stations to 51 to 60

Z

o

i

1

I

i

i

I

i

I

50

i
100

TIME, weeks

i

i

i

I
150

50

100

150

TIME, weeks

Fig. 2 Time history of radon emanation recorded at the central California stations grouped into five arrays
from northwest to southeast along the San Andreas fault system. Stations 51 to 60 are located between
Santa Rosa and the San Francisco Bay, and stations 25 to 30 between Parkfield and Cholame. The times of
occurrence of larger earthquakes within 30 km of the center of each array (except the magnitude 4.6 quake
which is farther) are indicated by arrows with magnitudes. Dashed lines indicate that some stations in the
arrays were not in operation. Radon detectors are changed once a week at stations 1 to 20 and once every
two weeks elsewhere.
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Figure 3 compares the radon data recorded by the array of
stations 1 to 20 with atmospheric temperature (weekly maximum
and minimum) and rainfall data recorded at the Pinnacles National
Monument (near stations 18 and 19) and with the barometric
pressure data recorded at the San Jose State University in San Jose.
Figure 4 shows the radon data recorded by the array of nine
stations in Hawaii. It abo shows the occurrences of larger earthquakes (magnitude >4.0), the time period of a volcanic eruption, and
the weekly counts of earthquakes of magnitude >1.0 Five of these
stations are located around the Kilauea crater, three are near the East
Rift Zone, and the remaining one is about 13 km south of Hilo.
DISCUSSION

It is evident in Figs. 2 and 4 that the recorded radon emanation
in the tectonically more active areas shows large long-term variations.
These variations probably are not caused completely by the changing
weather conditions, since the patterns of variation are different in
the different array areas in California where the climatic conditions
are similar. California had very little rain from the beginning of the
experiment until December 1977. The sudden increase in rainfall at
that time did not cause any notable changes in the recorded radon
emanation. The emanation recorded at the array of stations 1 to 20
shows a possible seasonal variation that is more or less proportional
to barometric pressure and inversely proportional to temperature
variations. Such apparent correlations do not exist in the array areas
to the northwest, nor is there a clear indication of seasonal variation
in the Hawaiian data.
The recorded radon emanation tends to be higher at times of
higher seismicity and volcanic eruption, with a possible exception for
the magnitude 4.6 earthquake that occurred on June 21,1977, near
Livermore, Calif., which is relatively far away from most of the
monitoring stations (Fig. 1). As proposed in a previous article (King,
1978), the increase (or decrease) of radon emanation, if tectonic in
origin, can be attributed to an upward (or downward) flow of soil gas
due to an increase (or decrease) in crustal compression.
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McLaughlin: Were the track-etch cups equipped with thoronretarding membranes so that the thoron signal was reduced?
King: No, the cups were not so equipped. The recorded
alpha-particle tracks are due to decay of radon as well as its isotopes,
thoron and actinon.
Gesell: How much total excess radon is estimated to be released
by an underground nuclear test?
King: I have not made such an estimate. However, radon
concentration levels increased by a factor of 2 or more within several
kilometers of ground zero.
Pereira: In your paper you monitored radon by track-etch
technique at sites along tectonic faults. Do you think it would be
interesting to have a simultaneous monitoring of radon in aseismic
sites in order to stabilize a baseline for your measurements?
King: We do have a few stations located several kilometers off
the San Andreas fault and its major branch faults. The radon
concentrations at these stations show similar changes to those
recorded in the main fault zone nearby. This may be due to the
existence of many secondary faults neai the main faults.
One advantage of deploying a lot of stations over several large
areas as we have done is that some stations can be used as control
stations for others. For example, stations 51 to 60 are located to the
north of San Francisco in an area which has been seismically
quiescent in recent years. The radon variations recorded there are
relatively small.
Wiikening: How does the dilatancy model provide an increase in
222
Rn concentration?
King: I have not made use of the dilatancy model to explain the
observed increases in radon concentration. If dilatancy does occur in
the source volume of an earthquake several kilometers deep, then I
would expect to see a decrease instead of an increase in radon
concentration in the soil gas in the epicenter area because more fluids
would tend to flow into the dilatant volume and cause a downward
flow of air across the ground surface.
Smith: (Comment in regard to the dilatancy model) We would
expect the measurement of radon in groundwater to be more directly
linked to dilatancy phenomena than would the measurement of
radon in soil gas.
King: Perhaps, in view of relative vertical distances to the
earthquake sources.
Tanner: If the concept of an extended strain field, i.e., the
distortion of rock and soil at some distance from the center of strain
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is used, there may be changes in the width of, or water distribution
in, the void spaces that significantly affect emanating power.
King: Since the points of detection are located in weak surface
materials close to the ground surface and far away (kilometers) from
the earthquake foci, the changes in void spaces locally are probably
too small to affect significantly the emanating power.

Role o* Natural Radiation Environment
in Earth Sciences

K. G. VOHRA
Bhabha Atomic Research Centre, Bombay, India

ABSTRACT
Natural ionizing radiations play an important role in a wide spectrum of earth
sciences, including meteorology, geophysics, hydrology, atmospheric physics,
and atmospheric chemistry. The nature and distribution of ionizing radiation
sources and natural radionuclides in the atmospheric environment are summarized. The present status of the use of natural radioactive tracers for atmospheric
studies is discussed. The effect of ionization produced by natural radiation
sources on atmospheric electricity, the relationship of electrical and meteorological variables, and the possible effects of man-made releases of 8 S Kr are
considered. Experimental evidence is presented for the production of condensation nuclei by the combined effects of radon and sulfur dioxide, and
atmospheric implications of the natural radiation environment in nucleus
formation and electrical processes are discussed. The need for extensive basic
research on the role of the natural radiation environment in controlling and
triggering important atmospheric processes is emphasized.

The first conference of the Natural Radiation Environment (NRE)
series, held in 1963, was devoted almost entirely to the nature and
behavior of natural ionizing radiation sources and the human
exposure associated with them. The atmospheric, terrestrial, and
hydrological aspects of natural ionizing radiations have been studied
extensively during the last 15 years. In this third conference of the
series, nearly 25% of the papers relate directly or indirectly to earth
sciences. This paper considers some important atmospheric aspects:
(1) the role of natural radioactive tracers in atmospheric studies,
(2) the NRE anu atmospheric electrical phenomena, and (3) the role
184
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of natural ionisation in the formation of condensation nuclei in the
atmosphere.
The atmospheric natural radiation environment includes cosmic
radiation, radiations from natural airborne radioactivity (radon,
thoron, and their daughter products), terrestrial ionizing radiations
from the widely distributed radioactive substances in the earth's
crust, and radioactive isotopes produced in the atmosphere by the
interaction of cosmic rays with atmospheric gases.
Compared with the solar-energy input responsible for global
atmospheric motions and meteorological phenomena, the energy
input associated with natural ionizing radiations from all sources is
infinitesimal. However, the way this energy source interacts with the
atmospheric environment gives it a unique rcle in triggering and
controlling some major atmospheric processes. A study of these
interactions requires deep insight into the possible mechanisms. In
the early years of work on atmospheric radioactivity, a number of
eminent scientists often suggested the important role of natural
ionizing radiation sources in the atmosphere, but this could not be
followed up because of the highly complex nature of the interactions. In his Nobel lecture (Radioactive Substances, Especially
Radium), delivered in 1905, Pierre Curie stated that widespread
radon probably plays an important part in meteorology. Although
the validity of this statement was shown in early studies on
atmospheric electricity, much basic research still needs to be carried
out in this field. Natural ionizing radiations not only are involved in
basic atmospheric phenomena but also help in tracing motions of air
masses, water bodies, and soil gases.
THE NATURAL RADIATION ENVIRONMENT

It would be useful first to summarize the nature and distribution
of ionizing radiation sources and natural radionuclides in the
atmospheric environment. Cosmic rays are the dominant source of
ionization in the atmosphere from an altitude of 70 km down to
around 1 km. Below this the ionization produced by cosmic rays is
comparable to that from airborne and terrestrial radioactivity.
Primary cosmic rays, consisting mainly of high-energy protons, alpha
particles, and electrons of galactic origin, interact in the earth's
atmosphere to produce the secondary component, which consists of
electrons, photons, mesons, protons, and neutrons. Ionization in the
troposphere and lower stratosphere, which is caused mainly by the
secondary component of cosmic rays, shows a peak value near the
tropopause, with the altitude of maximum ionization depending on

VOHRA

186

the latitude. Beyond this the ionization rate decreases because the
density of air decreases. In the altitude range from 35 to 70 km,
ionization is caused mainly by primary cosmic rays and is nearly
constant at a given latitude. In the upper atmosphere, beyond 70 km,
ionization is also produced by solar ultraviolet (UV) and X-rays; this
leads to the formation of the ionosphere, with an abundance of free
electrons and atomic and molecular ions.
At sea level nearly 80% of ionization is caused by natural
radioactivity, mainly by the emission of alpha particles from airborne
radionuclides. Radiations from the widespread radioactive substances
in rock and soil, primarily those of the uranium and thorium series,
and from 4 ° K also contribute to ion production in the air, mainly by
beta and gamma emission. Figure 1 shows the vertical distribution of
the icnization rate from cosmic rays und terrestrial sources, including
radon and thoron. At ground level occasional corona discharges from
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pointed objects, caused by leakage of charge from the earth, are also
a source of ionization of interest in atmospheric electricity.
Interactions of primary and secondary cosmic rays with ptmospheric gases, particularly oxygen, nitrogen, and argon, lead to the
production of a number of radioactive isotopes, mainly by spa"ition
and neutron-induced reactions. Although their contribution to
ionization is small, they are very useful as tracers of air motions.
Table 1 lists radionuclides of atmospheric interest, including those
from terrestrial radioactive emanations and those produced by
cosmic rays.
PRESENT STATUS OF NATURAL RADIOACTIVE TRACERS
IN ATMOSPHERIC STUDIES
During the last decade extremely sensitive techniques have been
developed for identifying and measuring natural radionuclides in the
air at very 'mail concentrations. This has led to new research effort
in using natural radioactive substances for tracing air motions,
studying the atmospheric residence time of aerosols, identifying
continental air mass intrusions over the oceans, and studying
atmospheric circulation and mixing processes. The cosmic-ray interactions and ground sources provide a large range of radionuclides for
studying atmospheric processes on different time scales (Table 1).
The atmospheric distribution of these radionuclides depends on the
source region and transport mechanisms. Figure 2 gives the estimated
atmospheric radioactivity profil s of 7 Be, a typical cosmic-rayproduced isotope (Machta et al., 1970), and of radon entering the
atmosphere at ground level (Moore, Poet, and Martell, 1973).
Since natural radionuclides are generally attached to aerosols,
their activity in air depends on the atmospheric lifetime of the
aerosols, as well as on their own radioactive lifetimes. Thus
atmospheric residence time can be calculated from measurements of
airborne radioactivity. Beryllium-7 has been extensively used for
estimating residence time of aerosols in the upper troposphere, where
7
Be is produced mainly by cosmic-ray interactions, without significant latitude dependence (Lai and Peters, 1967). Measurements at
ground level yield information on upper tropospheric residence time
if the production rate is known. A lifetime of 35 to 40 days is
consistent with several observations, including those based on
7
Be/ 3 2 P activity ratios (Shapiro and Forbes-Resha, 1976). On some
occasions seasonal variations of 7 Be have been attributed to the
scavenging effects of rain rather than to seasonal influx from the
stratosphere. Since the radioactive half-life of 7 Be (53 days) is

TABLE 1
Natural Radionuclides in the Atmospheric Environment
Isotopes pioduced by cosmic lays
Isotope
14

Half-life

Isotopes from terrestrial sources

Radiation emitted

Isotope

Half-life

C
Si
39
Ar
3
H

5730 years
650 years
269 years
12.3 years

Beta
Beta
Beta
Beta

222

R n (radon)
J«Po(RaA)
214
Pb(RaB)
214
Bi(RaC)

3.82
3.05
26.8
19.7

22

2.6 years
87 days
53 days
35 days
25 days
14 days
15 hr

Beta, gamma
Beta
Gamma (EC)
Gamma (EC)
Beta
Beta
Oeta, gamma

2l0

20.4 years
5.0 days
138.4 days
55 sec
0.158 sec
10.64 hr
60.6 months

32

Na

3Sg
7

Be
Ar

37

33p
32p
24

Na

2

Pb(RaD)
Bi(RaE)
210
Po(RaF)
2i0
Rn(thoron)
316
Po(ThA)
212
Pb(ThB)
212
3i(ThC)
2l0

days
months
months
months

Radiation emitted
Alpha
Alpha
Beta, gamma
Alpha, beta,
gamma
Beta
Beta
Alpha
Alpha
Alpha
Beta, gamma
Alpha, beta,
gamma

o
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comparable to the estimated atmospheric residence time, the method
can be considered quite reliable. Further investigation is needed for
several reasons. For research on aerosol residence time, it is
important to consider the troposphere as divided into three regions:
the upper troposphere (500 mb to tropopause), middle troposphere
(boundary layer to 500 mb), and the boundary layer (starting at the
earth's surface). The nature and size of aerosols and their residence
time are all different in these three layers. Past investigations did not
take due account of these differences. It would also be useful to
specify the radionuclides best suited for research in each region and
the nature of the aerosols for which residence-time information is
required.
Radon and its solid daughter products can be used for estimating
the residence time of aerosols in the boundary layer, as well as in the
higher regions of the troposphere. The comparatively longer lived
daughter products of radon ( 2 1 0 Pb, 2 1 0 B i , and 2 1 0 Po) and their
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relative ratios have been used extensively for tropospheric residencetime studies. The most satisfactory pair seems to be 210 Bi— 210 Pb
since the ratios involving 2 1 0 P o have been subject to considerable
uncertainty because of its variable anthropogenic and natural sources
in the atmosphere (Moore, Martell, and Poet, 1976). Because
elaborate chemical separation procedures are involved, very few
studies using 2 1 0 Bi/ 2 I O Pb ratios in air samples have been made
(Moore, Poet, and Martell, 1977); thus further research could provide
promising results. Since the most abundant aerosol size to which
natural radionuclides are attached is ~0.1 /an, the sampling method
used must ensure efficient collection of these particles (Martell and
Moore, 1974). Studies based on rainwater collection must be viewed
in this light.
The short-lived daughter products of radon, 2 1 4 Bi and 2 I 4 P b ,
aiso provide useful tools for the study of turbulent diffusion models
in the lower atmosphere. Since the source of radon is at ground level,
the variation in the degree of equilibrium with altitude of radon and
its short-lived daughters provides an indication of the upward
diffusion of radon. Both 2 ' 4 Bi and 2 ' 4 Pb can be identified rapidly
by high-resolution gamma spectrometry, and their ratios (2 14 Bi to
214
Pb) have been used for testing the validity of turbulent diffusion
models (Shapiro and Forbes-Resha, 197'5). The relative concentrations of short-lived daughters can also be used to characterize air
masses. The ratios of their ionic to neutral components have been
used for assigning a definite age to an air mass since it picked up
radon over a continent (Vohra, lS5o).
The use of radon and its daughter products to identify
continental air mass intrusions over the oceans for studying
monsoons appears to be a very promising tool for atmospheric
research. In most regions the concentration of radon over land is in
the range of 50 to 100 pCi/m3 and over the oceans, 1 to 2 pCi/m3.
This striking difference in radon concentration over land and oceans
makes possible the study of mixing between continental and
maritime air masses. Over the oceans, radon is almost always in
equilibrium with its daughter products and can be estimated
indirectly by measuring daughter-product activity by very simple
methods. Extensive studies 'lave been carried out in India over the
Arabian Sea during the ISMEX-73 (Subramanian et al., 1977) and
Monsoon-77 experiments programmed under the Global Atmospheric Research Program. Simultaneous measurements were made
over the Arabian Sea at different latitudes with the help of Soviet
and Indian navy ships. General result?; indicated a decrease in the
concentration of radon from 20° north toward the equator (Fig. 3).
These studies indicated that the mixing of monsoon streams from the
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southern hemisphere with continental air from Africa can be studied
on the basis of prevailing low-pressure systems in the region.
NATURAL RADIATION AND ATMOSPHERIC
ELECTRICAL PHENOMENA
Ionization produced in the atmosphere by natural radiation
sources is probably the main driving force for all atmospheric
electrical processes. This source of ion production, which is
continuous and widespread in the atmosphere, accounts for atmospheric electrical conductivity, which is directly proportional to the
concentration of small ions and their mobility. Air conductivity
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shows interesting variations in the atmosphere, depending on the
small-ion production and loss rates.
The basic parameter relating natural radiation to atmospheric
electricity is the nature and mobility of ions. The conduction current
in the atmosphere is produced by small ions of high mobility. The
nature of ions depends on the concentration of submicron aerosol
particles and pollutant gases in the surrounding air. Although the
mobility of the ions of interest in atmospheric electricity varies by
four orders of magnitude, we can consider only two groups of ions,
small and large. Small ions attach to submicron particles by diffusion
and give rise to large ions, whose mobility depends on particle size.
The mobility of small negative ions is higher than that of small
positive ions, and the concentration of small positive ions is generally
higher than that of small negative ions. Over land, large-ion
concentrations are much higher than small-ion concentrations.
Turbulent transport of charges and rapid changes in conductivity
generally characterize the boundary layer. Ions in the free atmosphere above a few kilometers are mainly small ions.
The most active region for atmospheric electric processes is the
boundary layer. Here airborne and terrestrial radioactivity are the
main ionizing agencies, and air conductivity variations are large,
depending on weather conditions, which determine the exhalation
and transport of radon, the dispersion of ionized air, etc. Effects of
the electric field of the negatively charged earth globe are also
predominant in the boundary layer since the field strength depends
on the distance from the charged body. During fair weather small
positive ions are drawn down toward the earth and give rise to a
positive space charge near the ground which modifies the field
distribution. Thunderstorms, small and large, also originate within
the boundary layer at certain locations. It has been suggested that
thunderstorms often cause a reversal of direction of the fair-weather
electric field and provide negative charges on the earth which
compensate for the effect of the positive charges collected. Weather
phenomena and atmospheric electric parameters are closely related
within the boundary layer. This is best illustrated in the profile of
conductivity in fair weather obtained during airplane flights over
New England (Fig. 4); a jump in conductivity at the exchange layer is
shown (Sagalyn and Faucher, 1954). The diurnal variations of field
strength commonly observed within the boundary layer show that
the interplay of fair-weather and thunderstorm electrical processes at
different locations on the globe maintain the equilibrium state of the
global electrical circuit. Any major perturbations in natural ionization must be considered in the light of this equilibrium state.
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Fig. 4 Conductivity profile in the lower atmosphere (Adapted from
Sagalyn and Faucher, 1954.)

Above the boundary layer, air conductivity shows a fairly steady
increase with altitudes because of the increasing cosmic-ray ionization rate, the decreasing concentration of aerosols, and the decreasing density of the air. The atmosphere can be considered a spherical
capacitor, with the surface of the earth being the negative electrode
and the highly conducting upper atmosphere being the positive
electrode. The electric potential increases with elevation above the
earth's surface, and the total potential across this capacitor is
estimated to be nearly 250 kV. The presence of ions in the
atmosphere causes a leakage current to flow through this capacitor.
An estimated total current of nearly 1580 A flows constantly in the
form of positive charge toward the earth. Although the bulk of
charge is provided by cosmic-ray ionization above the boundary
layer, the most important weather phenomena are initiated within
the boundary layer.
Electrification of thunderstorms, which produce atmospheric
charge equilibrium, can also be initiated by the charging of cloud
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particles by capture of ions from the surrounding air (Shishkin,
1965). The accumulation of charge occurs as a result of conveotive
flow, which can carry charges '-om the positive space-charge region
near the ground to the upper parts of the cloud (Vonnegut, 1965).
The charges are concentrated on large droplets by constant coagulation with smaller charged-cloud droplets. This initiates the process of
cloud electrification, which leads to thunderstorms and lightning
discharges. According to an alternative theory proposed by Mason
(1965), charge generation and separation within the cloud are caused
by freezing and splintering of supercooled droplets. Since warm
thunderclouds are also known to produce lightning discharges, the
model based on charging by atmospheric ions must be considered
along with other possible modes of charging.
There are several other interesting effects of natural background
radiation on air conductivity. Increased air conductivity at night is
caused by accumulation of radon during the frequent inversions
encountered at nighttime. Air conductivity over land and sea is
nearly the same, even though the ionization rate over land is nearly
fivefold greater, because of the loss to aerosols of small ions
abundant over the land. Very high rates of ion production are
observed during inversions because airborne radioactive substances
accumulate. The possible atmospheric effects of increased conductivity during inversions have not been studied so far.
A matter of considerable concern is the possible long-term
perturbations of electrical parameters by any increase in background
radiation caused by releases of radionuclides from nuclear power
stations and nuclear fuel reprocessing plants (Boeck, 1976). Atmospheric accumulation of the inert and long-lived fission gas 8 s K r
could cause a significant increase in ionization and a consequent
increase in the conductivity of the atmosphere, even at a level as low
as 1% of the maximum permissible concentration. With a better
understanding of the effects of atmospheric electrical parameters on
meteorological phenomena, we could assess the impact of such
man-made perturbations on climate and weather.
NATURAL RADIATION AND NUCLEUS FORMATION
IN THE ATMOSPHERE
Is nucleus formation by natural ionizing radiations the triggering
process for some major atmospheric changes? As early as 1899,
C. T. R. Wilson, in a paper entitled, On the Condensation Nuclei
Produced in Gases by the Action of Roentgen Rays, Uranium Rays,
UV Light, and Other Agents, suggested natural ionizing radiations as
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a source of nucleus formation in the atmosphere. It is striking that
the suggestion was made even before the radiations from radioactive
substances were named. In recent years it has been suggested that
ionization by cosmic rays could be the source of formation of cirrus
cloud nuclei and that the subsequent formation of cirrus clouds
could attenuate the solar radiation and result in the observed
perturbations of atmospheric circulation in the northern hemisphere
(Roberts and Olson, 1971). The impact of cosmic-ray ionization on
the atmosphere was also suggested by Dickinson (1975).
The ion-induced nucleation considered here involves complex
chemical reactions and physical aggregation processes leading to the
formation of prenucleation embryos and submicron nuclei. This
effect is basically different from the ion-induced nucleation studied
in cloud chambers at high supersaturation and has been studied by
several groups during the last 15 to 20 years (Megaw and Wiffen,
1961; Bricard, Billard, and Madelaine, 1968; Castleman et al., 1975).
We have been trying for almost a decade now to find substantial
evidence for atmospheric formation of nuclei by ionizing radiations,
particularly radon. Although the experimental evidence has been
unequivocal, the mechanisms are not yet fully understood (Vohra,
1975a). I shall summarize some typical experiments and their results.
The effect of ionizing radiation dose on nucleus formation in free
air was studied. The atmospheric air at our laboratory site shows very
high concentrations of Aitken nuclei from December to May each
year (Vohra, Vasudevan, and Nair, 1970). During these months,
when a reaction vessel is filled with filtered air, free of nuclei, the
nuclei are regenerated spontaneously. Irradiating the reaction vessel
for a few minutes with a gamma source (surface dose of 1 to
5 mR/hr) always showed an increase in the concentration of nuclei
formed. The reaction vessel used for the experiments was a 12-liter
Pyrex flask, which was evacuated and filled with air filtered through
a Millipore filter. A nucleus counter was used at different times after
filling to measure the concentration of particles formed. Simultaneously, the air was also monitored for radon and SO2 contents. In
the reaction vessel used, particle formation starts within a minute or
so after filling, reaches an equilibrium concentration in 10 to 30 min
(depending on the concentration of reactive species), and then starts
declining. Experiments included the study of variation of equilibrium
particle concentration with radon and SO2 contents of the air.
Studies were also carried out in the same reaction vessel with known
gas mixtures that approximate the atmospheric composition of major
and trace species. Interestingly enough, it was possible to attain
similar results with known gas mixtures under controlled conditions.
Some important findings of these experiments are:
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1. Particle formation in the filtered air shows very striking
diurnal and seasonal effects. The formation rate is maximum in the
afternoon hours on days with bright sunshine. The seasonal effects
depend on cloud cover and wind direction, and the minimum is
observed during the summer monsoon season.
2. There is striking dependence of equilibrium particle concentration on the radon content of the air, and the concentration per ppb
of SO2 shows a rapid increase with radon concentration (Fig. 5). At
lower concentrations of radon, there are large variations in particle
concentration, showing the involvement of a third reactant, which
was later suggested to be an oxidant.
3. Particle concentration also depends on SO2 concentration,
particle formation being negligible at very low concentrations of
SO 2 .
4. There is close correlation between equilibrium particle concentration in the reaction vessel and total concentration of particles in
the ambient air.
5. Particle formation rate also shows striking correlation with the
concentration of total oxidants in the air.
These experiments and results were discussed in detail in an
earlier publication (Vohra, 1975b). It seems likely that even the
normal background nuclei abundant in the troposphere are formed
106
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mainly by the combined effects of radon, SO 2 , and oxidants in the
air by similar mechanisms. Very low concentrations of nuclei over
the sea surface away from land masses could probably be explained
by low concentrations of radon over the sea.
The nuclei formed by this mechanism consist mainly of sulfuric
acid solution droplets and can grow to the size of cloud nuclei by
further reactions in the atmosphere. A new mechanism of oxidation
of SO2 to H 2 SO 4 has been suggested recently (Vohra, 1977). In this
mechanism HO2 radicals are formed by the combined effects of
ionizing radiations and ozone. Thus ozone seems to be the primary
oxidant and HO2 the secondary oxidant taking part in the formation
of H2 SO4 nuclei.
COMBINED IMPLICATIONS OF NATURAL RADIATION IN
NUCLEUS FORMATION AND ELECTRICAL PROCESSES

In view of the discussions in the preceding sections, ion-induced
particle formation and electrical processes in the mixing layer must
be closaly interrelated. Of particular interest is the formation of
aerosols by ionizing radiations in the presence of the pollutant gas
SO 2 . We can consider the possible implications of increased releases
of SO2 on atmospheric electricity and the associated meteorological
phenomena. During inversions, very high concentrations of both SO2
and radon can accumulate in the surface layers and lead to the
formation of large concentrations of nuclei. This leads to reduced
conductivity and higher potential gradients in the lower atmosphere
because the small ions attach to the abundant particles formed. Here,
natural radiation plays a dual role; it forms small ions and converts
trace gases into aerosols that attach to the ions. The effects of such
field changes are of considerable importance in the atmosphere, but
detailed discussion of atmospheric electrical mechanisms and the
meteorological implications are beyond the scope of this paper. Thus
we see that the s ,Bnce of atmospheric processes is highly interdisciplinary. To understand the effect of natural ionizing radiations,
we must consider not only the physical processes but also the
radiation-induced chemical interactions involving trace gases in the
atmosphere.
Even in the upper atmosphere, there is likely to be a fascinating
association between the ionization produced by cosmic rays, ozone,
natural and anthropogenic trace gases, and solar UV. The net effects
are manifested in the formation of aerosol layers in tho stratosphere
and nuclei for cirrus clouds in the upper troposphere and in changes
in electrical conductivity and fields in these regions. Changes in the
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concentration of condensation nuclei and consequent changes in
cloud cover can have a significant effect on insolation. Man-made
releases of both nuclear and non-nuclear effluents can, thus,
significantly affect the global climate. Evidence based on laboratory
studies and field experiments is unequivocal.
SCOPE FOR FUTURE RESEARCH

In this review I have tried to focus attention on a field with
enormous potential for future research, in particular the role of
natural radiation in controlling and triggering important atmospheric
processes. The interdependence of meteorological and atmospheric
electrical phenomena was indicated, and the use of natural radioactive substances as tracers of atmospheric interest was discussed.
Some of the questions waiting to be answered by future experiments
are:
1. Can we reach a better understanding of atmospheric processes
by studying the role of natural radiation in atmospheric nucleation
and electrical behavior?
2. Can we hope to make forecasts of important meteorological
events by studying variations of electrical parameters that are closely
related to natural radiation background?
3. Can we make significant weather modifications by altering the
global electrical circuit, advertently or inadvertently?
Over 100 years ago Lord Kelvin, as quoted by Israel (1965),
opined that in the future the forecast of weather would be done with
an electrometer. Although this could not be achieved, we may indeed
hope for important long-range forecasting ability when we gain an
understanding of the problems in depth. We must also consider
whether perturbations of the electrical environment by releases from
nuclear and non-nuclear power stations will lead to inadvertent
weather modification by injecting radionuclides, aerosols, and
pollutant gases into the atmosphere. These are only a few of the
questions we must consider.
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Effect of Increased lonization
on the Atmospheric Electric Field

WILLIAM L. BOECK
Niagara University, Niagara University, New York

ABSTRACT
This study is a review of atmospheric electrical theory with the purpose of
predicting the atmospheric electrical effects of increased ionization caused by
radioactive inert gases. The validity of Ohm's law for atmospheric electric
currents is reviewed. A time-independent perturbation model for the global
atmospheric electric circuit predicts that the electric field at the sea surface
would be reduced to about 76% of its unperturbed value by a surface
Kr
concentration of 3 nCi/m 3 . The electric field at a typical land station is
predicted to be about 84% of its unperturbed value. The effects are part of an
altered vertical electric field profile caused by a perturbed conductivity profile
and a redistribution of air—earth currents to regions of low columnar resistance.
Some scientists have suggested that the atmospheric electric field is part of a
closed electrical feedback loop. The present model does not include such a
closed feedback loop and may underestimate the total effects. This model is also
useful for interpret.ng atmospheric electrical responses to natural fluctuations in
the cosmic-ray component of background radiation.

There is a vertical atmospheric electric field of about 100 V/m near
the surface of the earth. Many features of this phenomenon have
been studied in the past 200 years. Only recently has it been
recognized that the electrical state of the atmosphere will be
modified by human activities. This paper focuses on the potential
effects of increased global-scale ionization.
HUMAN ACTIVITIES THAT INFLUENCE ATMlOSPHERIC
ELECTRIC FIELDS

The large-scale atmospheric electric field is maintained by the
electrical currents produced by convection, particularly worldwide
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thunderstorm activity, against a continual discharge current to
ground by fair-weather conduction currents and lightning discharges.
Human activities can alter these processes in many ways.
There have been attempts to deliberately alter thunderstorms by
chaff seeding. Mankind can also alter electrical storms by changing
meteorological quantities, such as heating, water vapor, and atmospheric stability. Land clearings, such as plowed fields, paved
roadways, parking lots, and cities, are hotter than the undisturbed
landscape and lead to enhanced convective activity. Projections of
the sensible and latent heat release from "energy parks" indicate ihat
such releases may lead to enhanced convection. Vertical structures
can change the airflow pattern to produce convergence. Atmospheric
pollution by CO2 and tropospheric aerosols will tend to produce
heating aloft and to reduce the strength of convective activity
(Kellogg, 1977). Human activities can also change the electrical
parameters of the atmosphere by modifying the vertical electrical
conductivity profile (Boeck, 1976). Any change in the atmospheric
ionization rate due to fluctuations in cosmic-ray intensity or the
release of man-made or natural radionuclides will change conductivity. In addition, the electrical conductivity will be reduced by the
addition of aerosol particles to the atmosphere. Alterations of the
conductivity profile lead to modified electric fields and currents and
possibly modifications of cloud physical processes (Israel, 1973).
ATMOSPHERIC I0NIZATI0N

The natural ionizing radiation background has an important role
in the atmospheric electrical environment. The presence of this
background radiation is a necessary condition for the flow of electric
currents in the atmosphere. The ionization potentials of the gases in
air are sufficiently high to prevent significant thermal or photoionization in the lower atmosphere. Cosmic radiation and the radioactive
decay of radionuclides in the atmosphere and on the earth's surface
provide a continual supply of charge carriers. In most layers of the
atmosphere, the intensity of cosmic radiation determines the
ionization rate. An exception occurs within the atmospheric exchange layer, a 1-km-thick layer over and downwind of continents,
wherein ground radiation and/or radon and radon daughters usually
are the dominant ionizing source. This situation is expected to
change in the future as releases of megacurie quantities of 8 s Kr
continue to accumulate in the atmosphere (NCRP, 1975).
Table 1 shows typical ionization rates, I (ion pairs cm" 3 atm~'),
at various altitudes above typical land and ocean stations (Takagi,
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TABLE 1

Typical Ionization Rates (I) at Various Altitudes
over Land and Ocean Stations

Altitude,
km
0
0.5
1
2
3

5
10
20
30

I, ion pairs cm 3 atm ',
at various cutoff rigidity (gigavolt) values
Land
Ocean
13.55

7.71

4.00

1.7
2.0
2.5
3.6
5.3
12
64
94
56

1.7
2.2
2.7
4.1
6.3
15
91
170
110

1.9
2.3
2.9
4.5
7.1
17
110
270
210

0.00
1.9
2.4
3.0
4.8

7.6
19
140
450
520

13.55
9.7
2.9
3.1
4.1

5.7
12
64
94
56

7.71

4.00

0.00

9.7
3.1
3.3
4.6
6.7
15
91
170
110

9.9
3.2
3.5
5.0
7.5
17
110
270
210

9.9
3.3
3.6
5.3
8.0
19
140
450
520

8s

Kr

0.8
0.8
0.7
0.7
0.6
0.5
0.3
0.1
0.0

1977). The magnetic field of the earth determines the cutoff rigidity
for cosmic rays. The high values of cutoff rigidity correspond to
tropical latitudes; the low values, with the polar caps. The lowest
values of I are found over the oceans, with a minimum at the ocean
surface. At the continental surface, gamma and beta rays from rocks
and soils, as well as radon and thoron gases, produce a total
ionization rate about five times that over the ocean surface.
Only 0.5 km of air is an effective shield that will reduce the
ionization rate by a factor of 3. At higher elevations, cosmic-ray
ionization dominates the total ionization rate. The ionization rate
due to 8 s Kr with a surface concentration of 3 nCi/m3 is shown in
the last column of Table 1. It is clear that this concentration of 8 5 Kr
could significantly alter the ionization rate profile below 5 km.
CHARACTERISTIC PROPERTIES OF FAST AND SLOW IONS

The ions directly produced by ionizing radiation are rapidly
hydrated to form fast atmospheric ions. These charged molecular
clusters are relatively stable and remain in the atmosphere until they
recombine with fast ions of the opposite sign or transfer their charge
to a preexisting aerosol particle. Fast ions may also play a role in the
gas-to-particle conversion processes. Near the surface of the earth,
fast ions have a mean lifetime of a few hundred seconds. Charged
aerosol particles experience much larger viscous drag forces than fast
ions and are called slow ions. Certain processes, such as ocean
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bubbling, corona discharges, and electrostatic precipitation, can
produce highly charged aerosol particles that v/ould be called fast
ions. Sources of slow ions include frictionally charged dusts,
combustion aerosols, volcanic emissions, and ocean-spray residues.

THE ATMOSPHERE AS AN IONIZATION CHAMBER
The earth and its atmosphere have many of the properties of a
spherical ionization chamber (Dolezalek, 1972). The earth acts as a
charged inner conducting sphere. Rapid charge redistribution on this
sphere produces a radial electric field everywhere near the surface.
Because the atmosphere is relatively thin compared to the earth's
radius, the equipotentials in the atmosphere are also nearly spherical.
At a level of 20 km above the earth, the potential is about 200 kV
above the earth's potential. The potential difference across the
atmosphere causes an air—earth current to flow. The flow of current
through the vertically varying conductivity produces a space charge
in the atmosphere which, together with the charge on the surface of
the earth, determines the basic time-independent features of the
earth's electric field.
The value of the analogy between the atmosphere and a spherical
ionization chamber is limited by the fact that several atmospheric
parameters are strong functions of altitude. The density of air and
the aerosol particle concentration decrease exponentially with altitude; whereas the ionization rate shows a general increase with
altitude.
The electric conduction current through the atmosphere is given
by Ohm's law in the form
J=

CTE

(1)

where J is the vertical conduction current (in A/m 2 ) and a is the
electrical conductivity (in f i " 1 m —1 )- A typical value of conductivity is about 2.5 x 1 0 ~ 1 4 S2~' m ~ ' at 1 atm, and the corresponding current is about 2.5 x 1 0 - 1 2 A/m 2 . The conductivity can
be expressed as
a = e M+ n + + |—e| M_ n_

(2)

where e is the electronic charge, M+ and M_ are the mobilities of
positive and negative ions, and n+ and n_ are the concentrations of
positive and negative fast ions. The contribution of slow ions to the
conduction current is normally negligible. Since ion mobility
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depends on the mean free path, mobility increases exponentially
with altitude. The ion density is usually calculated as the equilibrium
value for equal creation and destruction of fast ions. If there are no
aerosol particles present, the ion concentration n is given by
(3)
where Q is the ionization rate and a. is the recombination coefficient
for fast ions. In the presence of a high concentration of aerosol
particles, recombination of fast ions becomes negligible compared to
ion attachment. The fast-ion density then is approximately given by

n-f

(4,

where B is the average attachment coefficient for a given size
distribution of aerosol particles and N is the number concentration
of aerosol particulates. Conditions in the real atmosphere are
somewhere between these two limiting cases. The overall effect of
the vertical variation of ionization rate, mobility, and aerosol
concentration is to produce an exponentially increasing conductivity
profile. The exponent will vary somewhat with altitude. Many
perturbations, such as increased ionization produced by 8 s Kr, can be
modeled by appropriate variations of the conductivity profile.
TIME-INDEPENDENT, PERTURBATION MODEL FGH
ATMOSPHERIC ELECTRICITY

Many of the basic features of the earth's electric field can be
modeled in terms of a distributed-parameter electrical circuit. The
usual starting point is to assume that the earth's surface and an
imaginary spherical surface high in the atmosphere are equipotentials. The atmosphere between them is treated as a large number of
columns electrically connected in parallel. The columnar resistance
of a 1-m2 column of air extending from the earth to some altitude A
is given as

=rf
Jo

"

where Rc is the columnar resistance in square meters and h is the
height. The current density J in any columnar resistance will be
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(6)
where V is the electric potential difference between the earth and the
outer equipotential surface.
A comparison between the preexisting columnar resistance and
the calculated columnar resistance in the presence of 8 5 Kr brings out
two aspects. The effect of 8 5 Kr is to lower the columnar resistance
over the oceans by about 16% and over the land by about 12%.
Calculations by Takagi (1977) predict an 8% decrease over the
tropical oceans and a 12% decrease over tropical continents. At high
latitude, Takagi predicts a 14% decrease over land and a 9% decrease
over oceans. Differences between Takagi's calculations and Boeck's
calculations are largely due to different estimates of the natural
ionization rate. The change in the relative columnar resistances for
TABLE 2

Fraction of Original Electric Field
at Various Altitudes

Height, km

0
2
4
6
10

Fraction of
original electric field
at ocean stations

Fraction of
original electric
field at land station

0.76
0.87
0.96
0.99+
1.00

0.84
0.84
0.91
0.95
0.95

different areas also causes a redistribution of current flow. Table 2
presents the net effect on the electric field caused by lowered
conductivity and current redistribution. The numerical results are
intended to show the magnitude and trend of the net perturbation
due to accumulation of 8 s Kr in the atmosphere. The concentration
of 8 5 Kr at the surface is assumed to be 3 nCi/m 3 .
IMPLICATIONS

The effect of changes in the ionization rate has been modeled to
produce some estimates of the magnitude and sign of the altered
value of electric field, air—earth current, and columnar resistance.
For these cases the physical principles are well understood. Currently, an analysis of time-dependent electric fields is in progress.
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The physical processes coupling electrical phenomena to cloud
physics are not well established. Particular attention should be paid
to the possible coupling between the atmospheric electric field and
the output of the thunderstorm electrical generators. The highly
conducting earth electrically couples all thunderstorms to the surface
of the earth. A closed feedback loop would result if the electrical
output of a thunderstorm were influenced by the ambient electric
field. Several scientists have proposed theories of cloud inductive
electrical charging that imply such a closed feedback loop.
There are also natural modulations of the cosmic-ray components
of the ionization background. The intensity changes associated with
the 11-year sunspot cycles and Forbush decreases associated with
some solar flares are two examples. A number of investigators have
found correlations between solar-controlled phenomena and terrestrial weather. These correlations provide an incentive for discovering if ionization is a link in the coupling of solar—terrestrial
phenomena.
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DISCUSSION

Pomansky: You said that increasing S 5 Kr in the atmosphere
must increase the conductivity of the air 30 to 70% in 50 years. I
think that is impossible because the quantity of reactors will be
limited by the quantity of uranium in the earth.
Boeck: I think there are two parts to your question. A few years
ago I thought that a buildup of s 5 Kr to atmospheric concentration
of 3 mCi/m1 could occur within 50 years. Now I think that partial
controls on krypton will extend the time. I do not know of a good
estimate.
I believe you will find that the world supply of fissionable
materials would be ample to produce the atmospheric s 5 Kr
concentrations used in the models.
Bouville: (Comment) I agree with the author that an atmospheric
concentration of 3 nCi m~ 3 could be reached in principle. It
corresponds to a steady-state situation in which the fuel corresponding to a nuclear power capacity of about 2000 GW(e) would be
reprocessed without any retention of s s Kr. That situation is
hypothetical but could be observed before the year 2050.

Meteorological Influences on Atmospheric
Radioactivity and its Effects
on the Electrical Environment

SVEN ISRAELSSON
Department of Meteorology, University of Uppsala, Uppsala, Sweden

ABSTRACT
The 1 1 2 R n content of soil gas is influenced by meteorological parameters and
especially by wind speed. For 2 7 0 R n the effects are less pronounced. The
exhalation of 2 2 0 R n is dependent on precipitation and atmospheric turbulence.
From horizontal measurements of radioactivity in the air, the most representative values are obtained under unstable, near-neutral, and light stable stratifications. The concentration of natural radioactivity at a point in the atmospheric
surface layer can be expressed in terms of atmospheric stability if the horizontal
distributions are fairly homogeneous. For longtime variations of radioactivity in
the air, the precipitation and groundwater conditions are of prime concern. But
for the rapid fluctuations the turbulent processes give the main contribution to
the variations.
Owing to the ionization, the radioactivity seems to be of prime concern in
many atmospheric electrical problems, e.g., studies of small ions and electric
conductivity. Even the formation of space charges seems to be influenced by the
radioactivity.

In this paper, meteorological, radioactivity, and atmosphericelectrical data from 1960—1976 are used for analyzing the effects of
meteorological parameters on the radioactivity in the soil gas and in
the atmosphere. The measurements have been made at Marsta
Observatory (60°55'N, 15°35'E Gr) on a flat terrain. One of the
main aims is to determine under what conditions the most
representative measurements of natural radioactivity can be made.
Even some aspects of the influence of the radioactivity on the
electric climate are taken into consideration.
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RADIOACTIVITY IN SOIL GAS

A knowledge of radioactivity in the soil and radiocctivity
exhalation from the ground surface is needed for studies involving
the balance between the addition of radioactive gases into the
atmosphere and their decay into daughter products or removal by
other processes. Styra (1968) concluded that meteorological variables play only a minor role in influencing the exhalation and that
the 2 2 2 Rn flux is predominantly determined by the characteristics
of the soil. Three factors most commonly observed to have a
pronounced effect on 2 2 2 R n concentration and exhalation are
rainfall, frozen ground, and snow cover (Bender, 1934; Kovach,
1944; Kraner, Schroeder, and Evans, 1964; Norinder, Metmeks, and
Siksna, 1952; and Wilkening, Clements, and Stanley, 1972). According to Bender (1934), rising barometric pressure increases the
emanation content of the air in the soil, whereas decreasing pressure
causes the opposite effect. Other data (Kraner, Schroeder, and Evans,
1964) show, however, a tendency for the radon concentration to
increase with falling barometric pressure.
Studies of the meteorological effect on thoron ( 2 2 0 Rn) concentration in soil are very scarce. Guedalia et al. (1970) showed that
the thoron emanation is very dependent on the soil moisture. The
thoron emanation decreases rapidly when the soil moisture reaches
10 to 15%. The emanation is collected from the soil by a method
given by Elster and Geitel, i.e., through a pipe driven into the ground
(see Fig. 1). Steel pipes are used, and they supply the air from 0.1-,
0.4- and 0.9-m depth. An evacuated ionization chamber is connected
to the pipes, and the vacuum of the chamber is used as a pump for
suction of the ground air into the ionization chamber itself. For
calibration the chamber is tested with 2 2 2 Rn gas.

SC fP IONIZATION CHAMBER

jGROUND
INTAKE TUBE

SC

11

TO
VACUUM PUMP
AND
PRESSURE GAUGE

Fig. 1 Schematic arrangement of the apparatus for
measurements. SC = stopcocks; R = resistance, 10 1 ' £2.
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TABLE 1
22

Concentrations of ° Rn and 2 2 2 Rn at Different
Depths for Different Pressur~ Conditions
Barometr.c: pressure, mb
Concentration

Depth

971

993

1007

1028

222

R n , pCi/liter

0.1 m
0.4 m
0.9 m

1020
1280
1720

1040
1380
1810

440
590
1160

520
650
1220

220

R n , pCi/liter

0.1 m
0.4 m

3220
3570

2620
3120

2430
3170

2340
3780

The background current is less than 1% of the measured values,
and the lower limit of the measurable emanation content is from the
calibrations found at about 1 pCi/liter. The accuracy of the measured
radioactivity is about 10% over much of our range of measurement.
In this paper we show the variations in the concentration of the
radioactive gases in the soil are related to the meteorological
parameters of wind speed and atmospheric pressure. The wind speed
is measured by a cup anemometer with electrical recording. The
anemometer is mounted 10 m above the ground and about 100 m
north of the observatory building. The accuracy of the wind
measurements is about ±0.1 m/sec. The atmospheric pressure is
recorded indoors by a conventional barograph. The accuracy of the
pressure measurements is about ±0.2 mb.
In the present investigation the data represent 64 samples from
each of three depths—0.1 m, 0.4 m, and 0.9 m—from September
to December. Measurements of 2 2 0 Rn at the 0.9-m depth are highly
uncertain owing to the longer time of suction of the soil air.
Therefore the 2 2 0 Rn data refer only to the depths of 0.1m and
0.4 m. The connection between barometric » r"...,ure and 2 2 2 Rn and
22O
Rn in soil air at different depths if.
r d. The values of
radioactivity and average barometric pressuie ;i -' annfe the last 3 hr
before the observation are arranged in groups for p < 980.
980-1000, 1000-1020, and p> 1020 mb. Group means are
calculated for p and 2 2 2 R n and 2 2 0 Rn concentrations. The group
means are given in Table 1.
The standard deviations of the observations in every group are
fairly high, about 50% for 2 2 2 Rn and about 25% for 2 2 °Rn. Table 1
shows decreasing concentration of 2 2 2 Rn with increasing atmospheric pressure. This seems to be valid for all levels. The effects of
atmospheric pressure on the 2 2 0 R n in the soil gas seem, however, to
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be less obvious. It has been observed (Kraner, Schroeder, anu Evans,
1964) that barometric pressure influences the 2 2 2 Rn gases to rather
great depths and appears to influence the entire concentration
gradient. Consequently we could expect a short-range displacement
of soil gas moving under the influence of a pressure gradient between
the atmosphere and soil gas at depths. As the barometric pressure
rises, 2 2 2 Rn free air flows into the surface soil layers, displacing and
forcing to greater depth the soil gas initially in these surface layers.
This displacement is continued progressively to greater depths. The
opposite effect would occur during a falling barometer.
As mentioned before, however, some earlier investigations (e.g.,
Bender, 1934) show that rising barometric pressure increases the
emanation content of the air in the soil whereas decreasing pressure
causes the opposite effect. On the other hand, the structure of the
soil and the soil conditions varies fairly much from place to place and
from time to time. No connections have been observed in our data
between atmospheric pressure change and the concentration of
222
Rn and 2 2 ° Rn in the soil gas.
The influence of wind speed on the content of natural
radioactivity in the air above the ground is generally known. Its
effect on the 2 2 2 R n and the 2 2 O Rn concentration in soil gas is less
known. Kraner. Schroeder, and Evans (1964) show a trend indicating
that high wind speeds produce a depletion of radon concentration in
soil gas down to more ihan 1 m. In the present investigation the wind
influences on the radioactivity in the soil air are studied. Data of
wind speed u and radioactivity are arranged in groups foru < 2, 2 to
4.5, 4.5 to 7, 7 to 9.5, and u > 9.5 m/sec, respectively. Here u refers
co the mean wind speed during the 2 hr before the observation. The
group means are computed and given in Table 2. The standard
deviation of the observations in every group is about 50% for 2 2 2 Rn
TABLE 2
Concentrations of ° Rn and 2 2 : Rn at Different
Depths for Different Wind Speeds
2 2

Wind speed at 10 m, m/sec
Concentration
222

22

R n , pCi/liter

°Rn, pCi/liter

Depth

1.5

0.1 m
0.4 m
0.9 m
o.: m
0.4 m

2710
3220

3.2

5.7

7.9

980

700

1240
2040

1010
1560

540
800

630
770

1190

1190

2670
3180

2010
3360

2450
4180
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and 25% for 2 2 0 R n . The diagrams show a decreasing concentration
of 2 2 2 Rn with increasing wind speed. This trend seems to be valid at
all depths. The connection between the variations of 2 2 0 Rn and the
wind seems, however, to be less marked.
The data in Table 2 include several soil conditions. But the
general trend, decreasing 2 2 2 R n content of the soil gas with
increasing wind speed, seems to be valid for many soil conditions,
including snow-covered and frozen ground, wet ground surface, and
dry ground surface.
We have no real explanation for the wind effects on the 2 2 2 Rn
concentration of the soil gases. The classical Bernouilli effect does
not appear to be credible, because the mean wind is almost zero near
the surface. However, the turbulent fluctuations near the ground
could cause a pumping effect on the soil gases. Further, the
magnitude of turbulent fluctuations increases with wind speed
(Lumley and Panofsky, 1964). This fact may explain the wind effect
on the radon content in the soil gas. The data in the present
investigation are, however, too limited to draw definitive conclusions. Therefore we plan later on to study more closely the effect of
turbulence on the radioactive gases in the soil.

EXHALATION OF 220 Rn FROM THE GROUND SURFACE
Several methods have been used to determine the net 2 2 2 Rn flux
across the earth—air interface (Wilkening, Clements, and Stanley,
1972). Measurement of the vertical distribution of 2 2 0 Rn above a
site where the emanation is constant enables us to determine the
diffusion profile near the ground. If this emanation is not constant in
space, the problem is more difficult. We must, therefore, know the
emanation rate at each point of the plane source. Thoron exhalation
rates related to measurements of 2 3 2 Th in the earth's crust are given
by Israel (1961) and Jacobi and Andre (1963).
The exhalation of 2 2 O Rn determined from measurements of the
flux into an accumulator volume set on the ground is given by Styra,
Nedveckaite, and Senka (1970), Guedalia et al. (1970), Israel,
Hobert, and de la Riva (1970), and Horbert (1972). Further exhalation rates based on the 2 2 0 R n content in the near-ground air layer
are calculated by, e.g., Crozier and Biles (1966). Measurements of the
22
° Rn content in the soil gas at Marsta Observatory indicate great
variations in the 2 2 0 R n concentrations. To eliminate the effect of
wind speed on the exhalation-measuring technique, we determined
the exhalation rate by measuring the integrated 2 2 ° Rn content in a
vertical volume.
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Measurements of the 2 2 0 Rn in the atmosphere (Crozier and
Biles, 1966) show that the peatest part of the 2 2 °Rn amount in the
atmosphere is located in the layer quite near the ground. Our
measurements at Marsta Observatory (Israelsson et al., 1972) indicate
fairly small horizontal gradients of the 2 2 ° Rn concentration in the
air near the ground. These results make it possible to use the vertical
distribution of 2 2 0 R n for determination of the 2 2 0 R n exhalation.
The apparatus used is presented by Israelsson, Knudsen, and
Ungethiim (1973a).
From measurements made during 3 months, no clear relationship
between the wind speed and the 2 2 ° Rn exhalation is observed. When
studying the influence of wind on the exhalation rate of 2 2 0 R n
during shorter periods, approximately 6 hr, we can, however, note a
linear relation between exhalation and wind speed. The exhalation
rate can increase with increasing wind speed, but in some other
observation series the exhalation decreases with increasing wind
speed.
Some studies of the 2 2 0 R n exhalation based on accumulator
measuring methods are presented in the literature. Guedalia et al.
(1970) showed high exhalation values at night and small values
during the day. Styra, Nedveckaite, and Senka (1970), however,
obtained a maximum in the exhalation in the evening.
A limited number of investigations of the influence of precipitation on the 2 2 0 R n exhalation are given in the literature. Israel,
Hobert, and de la Riva (1970) obtained a decrease in the exhalation
during a rainfall. Styra, Nedveckaite, and Senka (1970) noted a
decrease in the exhalation after rainfalls, and Guedalia et al. (1970)
found an influence of the soil moisture on the emanation, i.e., a
decrease in the 2 2 0 R n emanation with increasing moisture. The
percentage change of the exhalation rate is determined here. The
rainfalls are divided into intensity intervals of < 0.5, 0.5 to 2.5, and
> 2.5 mm/hr. The rainfall intensity is obtained from autographic
records. To show the change of the 2 2 0 R n exhalation in connection
with precipitation, the mean 2 2 0 R n exhalation is calculated 1 hr
before, during, and 1 hr after the rainfall. The results from the
measurements are shown in Table 3. The hourly mean wind at the
height 10 m, ul0, is also given in the table. The figures in brackets
refer to the standard deviation.
Table 3 also shows that the exhalation rate of 2 2 ° Rn decreases
during the passage of the rainfalls. The decrease in the exhalation
rate is greatest with high rainfall intensities. After rainfall we
sometimes note an increasing exhalation rate. On the averse the
changes in wind speed during the passages of rainfall are fairly slight.
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TABLE 3

Exhalation of 2 2 ° Rn from Ground Surface in Connection with Rain
Rainfall
intensity.

1 hr after
rainfall

1 hr before

rainfall

During rainfall

mm/hr

E, %

u,o, m/sec

E, %

u i o • m/sec

E,:%

0.5
0.5-2.5
2.5

100
100
100

4.5
3.6
3.6

88 (16)
90 (9)
73 (U)

3.9
3.6
3.4

104 (20)
95 (15)
78 (12)

U, 0 ,

m/sec

4 .9
3 .5
3 .3

No. of
rainfalls
5
7
7

The changes in the exhalation rate due to this cause thus can not be
great.
We also determined the change with time of the 2 2 0 Rn
exhalation during the passage of rainfalls. The change with time of
the exhalation is expressed in percent of the mean exhalation during
1 hr before the rainfall passage. Measurements from 12 observational
series show a decrease of the exhalation of about 11.8% per hour.
The standard deviation is 14.0%.
CONNECTIONS BETWEEN ATMOSPHERIC STABILITY AND
NATURAL RADIOACTIVITY

The behavior of the natural radioactivity in the atmosphere has
been thoroughly researched over many years at different places and
discussed in connection with meteorological variables (Wilkening,
1959; Kirichenko, 1962; Jacobi and Andre, 1963; Reiter, 1964;
Israel, 1965; Pearson and Moses, 1966; Fontan et al., 1966; Israel,
Hobert, and de la Riva, 1S70; Hosier, 1969; Ikebe and Shimo, 1972;
Druilhet, 1973).
When comparing the results from different measurements of the
natural radioactivity, we are immediately struck by the effects of
thermal stratification and wind speed on the concentration of the
radioactivity. Instead of separate parameters, the use of a convenient
stability parameter should be more valuable. The stability parameter
used here is
S=

AT + 0.3
"10

(1)

where AT is the temperature difference, AT + 0.3 is the potential
temperature difference between the heights 0.5 and 32 m above the
ground, and ul 0 is the hourly mean wind speed at 10 m above the
ground surface.
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Fig. 2 Concentrations of 2 2 2 Rn and 22° Rn as a function of stability parameter
S. The number of observations in every group averages 84.

The natural radioactivity, here 2 2 2 R n , 2 2 0 R n , and their decay
products (beta activity), is measured in the layer 0.3 to 0.5 m above
the ground surface. Radon-222 and 2 2 0 R n are measured with
ionization chambers (Israelsson, Knudsen, and Ungethiim, 1973a)
and natural beta activity with an air monitor. The result of the
measurements of natural beta activity and atmospheric stability S is
given by Israelsson, Knudsen, and Ungethiiim (1973b).
The stability parameter S is arranged in groups, for S < —0.1,
—0.1 to —0.01, —0.01 to +0.01, +0.01 to +0.1, +0.1 to +1.0, +1.0 to
+10, and S > +10°C m~ 2 sec2. Group means of 2 2 2 Rn and 2 2 0 R n
concentrations given vs. log S are computed and plotted in Fig. 2.
The vertical lines refer to standard deviation (SD) for individual
group means. The diagrams in Fig. 2 agree fairly well with the results
for natural beta activity given by Israelsson, Knudsen, and Ungethiim
(1973b). In a broad stability range, from unstable to slightly stable
conditions (S < 0.1), the concentrations of 2 2 2 R n and 2 2 0 R n are
fairly constant. For stability values, S > +0.1, a pronounced increase
of natural radioactivity can be noted.
The vertical distribution of natural beta activity can also in a
simple way be expressed in terms of atmospheric stability, S
(Israelsson, Knudsen, and Ungethiim, 1973b). Here also, increasing
vertical gradients are observed for S > +0.1.
MEASUREMENTS 01 HORIZONTAL DISTRIBUTIONS OF
NATURAL RADIOACTIVITY

Under what meteorological situations can representative measurements of the horizontal distribution of natural radioactivity be
carried out? Therefore, on a flat terrain (100 km 2 ) around the
observatory with very few obstacles, a mobile station for measuring
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R n and 2 2 0 R n (Israelsson, Knudsen, and Ungethum, 1973a) has
been used to obtain information about the connections between
atmospheric stability and horizontal changes of natural radioactivity.
From the height 1 m and from 20 points distributed on the flat, the
concentrations of 2 2 0 R n and 2 2 2 R n are compared with the
meteorological profile data, here S, as defined by Eq. 1. The profile
data refer to a point within the measurement site, the Marsta
Observatory. From measuring periods varying from 3 to 4 hr, the
individual mean values x and standard deviations a of every series are
determined together with the stability parameter S. The quotient
a/(x)^ in percent is calculated for S, arranged in groups S < —0.01,
- 0 . 0 1 to +0.01, +0.01 to +0.1, +0.1 to +1.0, and S > +1.0° C m~ 2
sec 2 . Group means are computed from 15 series of measurements
and plotted in Fig. 3, where the quotient a/(x)^ is plotted against
logS.
In a broad stability range, from unstable to light stable, (S = 0.1
to 1.0), a/(x)^ for 2 2 2 R n is fairly constant. For stability values
above S = +1.0, a pronounced increase of a/(x)1* can be noted. For
220
R n , with shorter half-life, a more rapid increase of a/(x)'* can be
observed for lower S values than for 2 2 2 Rn, here about +0.1.
Great changes in the horizontal and vertical gradients of the
natural radioactivity in the air on a fairly homogeneous flat terrain
can be observed for S values greater than +0.1°C m~ 2 sec2 (see Fig. 2
and Israelsson, Knudsen, and Ungethum, 1973b). Representative
measurements of natural radioactivity can be made for S < +0.1°C
m~ 2 sec2, or under unstable, near-neutral, or light stable conditions.
TIME VARIATIONS OF NATURAL RADIOACTIVITY IN
THE ATMOSPHERIC SURFACE LAYER
From many aspects, such as measurement technique and environmental studies, a knowledge of the time variations of the natural
radioactivity are useful. Rapid fluctuations of the natural alpha
activity representing frequencies higher than a cycle per 10 min are
mainly caused by the turbulent fluctuations of the air {Israelsson
et al., 1972).
In the intermediate scale of variations, many measurements of
time variations from some hours to some days are presented in the
literature (Druilhet, 1973; Israelsson, Knudsen, and Ungethum,
1973b). For these frequencies, the variations of natural radioactivity
are quite consistent with the variations of temperature and wind
speed. Measurement of variations of the natural radioactivity for
periods of some weeks to some months is, however, scarce. Lockhart
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Fig. 3 Horizontal variations of natural radioactivity as a function of stability
parameter S.

(1959), Mattson, Helminen, and Sucksdorff (1985), Malakhov and
Chernysheva (1967) have presented data from long periods.
The exhalation of natural radioactivity from the ground surface
is very dependent on the soil conditions. Therefore, in the present
study, long-time variations of the natural beta activity at the height
0.5 m are compared on the basis of variations in the groundwater
level and precipitation by using cross-spectrum analysis (see Dixon,
1971). The coherence square can vary from 0 to 1 and is analogous
to the square of a correlation coefficient, except that the coherence
is a function of frequency. The frequency range is here from 0.2 to
0.01 cycles/day. For some frequencies, standard deviations are
calculated. Data for the coherence square, COSQ, between natural
beta activity, /3JJ, and precipitation, R, measured in millimeters per
day, calculated from daily mean values, are shown in Fig. 4.
Maximum coherences are associated with frequencies corresponding
to periods of 1 to 3 weeks, where COSQ is varying from 0.50 to
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Fig. 4 Coherence spectrum of natural beta activity and precipitation.
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Fig. 5 Coherence spectrum of natural beta activity and groundwater level.

0.75. For the highest and the lowest frequency ranges, COSQ is
about 0.40. A pronounced minimum, COSQ = 0.25, is observed for
periods of about 1 month.
The corresponding coherence spectrum of natural beta activity,
0N , and groundwater level, G, measured in centimeters below ground
surface once per day is shown in Fig. 5. We note increasing coherence
values for decreasing frequency. For the frequency 0.01 cycles/day,
the COSQ value is nearly 0.90. Although for the frequency of 0.05
cycles/day, COSQ is only 0.40. Thus high coherences can be
obtained only for variations corresponding to periods longer than 2
months.
We conclude from Figs. 4 and 5 that the precipitation influences
most the atmospheric radioactivity for periods with lengths about 1
to 3 weeks, while the groundwater, however, is of importance for
times longer than 2 months.
THE INFLUENCE OF NATURAL RADIOACTIVITY ON THE
ATMOSPHERIC ELECTRICAL ENVIRONMENT
Many investigations have contributed to our knowledge about
the connection between atmospheric radioactivity and electricity
(Bricard, 1965; Gibson, Richards, and Docherty, 1969; Huzita,
1968; Israel, 1970 and 1973; Miranda, 1958; Reiter, 1964; and
Wilkening, 1977), but many problems remain to be solved (see, e.g.,
Boeck, 1977).
The existence of local electric generators in the atmosphere is
caused by the infusion of ions in the atmosphere caused by the
radioactivity. That and the connections between rapid fluctuations
of natural alpha activity and small-ion number density and space-
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Fig. 6 Space-charge density vs. alpha activity gradient. The number of observations in every group averages 15.

charge density are shown by Crozier (1965), Hoppel (1969), and
Israelsson (1978).
The influence of natural beta activity of the air on the polar
conductivity for variations representing frequencies corresponding to
periods of an hour to some days is treated by Israelsson et al. (1975).
The diurnal variations are most pronounced. In this type of study,
the atmospheric stability conditions are of prime concern. Other
studies (Israelsson and Jacobsson, 1978) also showed a pronounced
effect of the natural beta activity upon the electric field in the
atmospheric surface layer.
The importance of the concurrence of natural radioactivity and
the electric field can be observed in studies of the space-chargedensity production near the ground surface. From simultaneous
measurements of space-charge density, electric field and natural
beta activity (Knudsen, Ungethtim, and Israelsson, 1974), the effects
of the natural beta activity on the space-charge formation can be
seen in Fig. 6, where the space-charge density in the layer 0 to 3 m is
plotted against the alpha activity gradient calculated for the heights
0.2 to 1.2 m. The data on the space-charge density, p, are arranged in
groups for p > +100, +100 to 0, 0 to —200, —200 to —400, —400 U
—600, —600 to —900, and p > —900 elementary charges per cubic
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centimeter. Group means are computed together with standard
deviations for individual group means, the vertical lines in Fig. 6.
From the diagram we note a. near-linear relationship between
space-charge density and natural alpha activity gradient.
During conditions with small vertical exchanges, pronounced
22
°Rn gradients are formed quite near the ground surface, producing
a high ionization rate in a very limited layer near the ground surface.
Because of the small turbulent eddies, the electrical effects can now
influence the ion separation and thus form negative space-charge
densities. The positive ions are moving in the direction of the ground
and thus causing positive space charges in the layer nearest the
ground surface and negative space charges above this very low layer.
Increasing alpha activity gradients consequently give greater spacecharge densities.
For high wind speeds the exchange between the different layers
gives smaller ionization gradients. Under these conditions the layers
with positive space charges are stretched to higher levels. Therefore,
under small alpha activity gradients, positive space-charge densities
are observed.
SUMMARY
In this study, meteorological influences on atmospheric radioactivity and the effects of radioactivity on the electrical environment
are investigated. Mainly the study is to determine under what
meteorological conditions representative measurements of natural
radioactivity can be made.
From measurements of 2 2 2 Rn and 2 2 ° Rn content of soil gas, we
found that especially high wind speed produces a depletion of 2 2 2 Rn
concentration. This is valid for many kinds of soil states. For 2 2 ° Rn,
however, these effects seem to be less pronounced. The humidity of
the soil is also of importance, especially for the exhalation from the
ground surface.
From measurements of natural radioactivity on a flat terrain
(100 km 2 ), the horizontal and vertical gradients are fairly small in a
broad stability range, from unstable to slightly stable (S < +0.1°C
m~ 2 sec 2 ). This is valid especially for 2 2 2 Rn and the decay products
of 2 2 2 R n and 2 2 0 Rn. Representative measurements of natural
radioactivity ought to be carried out for stabilities S < 0.1°C m~ 2
sec 2 .
Longtime variations of the natural radioactivity in the atmosphere are dependent on the groundwater and precipitation
conditions—groundwater for periods longer than 2 months and
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precipitation for periods of 1 to 3 weeks. For rapid fluctuations,
however, the turbulent eddies are of prime concern.
Because of the ionization processes, the radioaethity is of main
importance for the electrical environment in our surroundings. That
is valid especially for the ions and the polar conductivity. The
radioactivity also seems to be connected to the space-charge
production near the ground surface.
ACKNOWLEDGMENTS
The measurements were made possible by grants from the Knut
and Alice Wallenberg Fund and the Swedish Natural Science Council.
I am greatly indebted to G. H. Liljequist and R. Siksna* for their
guidance and discussions.

REFERENCES
Bender, H., 1934, Uber der Gehalt der Bodenluft an Radiumemanation,
Gerlands Beitr. Geophys., 41: 401-415.
Boeck, W. L., 1977, Krypton 85, a Global Contaminant, in Electrical Processes
in Atmosphere, Symposium Proceedings, Garmisch-Partenkirchen, Germany,
Sept. 2—7, 1974, pp. 713-715, Dr. Dietrich Steinkopf Verlag, GmbH & Co.
KG, Darmstadt.
Bricard, J., 1965, Action of Radioactivity and of Air Pollution upon Parameters
of Atmospheric Electricity, in Problems of Atmospheric and Space Electricity, Symposium Proceedings, Elsevier Publishing Company, Amsterdam—
London—New York.
Crozier, W. D., 1965, Atmospheric Electrical Profiles Below Three Meters, J.
Geophys. Res., 70: 2785-2792.
, and N. Biles, 1966, Measurements of Radon 220 (Thoron) in the
Atmosphere Below 50 Centimeters, J. Geophys. Res., 7 1 : 4735-4741.
Dixon, W. J., 1971, Biomedical Computer Programs, No. 2, University of
California Publication in Automatic Computation, University of California
Press, Berkeley.
Druilhet, A., 1973, Etude des transferts turbulents de matiere dans Vatmosphere
an uoisinage du sol. Thesis, University Paul Sabatier, Toulouse, France.
Fontan, J., A. Briot, D. Blanc, A. Bouville, and A. Druilhet, 1966, Measurements
of the Diffusion of Radon, and Their Radioactive Daughter Products in the
Lower Layers of the Earth's Atmosphere, Tellus, 18: 623-632.
Gibson. J. A. B., J. E. Richards, and J. Docherty, 1969, Nuclear Radiation in the
Environment—Beta and Gamma Dose Rates and Air Ionization from 1951
to 1968, J. Atmos. Terr. Phys., 31(9): 1183-1190.
Guedalia, D., J.-L. Laurent, J. Fontan, D. Blanc, and A. Druilhet, 1970, A Study
of Radon 220 Emanation from Soils, J. Geophys. Res., 71(20): 4735-4745.
•Now deceased.

224

ISRAELSSON

Hoppel, W. A., 1969, Electrode Effect: Comparison of Theory and Measurement, in Planetary Electrodynamics, Symposium Proceedings, Tokyo, May
1968, S. C. Coroniti and J. Hughes (Eds.), pp. 106-116, Gordon and Breach
Science Publishers, New York.
Horbert, M., 1972, Austausch-und Exhalations-Messungen in einen Waldgebiet
mittels-Radon-220 ais Tracer, Arch. Meteorot. Geophys. Bioklimato!., 21:
211-220.
Hosier, C. R., 1969, Vertical Diffusivity from Radon Profiles, J. Geophys. Res.,
74: 7018-7026.
Huzita, A., 1968, Effect of Radioactive Fallout upon Electrical Conductivity of
the Lower Atmosphere, in Planetary Electrodynamics, Symposium Proceedings, Tokyo, May 1968, S. C. Coroniti and J. Hughes (Eds.), pp. 49-57,
Gordon and Breach Science Publishers, New York.
Ikebe, Y., and M. Shimo, 1972, Estimation of the Vertical Turbulent Diffusivity
from Thoron Profiles, Tellus, 24: 29-37.
Israel, G. W., 1965, Thoron ( 2 2 0 R n ) Measurements in the Atmosphere and Their
Application in Meteorology, Tellus, 17: 383-388.
Israel, H., 1961, Zur Vergleichbarkeit von Radioaktivitats-Messungen,
Atomkernenergie, 6(5): 218.
, 1970, Atmospheric Electricity I: Fundamentals, Conductivity, Ions, NTIS.
. 1973, Atmospheric Electricity II: Field, Charges and Currents, NTIS.
, M. Hobert, and C. de la Riva, 1970, The Eddy Transfer of Active and
Passive Contaminants in the Atmospheric Boundary Layer, Final Technical
Report, Report AD-716-351 (Contract DAJA 37-69—C-l348), U. S. Army,
NTIS.
Israelsson, S., 1975, Measurements of the Natural ^-Activity and the Atmospheric Polar Conductivity in the Atmospheric Surface Layer, Atmos.
Environ., 9: 121-129.
, 1978, On the Conception 'Fair Weaiher Condition1 in Atmosphe-ic
Electricity, Pure Appl. Geophys., 115(1): 149-158.
, and C. Jacobsson, 1978, Relationships Between Micro-Meteorological,
Radioactive and Atmospheric Electrical Parameters in the Atmospheric
Surface Layer Under Fair Weather Conditions, Department of Meteorology,
University of Uppsala, Uppsala, Sweden, in preparation.
, E. Knudsen, and E. Ungethum, 1973a, Simultaneous Measurements of
Radon (Rn 2 2 2 ) and Thoron ( R n 2 2 0 ) in the Atmospheric Surface Layer,
Tellus, 25(3): 281-290.
, E. Knudsen, and E. Ungethum, 1973b, On the Natural(3-Activity of the Air
in the Atmospheric Surface Layer, Atmos. Environ., 7: 1127-1137.
, E. Knudsen, E. Ungethum, and L. Dahlgren, 1972, On the Natural
a-Activity of the Air near the Ground, Tellus, 24(4): 368-379.
Jacobi, W., and K. Andre, 1963, The Vertical Distribution of Radon-222,
Radon-220 and Their Decay Products in the Atmosphere, J. Geophys. Res.,
68: 3799-3811.
Kirichenko, L. V., 1962, The Vertical Distribution of the Products of Decay of
Radon in the Free Atmosphere, in Problems of Nuclear Meteorology, I. L.
Karol' and S. G. Malakhov (Eds.), Atomizdat, Moscow.
Knudsen, E., E. Ungethum, and S. Israelsson, 1974, Improved Recording
Technique of Space Charges with the Faraday's Cage Method, Gerlands
Beitr. Geophys., 83: 325-326.
Kovach, E. H., 1944, An Experimental Study of the Radon-Content of Soil-Gas,
EOS, Trans. Am. Geophys. Union, Part IV, 25: 563-571.

METEOROLOGICAL INFLUENCES ON ATMOSPHERIC RADIOACTIVITY

225

Kraner, H. W., G. L. Schroeder, and R. D. Evans, 1964, Measurements of Effects
of Atmospheric Variables on Rn-222 Flux and Soil Gas Concentration, in
The Natural Radiation Environment, NRE I, Conference Proceedings,
Houston, Tex., Apr. 11—13, 1963, pp. 191-215, University of Chicago Press,
Chicago.
Lockhart, L. B., 1959, Atmospheric Radioactivity Levels at Yokosuka, Japan,
1954—1958,./. Geophys. Res., 64(10): 1445-1449.
Lumley, J., and H. Panofsky, 1964, The Structure of Atmospheric Turbulence,
Interscience, New York.
Malakhov, S. G., and P. G. Chernysheva, 1967, On the Seasonal Variations in the
Concentration of Radon and Thoron in the Surface Layer of the
Atmosphere, in Radioactive Isotopes in the Atmosphere and Their Use in
Meteorology, Atomizdat, Moscow.
Mattson, R., V. A. Helminen, and C. Sucksdorff, 1965, Some Investigations of
Airborne Radioactivity with a View to Meteorological Applications, Finnish
Meteorological Office Contributions No. 58, Helsinki.
Miranda, J. G. A., 1958, The Ionization Due to Beta Radiation from the
Atmosphere,-/ Geophys. Res., 63: 147-154.
Norinder, H., A. Metnieks, and R. Siksna, 1952, Radon Content of the Air it< the
Soil at Uppsala, .4rk. Geofys., 1: 571-579.
Pearson, J. E., and H. Moses, 1966, Atmospheric Radon-222 Concentration
Variation with Height and Time, -/. Appl. Meteoro!., 5: 175-181.
heiter, R., 1964, Felder, Sirome und Aerosole in der unteren Troposphdre.
Dr. Dietrich Steinkopf Verlag, GmbH & Co. KG, Darmstadt.
Styra, B. I., 1968, The Self-Cleaning of the Atmosphere from Radioactive
Contamination, Gidrometeorizdat, Leningrad.
, T. N. Nedveckaite, and E. E. Senka, 1970, New Methods of Measuring
Thoron (Rn-220) Exhalation, J. Geophys. RPS., 75: 3635-3642.
Wilkening, M. H., 1959, Daily and Annual Courses of Natural Atmospheric
Radioactivity,-/. Geophys. Res.. 64: 521-526.
, 1977, Influence of the Electric Fields of Thunderstorms on Radon-222
Daughter Ion Concentrations, in Electrical Processes in Atmospheres.
Symposium Proceedings, Garmisch-Partenkirchen, Germany, Sept. 2—7,
1974, pp. 54-59, Dr. Dietrich Steinkopf Verlag, GmbH & Co. KG,
Darmstadt.
, W. E. Clements, and D. Stanley, 1972, Radon 222 Flux Measurements in
Widely Separated Regions, in The Natural Radiation Environment, Vol. II,
Symposium Proceedings, Houston, Tex., Aug. 7—11, 1972, J. A. S. Adams,
W. M. Lowder, and T. F. Gesell (Eds.), ERDA Report CONF-720805-P2,
pp. 717-730, Rice University and the University of Texas, Houston, NTIS.

Use of Natural Radioactive Tracers
for the Determination of Vertical
Exchanges in the Planetary
Boundary Layer

AIME DRUILHET. DANIEL GUEDALIA, and JACQUES FONT AN
Universite Paul Sabatier. Toulouse. France

ABSTRACT
Methods for determining the vertical exchange coefficients in the planetary
boundary layer using the natural radioactive tracers radon (
Rn), thoron
( : " '3 Rn l. and ThB I 2 ' 2 Pb) are presented here. These tracers have very different
half-lives and their choice depends on the movement scale studied. Thoron (Ti? =
54 sec) was used for the surface layer. The main results are given for two
applications: ve tical exchange studies above a flat country and inside a
vegetable canop Owing to its lifetime, radon can be used for the nocturnal
stabilities thai h; e an important concentration increase near the ground. For
the planetary- boundary layer (0 to 2000 m), ThB (Ti, = 10.6 hr) was mainly
used. Vertical distributions of this tracer were obtained by aircraft sampling, and
this allowed study of the exchanges through the stable layer remaining above the
con%-ective layer during daytime.

We have carried out several studies with the aim of measuring matter
exchanges in the planetary boundary layer using radioactive tracers
(radon, thoron, and their short-lived decay product). The most
striking feature of these tracers is that they allow in a simple way the
measurement of vertical transfers at several scales of space and time.
They present a relatively homogeneous source at ground level, and
therefore the study of vertical transfers is easy; they are chemically
passive and follow a well-known evolution law, at least for gases.
Because of the existence of radionuclides of different half-lives, they
can be used at different scales, i.e., surface layer, planetary boundary
layer, etc.
The disadvantage of the radioactive-tracer method for the
transfer study is that we can only observe the whole effect of
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exchanges and not the elementary process whose effects are
integrated by the tracer. The radioactive half-life must be adapted to
the time scale of the exchanges studied because of the tracer's
memory effect: if the half-life is too short, the effects of movements
whose scale is greater than the half-life are not correctly integrated.
This paper presents the results of three studies on the measurement
of vertical exchange coefficients for matter in the surface and
planetary boundary layers. Three tracers have been used: thoron
( 22 DRn), radon (2 22 Rn>, and ThB ( 2 ' 2 Pb).

USE OF THORON IN THE STUDY OF THE 0- TO 15m LAYER
The vertical diffusion coefficient is deduced frGm Fick's first
law:

where <!>(Zj) is the vertical flux of the tracer at the Zj level and
(3C/9z)Zi is the concentration gradient of the tracer at the z; level.
The horizontal gradient of the concentration is equal to zero
owing to the source geometry (infinite plane source).
We obtained the flux at the Zj level from the following relation:
4>(Zi) = / z "XC(z)dz

(2)

The measurement is in fact limited to a z m level. The z m < z < °°
concentration profile is obtained from an exponential extrapolation.
However, the contribution of this integral part is low; indeed, the
concentration rapidly decreases with altitude owing to the short
half-life of thoron (54 sec). Thus $(ZJ) and also (9C/9z)Zi calculations are possible.
However, the short half-life of thoron presents a disadvantage.
The movements whose time scak is greater than the thoron half-life
are not correctly integrated by the tracer. We have shown (Druilhet
and Fontan, 1973a) that the ratio between the Kr coefficient
measured with a radioactive tracer and the K coefficient corresponding to a stable tracer is given by

£

(3)

DRUILHET, GUEDALIA, AND FONTAN

228

where X is the radioactive decay constant and e 0 is the Lagrangian
time scale. Considering e 0 = 10 sec (Pasquill, 1962; Munn, 1966), the
coefficient is underestimated by 10%. When the diffusivity profile
follows a power law K = K o z n , n is underestimated and Ko is
overestimated if a'radioactive tracer is used.
Two types of experiments have been carried out, one on a flat
site and the other in vegetal cover. Thoron concentration is measured
at nine levels with three large ionization chambers according to
Israel's method (Israel and Israel, 1966).
Cleared Flat Site

During an 8-month period, measurements were carried out at
Charles de Gaulle Airport, Roissy. Because of its short half-life,
thoron variations relative to time and altitude are complex. Near
ground level the concentration fellows the stability cycle with a
minimum at daytime and a maximum at nighttime. This variation is
reversed at 15 m.
From these measurements, we have deduced the variation of the
parameters Ko and n of the power law. The results are shown in
Fig. 1. The daily variation of the stability is, on the average,

1.8 —

1.6 —

— 6 x icr 2

— 4 x 10-2

— 2 x 10"2

1.0
2400

Fig. 1 Mean daily variation for Ko and n computed from thoron
profiles.
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Fig. 2 Mean daily variation of diffusivity computed from thoron
profile for different heights.

moderate at ground level; as we can see from Fig. 2, this is due to
mechanical turbulence near the ground.
Vegetation Canopy

This study has been accomplished with the cooperation of the
INRA Biometeorology Laboratory (Versailles). Turbulent transfers
inside a vegetal cover are important data for the study of the
vegetation growth. Measurement of these transfers with a direct
method is delicate. Thoron is very interesting in this context. Its
source is at ground level, in contrast to water and CO2, and it is a
passive tracer for vegetation. Here the spatial scale of turbulence is
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reduced because of leaves. Moreover, the concentrations to be
measured are more important than on a cleared flat site because of
frequent reworking of the soil, which causes the flux to be more
important. Sampling points are located on a 3-m grid to secure a
good horizontal homogeneity of the sampled air (Druilhet et al.,
1971).
Figure 3 shows the peculiar structure of diffusivity profiles in a
maize canopy. Experimental profiles present nonmonotonic variation
as a function of z with an increase in the value of K at a level below
the maximum density of the leaves. It is important to note that the
level of the diffusivity maximum within the vegetation is not
absolutely constant. Temperature variations between leaves and air
differ with level and depend on the biological activity of the plants;
they can explain the diffusivity profiles already observed.
Figure 4 shows variations of the exchange coefficients during the
day at different levels. They are deduced from the average field
concentrations. The coefficients are about 10 times lower than they
are on a flat site. We can finally note that fluctuations of
concentrations are different from those observed on a flat site. Slow
oscillations of some minutes are observed in the canopy; they also
exist for temperature and CO2 •
USE OF RADON AND ThB IN THE SURFACE LAYER
The half-life of radon (3.8 days) is too long for studies of
exchanges in the surface layer. Equation 1 cannot be used to obtain
exchange coefficients. Indeed, it is impossible to calculate the
Instantaneous flux with Eq. 2 except for the stable periods,
3C/3z-O.
Radon, however, constitutes a homogeneous source at ground
level. Radon is chemically inactive and can be easily detected in a
continuous way. During stable periods, radon builds up in the lower
layers, and then it can be used to study vertical exchanges. ThB has a
more convenient radioactive half-life for studies in the surface layer.
However, it is more difficult to detect than radon. Moreover, it does
not come directly out of the ground but is produced from thoron
decay.
Continuous measurements of radon and ThB have been carried
out during 2 years at three levels (1.5, 30, and 100 m) at Roissy
(Druilhet and Fontan, 1973a, 1973b). Radon concentration is
measured with the decay chamber method (Fontan, 1964), and ThB
is measured with the alpha—beta coincidence method. The disadvan-
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tage of the second method is the long ThB time constant, which
limits the experimental precision.
For all measurements of radon and ThB, we have calculated the
exchange coefficient K from the relation
•tr

—

4=
(dlogC/dz)2

This assumes that the tracer profile has reached a steady state.
This method leads to an overestimation of the K value, particularly
when the variations of diffusivity are rapid (Druilhet and Fontan,
1973b).
Thus it has been possible to make a statistical study of K values
as a function of the hour of the day. Figure 5 shows the variations of
the diffusion coefficient having a 35% probability of occurrence for
the 1.5- to 30-m and the 30- to 100-m layers.
During the winter months, the coefficients are rather similar in
both layers with slight variations during the day. During the summer
months, coefficients are lower in both layers but particularly in the
lower layer.
To study individual cases, we applied the following relation:
3C/3t) dz
The numerator shows flux at level z and at time t and includes
terms for (1) the flux at ground level minus the accumulation
(9C/9t > 0) or the leak (ac/3t < 0) between 0 and z level and (2) the
part that decayed in the lower layers, i.e.,
J 0 Z XCdz
As previously indicated, we have applied Eq. 5 to individual
cases. The integral calculation is done through interpolation of the
field data. Figure 6 shows radon variations C(z,t) at three levels and
Kz coefficients calculated using radon and ThB.
The differences observed between the curves obtained with the
two tracers are due to the time constant of the measured ThB
activities.
The maximum values of K generally lie between 5 and
25 m 2 /sec. The minimum values can reach 10~ 3 m2 /sec.
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Fig. 5 Diurnal variation for 35% probability to have an exchange
coefficient lower than the indicated value.
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, 1.5- to 30-m layer.
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STUDY OF EXCHANGES IN THE PLANETARY BOUNDARY LAYER
The first determinations of exchange coefficients in the troposphere with radiotracers were made with radon, assuming a steadystate situation (see, for example, Nguyen-Ba-Cuong, 1968; Nazarov
et al., 1970). However, owing to its long half-life, the radon vertical
distribution depends more on the large-scale air movements than on
the local diffusivity conditions (Assaf, 1969; Birot, 1971; Guedalia
et al., 1972; Larson and Hoppel, 1973). On the other hand, radon
can be used for the exchange coefficient calculation in the peculiar
case of a maritime air mass deficient in radon and moving forward on
the continent.
In such conditions the vertical flux at the z, level can be
calculated from two vertical distributions obtained along the wind
direction:

,

u^dz
UX

+ I

Jz

\C dz

(6)

where u is the wind velocity and dC/dx is the radon horizontal
gradient.
A discussion about such a method can be found in Guedalia et al.
(1971).
Owing to its half-life, ThB is well adapted to the study of
exchanges in the boundary layer. The vertical flux can easily be
calculated with Eq. 2, which permits Kz calculation with Eq. 1;
however, its use is limited to clear-weather situations because of the
eventual removal of ThB by cloud and rainfall action.
A Cessna Tu 206 aircraft contained the equipment for radon and
ThB measurements. The atmospheric aerosols are collected on a
20-cm-diameter filter, and the air flow is 1500 liters/min. The
sampling lasts from 5 to 15 min. After the sampling inside the plane
itself, a measurement of the activity deposited on the filter permits
the radon concentration calculation; ThB concentration is calculated
a few hours later at ground level with an alpha—beta coincidence
system that has a very small background.
The minimum detectable concentrations for a sampling time of
10 min are 0.5 pCi/m3 for radon and 0.1 pCi/m3 for ThB. Figure 7
presents an example of radon and ThB vertical profiles.
Figure 8 shows the Kz values obtained from ThB during various
flights between 1971 and 1973 as a function of the temperature
gradient in the layer considered. Two cases should be noted:
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1. For a daytime turbulent layer (thermal gradient,
<—l°C/100m), Kz coefficients already calculated are about 100
m 2 /sec or more; these coefficients determined with ThB dc not have
local significance but permit the calculation of the time needed to
obtain the mixing of an element emitted in the convective layer.
2. For the stable layers that are above the turbulent layer, Kz
values generally are less than 1 m2 /sec. If those values are plotted
against the Richardson number (Ri) (Fig. 9), a very rapid decrease of
Kz is noticed when Ri varies from 0 to 0.5. When Ri is greater than
0.5, Kz remains less than 0.3 m2 /sec.
Using dimensional analysis, we obtained a relation between Kz
and the thermudynamical parameters of the stable layers (Fig. 10):

K, = A02 m

5

0.01
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Fig. 7 Example of vertical distributions of radon, ThB, temperature, and wind.
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where A is a dimensional constant, 6 is a potential temperature in the
layer, and u is the wind velocity.
Thus the measurements realized with T!iB have shown that
exchanges exist through the inversion layers; a similar result has been
recently published by Goodman and Miller (1977).
From the experimental measurement of the concentration
gradient of an element on both sides of the inversion layer, the
transfer of this element toward the free atmosphere can be
calculated. We made this calculation for water vapor (Guedalia,
Druilhet, and Fontan, 1975), and we have shown that, under
conditions of clear weather, transfers toward the free atmosphere
through the inversion layer are between 10 and 50% of the value of
the daily evaporation from the soil.
CONCLUSION

These applications of natural radioactive tracers show that they
are very useful for exchange measurements in the boundary layer of
the atmosphere. They do not give information about the mechanism
of the exchange, but they are nevertheless often very useful,
principally with respect to the transport of pollutants, for determining quantitatively the magnitude of the vertical transfer. It is not
difficult to measure the natural radioactivity of the air, but it would
be very interesting to have a very simple method of measurement, for
instance with solid-state detectors like cellulose nitrate. Until now
the background of this method is still too significant for its use
instead of electronic detectors.
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DISCUSSION

Clements: How does a nonsteady source of radon from the
surface affect the determination of Kz. For example, the radon flux
from the soil core varies by as much as a factor of 2 from day to
night under certain conditions.
Guedalia: We have used radon for Kz determination in two cases:
1. In the surface layer during the nocturnal stable period. I think
that under those conditions the possible variation of the radon flux
at the soil surface over 12 hr can be neglected.
2. In the boundary layer, during the daytime, but only in the case
when a maritime air mass moves over the continent. The calculated
radon flux corresponds to an average value over the area included
between the locations where two consecutive vertical profiles were
determined (about 100 to 200 km).
I think that the large variations in the radon flux from day to
night occur essentially when the vertical stability of the atmosphere
varies little (rainy weather, frontal situation, etc.).

Variation of Vertical Atmospheric Stability
by Means of Radon Measurements
and of Sodar Monitoring

DANIEL GUEDALIA, AIME DRUILHET, JACQUES FONT AN,
and ANDRE N'TSILA
Laboratoire de Physique des Aerosols et Echanges Atmosphe'riques,
Centre de Physique Atomique, Universite Paul Sabatier, Toulouse, France

ABSTRACT
Continuous measurements of radon at ground level are used to infer variations in
equivalent mixing height and atmospheric vertical stability. Simultaneous
determinations of the height of the inversion layer, when present, permit, with
the use of sodar techniques, the estimation of radon flux from the ground and of
the vertical diffusion coefficient. The two sets of data often indicate similar
variations in mixing height. The occasional absence of sodar echoes under
inversion conditions may be due to a thickness of the mixing layer that is less
than the minimum detectable (80 m) or to the absence of important
temperature fluctuations in the layer.

The atmospheric pollution level above an industrial or urban site
depends both on the intensity of the polluting sources and on the
diluting power of the atmosphere (wind speed and vertical diffusion).
For an element emitted at ground level, the vertical diffusion
depends mainly on the existence of an inversion layer at night and on
the height of the mixing layer during the day.
On the basis of the variation of atmospheric radon concentration
at ground level, we have developed a method for monitoring the
variations of the atmospheric vertical stability. In the process we
calculated the value of a parameter called "equivalent mixing height"
(EMH) and determined its variation at night and in the early
morning.
Moreover, sodars have been frequently used in recent years for
monitoring the atmospheric stability above a site. In most cases the
242
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sodar is a means to characterize the nocturnal inversion layers and
their evolution; it also provides a means to follow the growth of the
mixing height in the early morning.
However, this information is merely descriptive and is not
sufficient to give quantitative data on the diffusion through the
stable layer. Also, the interpretation of sodar echos is sometimes
difficult. In this paper we present preliminary information on a
comparative study of the methods of sodar and radon measurement
used for monitoring the vertical stability above a site.
METHODS USED
Sodar Technique

An acoustic wave is emitted toward the atmosphere, and the
scattered energy received is analyzed. This energy generally depends
on the fluctuations of temperature, wind, and humidity in the
crossed layers (Monin, 1962). In the special case when only the
backscattered energy is received, the scattering cross section a depends only on thermal fluctuations
a = 0.016k* | j L

(1)

where k = wave number = 2TT/A (A, wave length)
(Dip = structure function of temperature
T = temperature
Thus the received echo is the more intensive as the crossed
atmospheric layer is the seat of temperature fluctuations over a scale
of A/2. The detection of inversion layers of temperature is one of the
most frequent sodar applications.
We used a sodar belonging to the Centre National d'Etudes et
Telecommunications (CNET) laboratory. Its power is 120 W; the
transmitted pulse has a frequency of 2000 Hz during 200 ms. A
recorder is used to determine the intensity of the detected echo.
Determination of the Equivalent Mixing Height by Radon Measurement

The radon ( 2 2 2 Rn) concentration in the air at ground level
generally exhibits an important daily variation. Indeed, at night theradon is stored in the lower atmosphere, and its concentration
increases. In the mcrning after sunrise, when the instability increases,
radon diffuses in the whole boundary layer, and its concentration at
ground level decreases. It is possible to use this daily variation for the
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monitoring of the vertical stability. Druilhet and Fontan (1972),
Hosier (1969), and Cohen et al. (1972) have already used the radon
vertical profile to determine the vertical diffusion in the first 100 m
of the atmosphere.
We have determined the variation of the equivalent mixing height
(EMH) from the continuous measurement of radon concentrations at
ground level; this method is based on a box model (Cautenet, 1974;
Fontan et al., 1976).
A box of height h represents the atmosphere. Inside this box we
assume that (1) radon is homogeneously mixed, (2) there is no sink
at the top of the box, and (3) there is no radon variation due to
horizontal advection.
A discussion about the various assumptions we used as well as the
calculational technique can be found in N'tsila (1977). We shall
indicate here only the equations and the meaning of the EMH
calculated from radon concentrations (see Fig. 1).
As h decreases

As h increases
hj [Ci - CN ] + 2 HJ [O - <
(3)

where <p0 ~ radon flux at ground level
t = interval time between two measurements
Cj = radon concentration inside the box of height h; at time i
O = radon concentration above the box of height h; between
the levels Hj and HJ+ ]
N = number of layers with differing O concentrations
between the successive levels hj and h;+ j
In the special case when the radon concentration above the box
is constant and equal to C o , Eq. 3 becomes
i+i

Fi

rr

M+!

We m u s t k n o w t h e value o f t h e flux 0 O t o d e t e r m i n e h. A direct
m e a s u r e m e n t of <p0 already h a s been proposed by Pearson ( 1 9 6 5 ) ,
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Fig. 1 Mixing-height calculation principle.

but the experimental procedure is quite complex. It is also difficult
to know the representativeness of local measurements because of the
ground inhomogeneities.
We know that important and rapid flux variations, as in the
thoron case (Guedalia et al., 1970), frequently occur after a rain
because of the soil moisture. On the contrary, when the soil is dry,
the flux variation is slow. The simultaneous use of sodar and radon
permits the indirect calculation of the radon flux value. With the
sodar, we determine the thickness of the mixing layer during the
morning. The value thus obtained is compared with the one
determined with radon, and the radon flux value is then adjusted to
obtain identical values of the mixing height.
If the flux value cannot be determined, it is possible, however, to
calculate the relative variation of the EMH over a period of 24 hr,
with Eqs. 2 and 3. On the other hand, to obtain the absolute value of
the EMH, the radon flux value is necessary.
The EMH calculated from radon is a simple means of quantitatively monitoring the vertical stability. During the day, this height,
h, is the same as the thickness of the real mixing layer. The error in
the determination of h is the greatest when the value of the radon
concentration is close to its afternoon minimum.
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At night the knowledge of the EMH gives information on the
vertical diffusion through the stable layer. Vertical diffusivity is low
when h is small.
This height h represents the thickness of a fictitious layer in
which radon concentration is homogeneous and equal to the
concentration existing at ground level.
A relation between the equivalent mixing height and the k z
coefficient of a stable layer has been obtained with successive
numerical simulations. The simulation is based on the numerical
resolution of the diffusion equation proposed by Birot, Adroguer,
and Fontan (1970). The relation between Kz and h is shown in
Fig. 2.
200

Fig. 2 Variation of EMH value for various values of Kz (in m2
sec" 1 ) (200-m thickness inversion layer).

VARIATION OF VERTICAL ATMOSPHERIC STABILITY

247

EXPERIMENTAL RESULTS
Site and Experimental Apparatus

Two measurement campaigns were carried out: The first campaign was between May and October 1976 near Toulouse at 8 km
from the center. The second one was during January and February
1977 in the downtown.
During these two campaigns, we simultaneously used a sodar and
radon continuous measurement. The disintegration chamber method
(Fontan et al., 1962) is used for radon measurement.
In the urban center the building height is between 10 and 15 m.
The sodar was set up on a building terrace. The other measurement
site (the university campus), however, is a zone where the buildings
are set apart.
In this paper we give some results that make possible a
comparison between the two methods of monitoring the vertical
stability. A later publication will present the complete results.
Radon Flux Determination

The radon flux variations during the two measurement campaigns
are shown in Fig. 3. Crosses are the flux values determined by sodar.
Rains are indicated by black rectangles. The radon flux variation
during the first campaign, in summertime, is in the range of 10 to
15 x 103 atom m~2 sec""1. A comparison can be made with the
values already calculated in the same region during the summer of
1973 with radon vertical profiles obtained by means of aircraft
measurements (Guedalia et al., 1974). These last values were between
9 and 18 x 10 3 atom m~2 sec" 1 . During the second campaign, in
winter, the soil was wet because of the rainy weather and the flux
remained lower than 5 x 103 atom m~"2 sec —1 . This shows the
important annual variation of the radon flux according to the soil
mixture.
Radon-Sodar Comparison

We give here some examples corresponding to different features.
Situations in Which Radon Does Not Indicate Changes in
Stability
Throughout the campaign it has not been possible to calculate h
with radon in 14 cases, owing to its low concentration variation. In
half these cases, the sodar does not present an echo. However, in the
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other half, the sodar presents echoes at night. The July 5—6 results
show a case when radon does not present a daily variation and sodar
does not present echoes at night (Fig. 4a).
On the contrary, as in the example presented in Fig. 4b, the
radon shows that there is not any important vertical stability
s 500—
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p 250-'
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Fig. 4 (a) A case where neither radon nor sodar indicates a daily
variation of the vertical stability, (b) A case where radon does not
indicate a daily variation of the vertical stability despite the presence
of a sodar echo.

250

GUEDALIA. DBUILHET, FONTAN, AND N'TSILA

variation when sodar does present echoes between ground level and
400 m. These echoes do not correspond to a vertical stability
increase.
Situations in Which Radon Does Indicate a Vertical Stability
Variation
When radon shows an important daily variation, we have
calculated the corresponding mixing height. Each time we have
compared this value with that obtained with the sodar recording.
In most cases the sodar presents echoes at night which
correspond to an inversion layer. An example is shown in Fig. 5. A
sodar echo up to 200 m appears between 10 p.m. and 6 a.m. The
equivalent mixing height calculated with radon remains inferior to
50 m during this period. After 6 a.m. the mixing height is the same as
the thickness of the mixing layer determined with sodar. Therefore
sodar has shown a stable layer growth at night, but the equivalent
mixing height results from the radon concentration give a quantitative indication of the diffusivity through this layer.
In some other cases, information obtained from sodar and radon
is different with respect to vertical stability; Fig. 6 is an example. At
the beginning of the night, until 11 p.m., sodar (echo corresponding
to an inversion layer) and radon increase lead to similar indications.
Then the echo sodar disappears and radon stops increasing, all due to
a vertical diffusion increase (the equivalent mixing height goes up to
70 m). But from 2 a.m., radon shows a very strong stability (the
mixing height goes down to 20 m) when sodar recording indicates
nothing.
Finally, in seven cases, radon shows an important daily variation
of stability, and sodar echoes practically do not exist (Fig. 7 is an
example). Two explanations are possible: (1) either the thickness of
the nocturnal inversion layer is lower than 80 m (sodar limit), or
(2) the nocturnal inversion layer does not present important temperature fluctuations.
CONCLUSION
This work shows the comparison between two methods for the
monitoring of the vertical atmospheric stability above an urban or
polluted site.
The sodar permits the monitoring of the inversion layers, and the
mixing height determined from the continuous radon measurement
permits the monitoring of the vertical stability.
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We have shown how the radon—sodar association permits indirect
determination of radon flux. When the value of flux is known, radon
permits an accurate measurement of the mixing height during the
whole stability period; in particular, this mixing height permits a
quantitative evaluation of the vertical diffusivity through the
inversion layer detected with the sodar.
During the two measurement campaigns, we have shown that
radon and sodar often show similar results. However, in some cases,
radon gives very precise indications of the vertical stability when
sodar echoes are difficult to interpret in terms of vertical diffusivity.
The simultaneous utilization of the two methods permits, in any
case, a good monitoring of vertical stability variations. Radon
measurements permit the quantitative measurement of the vertical
diffusivity in the stable layers created by the nocturnal radiative
cooling.
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Experimental Tests of Turbulent Diffusion
Models by High-Resolution Gamma-Ray
Spectroscopy of Radon Daughters

MARK H. SHAPIRO
California State University, Fullerton, California

SUMMARY ONLY*

A number of turbulent diffusion models currently are used to predict
the behavior of trace quantities of radioactive nuclides and other
pollutants in the atmosphere (Jacobi and Andre, 1963; Staley, 1966;
Birot, Adroguer, and Fontan, 1970; Shapiro and Forbes-Resha,
1975). These models generally use a number of simplifying
assumptions to achieve mathematical tractability. As a result, the
extent to which the predictions of a given model represent the actual
field situation often may be open to question. Since the various
turbulent diffusion models predict widely differing ranges of radon
daughter isotope ratios in the first few tens of meters of the lower
atmosphere, we have found that measurements of 2 ' 4 Bi/2 i 4 Pb
ratios at these heights provide a very sensitive test of these models.
The use of high-resolution gamma-ray spectroscopy facilitates the
rapid analysis of relatively large numbers of atmospheric samples, so
that the range of variation in radon daughter isotope ratios at a given
location can be firmly established.
To test the applicability of the models in the highly polluted air
of the southern California coastal region, we conducted two series of
measurements at Fullerton, Calif. (33°52'N, 117°55'W). In the first
series of samples (Shapiro and Forbes-Resha, 1975), which was taken

*In M. H. Shapiro, R. Kosowski, and D. A. Jones, Radon Series
Disequilibrium in Southern California Coastal Air, J. Geophys. Res., 83, No. C2,
929-933, 1978.
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during the period from Sept. 20, 1973 ; to July 6, 1974, a very wide
range of 2 ' 4 Bi/ 2 ' 4 Pb ratios was observed. The mean ratio was found
to be 0.67, with individual values ranging from 0.0 to 2.2. The
presence of large abnormal departures from equilibrium
(2 i4p;,2 i4p b r a t j o s greater than 1.0) was of considerable interest
since these were not predicted by the models.
Unfortunately, the ratios reported (Shapiro and Forbes-Resha,
1975) were based on air samples of several hours' duration. Proper
analysis of the experimental data requires that the atmospheric
specific activities of the radon daughters remain essentially constant
during the sampling period. The long sampling times used in the first
series of measurements introduced the possibility that some of the
abnormal ratios observed could have been artifacts of the sampling
procedure itself. To eliminate the possibility of such a systematic
effect, vie took a second series of samples over a 16-month period
from February 1975 to May 1976. An improved high-volume
sampling system allowed us to collect samples with adequate activity
in a 1-hr period. In addition, counting times were optimized to
enhance the signal-to-background ratio for the 2 ' 4 Bi and 2 ' 4 Pb
peaks of interest.
The results from the second series of measurements (Shapiro,
Kosowski, and Jones, 1977) generally were quite similar to those
from the first series. Afternoon samples exhibited 2 l4 Bi/2 ' 4 Pb
ratios that ranged from 0.0 to 2.5 with a mean value of 0.84, whereas
morning samples exhibited ratios that ranged from 0.0 to 1.6 with a
mean value of 0.87. Afternoon samples with ratios greater than 1.0
were associated with southwest winds and 2 I 4 P b specific activities
less than 130 pCi/m3. Morning samples with ratios greater than 1.0
were associated in most cases with southwest winds and with 2 14 Pb
specific activities less than 220 pCi/m3.
These results will be compared with the predictions of the
turbulent diffusion models. In addition, a detailed description of the
sampling and analysis procedures will be given.
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DISCUSSION

Clements: Should we not consider electric field effects when
using radon daughters in vertical diffusion?
Shapiro: The models that we were testing neglected terms that
depended on the electric field. Since radon daughters are produced as
charged particles, and since some fraction of the aerosols on which
they are agglomerated are charged, such terms should be considered
as the models are refined.
Moore: Could the values of 2 ' 4 Bi/ 2 ' 4 Pb above unity be due to a
variation in collection efficiency for particles in the ~0.03 to 0.1 /zm
size range, assuming the 2 ' 4 Bi is on larger size particles which are
collected more efficiently.
Shapiro: Our second set of data was taken with polydispersed glass
fiber filters, and some of our first set was taken with paper filters.
There was little difference in mean 2 ' 4 Pb activities between the two
sets of data, so we do not feel that we were losing any significant
amount of 2 I 4 Pb. This probably was due in part to the high flow
rate.

Diurnal Variations of Radon Daughter
Concentrations in the Lower Atmosphere

CARL V. GOGOLAK and HAROLD L. BECK
Environmental Measurements Laboratory, U. S. Department of Energy,
New York, New York

ABSTRACT
A series of experiments has been performed in which the radon (2 2 2 Rn) decay
products 2 1 8 P o (RaA), 2 1 4 P b (RaB), and 2 1 4 B i (RaC) have been measured
simultaneously at 1,10, and 25 m above the ground to study the diurnal changes
in the vertical concentration profiles and the extent to which these changes
depend on diurnal changes in the radon exhalation rate and the vertical
turbulent diffusivity. The 2 M B i / 2 l 4 P b activity ratio was used to indicate the
state of equilibrium between radon and its daughters. These data were compared
with numerical solutions of the one-dimensional diffusion equation, which were
obtained for various time-dependent diffusivity profiles and exhalation rates.
The results show that the major factor influencing diurnal changes in the
radon daughter concentrations in the lower atmosphere is the turbulent
diffusivity. However, a steady state is approached within a few hours after
sunrise or sunset. The 2 ' 4 3i/ ' 4 Pb activity ratio is near unity except near the
surface during weak mixing or transition periods.

Changes in the vertical radon and radon daughter concentration
profiles in the lower atmosphere produce changes in the natural
background beta- and gamma-ray flux which can significantly affect
ground level and aerial monitoring results (Beck, 1974). For many
years there has been interest in using 2 2 2 Rn as an atmospheric
tracer, and the behavior of 2 2 2 R n in the lower atmosphere has
received considerable attention (e.g., Israel, 1951; Sisigina, 1964;
Pearson, 1965; Bhat, Krishnaswami, and Rama, 1974; Larson and
Hoppel, 1973). Studies of the state of equilibrium of the short-lived
radon daughter products and its dependence on various atmospheric
parameters have been less extensive (Gogolak, 1976; Shapiro and
259
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Forbes-Resha, 1975). Jacobi and Andre (1963) calculated steadystate solutions to the one-dimensional diffusion equation for radon
and its daughters using various profiles of the turbulent diffusivity
which represented a broad spectrum of atmospheric mixing conditions. The resulting vertical concentration profiles for 2 1 4 P b and
2 4
' Bi were used by Beck (1974) to calculate the gamma-ray flux and
ionization rate at various heights aboveground. In our studies of
environmental gamma radiation near nuclear power reactors (Miller,
Gogolak, and Raft, 1975), we observed time variations due to
washout of 2 ' 4 Pb and 2 ' 4 Bi and to diurnal changes in atmospheric
conditions. Beck's calculations provided a semiquantitative explanation of these monitoring results.
"°%^
Recent experimental data on radon daughter concentrations
(Shapiro and Forbes-Resha, 1975) cast doubt on the validity of the
steady-state concentration profiles of Jacobi and Andre, particularly
near the ground. In the present study we have attempted to resolve
some of these uncertainties by carrying out a controlled series of
measurements of 2 2 2 Rn and its daughters at two different sites and
by comparing the results with solutions of the time-dependent
diffusion equations.
MEASUREMENT TECHNIQUES

We performed a series of experiments in which the air concentrations of 2 1 8 Po (RaA), 2 l 4 P b (RaB), and 2 1 4 Bi (RaC) were
simultaneously measured at heights of 1, 10, and 25 m. The purpose
was to ascertain whether the radon daughter profiles approach a
steady state at any time during the day and to determine the relative
influence of diurnal changes in the 2 2 2 Rn exha'ation rate and the
vertical turbulent diffusivity on the concentrations. The measurements were made predominantly in the afternoon and at night to
avoid the rapid changes in atmospheric conditions that occur during
sunrise and sunset.
The radon daughter activities were determined by analyzing the
decay of alpha activity on air filter samples drawn by high volume
pumps. The samples were collected through 10-cm-diameter ReeveAngel 934AH glass fiber filters at 0.56 ± 0.03 m3/min for 15 min.
The pumps were calibrated periodically with a dry test gas meter,
and the flow rate was monitored during sampling. The alpha activity
on the filters was counted with ZnS scintillation detectors. Counts
were recorded for 1-min intervals, starting at 1 min after the end of
sampling and continuing for a minimum of 30 min. The background
and the efficiency of the detectors were checked before and after
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each set Of m e ^ S u r e m e n t s . Background was t y p i f y i to 3 cpm, and
sample county r a t e S w e r e usually in the range o f 50 to 1500 cpm.
The counting sf f i c i e n C y was 25 to 35%, dependi hg o n the individuai
detector. T h e ^ ^ u g e d h a v e essen tiaUy 100% t-etentivity for radon
daughters,
d
a u g h r s , an^ Self.absorption amounts to apprQ xima tely 6% (Loyn 1969).
1969) A \v e i g h t e d least-squares technique ((H
d Patterson,
Ptt
sen,
H ^ e and
1965; Raabe ^ W r e nn, 1969) was used to fit t h e measured alpha
decay
curve tQQ tt hh aa tt oo ff aa mm ii xx tt uu rr ee oof 2 ' 8 Po, 2' 4 ppbb>>aanndd ^ 4 BBii oo nn tt hh ee
dy
filter
l i requires
quires no
no assumptions
assui
ing
filter. This
This m
m ^ ^ o ff analysis
concerning
the relative c Oncent rations (i.e., state of e q V l i l i b r i u m ) o f these
radionuchdes. ^ n e x a m p l e of the results o b t a ^ w ith the leastsquares fitting t Q u t i n e is given in Fig- 1.
The m e a s ^ j 2 1 4 B i / 2 14 p b aCtivity ratio w ^ used to indicate
the degree of equi iibrium between radon and i t 3 daUghters and to
compare meas u ^ e m e n t and theory. This ratio ha.s ai s0 been used by
other mvestig ators (Hosier and Lockhart, i a 6 5 ; Hosier, 1968;
Shapiro and F o bes _ R esha, 1975) and is obtainable from the results
of others (Mal 9 k h o v e t al., 1966; George, 1972). I n Edition, 2 1 4 Pb
and - Bi ca^ b e me asured with better precision than 2 ' 8 Po using
the least-squates ana iysis, and systematic errors at e reduced when the
ratio is taken.
As a mea^
o f ve.lical diffusivity, we used the temperature
difference ( A ^ b e t W een 10 and 90 m. This ir^jex i s often used to
characterize t Uv , bu i en t diffusion in the lower atmosphere (Slade,
1968). It is ^
g indicator of the vertical t U r b u i e nt diffusivity
which d escrib^ s s t n e buoyancy forces but not m.echanically generated
turbulence. M\Xitig conditions were classified as foiloWS:
Stable: A^ ? -0.5°C/100 m [weak mixing
(WNN), inversion
s v
(IWN)]
Neutral: ^ 5 > A T > -i. 5 a C/100 m [n ol:iMal mixing (N NN)]
Unstable: d T < ^1.5°c/100 m [strong mixing (sSN)]
where AT ( ° C ; l 0 0 m) = 1.25 [T(90m) - T ( l 0 m ) ] . The correspondence w^ b a v e chosen for the vanovs r^ n g e s in AT to the
diffusivity pr o f i l e s o f j aC obi and Andre (1963) is indicated in
parentheses.
To relate t l l e r a d o n daughter concentrations t o the source, we
made exh a latii OOnn measurements
tion technique
measurements usingg the accUUnulla
n u l l a tion techni
(Evans Kran^j
Kran
d
1962; Georg
Geo
5) R
R don
d
(Evans,
Schroeder,
1962;
75).
isi
and
ej l 9
a
Eillowed to dif^u'se i n t o ^ inverted can placed ov^ r t n e soil for several
hours, after w^ich the air inside the can is samj)ied. The 1-liter can
and backgrou*^ air samples were counted for * 2 2 R n in pulse-type
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Fig. 1 Measured alpha activity in ambient air at 1 m shortly after
midnight at Lloyd, N. Y. The solid line is a weighted least-squares
fit. Radon daughter concentrations were 0.30 ± 0.05, 0.21 ± 0.01,
and 0.17 ± 0.02 pCi/liter of 2 ' 8 Po, 2 ' 4 Pb, and 2 ' 4 Bi, respectively.

ionization chambers (Harley, 1972). The difference in 2 2 2 Rn
concentrations in the can before and after accumulation divided by
the time of accumulation is linearly related to the exhalation rate,
provided that the concentration in the can is small compared to the
soil gas concentration (Wilkening, Clements, and Stanley, 1972).
The experiments were performed at two sites: the New York
State Energy Research and Development Agency Meteorological
Research Station at Lloyd, N. Y., a hilly location 120 km north of
New York City, and the Brookhaven National Laboratory at Upton,
N. Y., where the terrain is nearly flat and surrounded by large bodies
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of water. The sites are sufficiently different geographically to provide
some degree of confidence in the generality of the results obtained.
In particular, we sought to determine any effects of advection of
marine air masses with lower 2 2 2 Rn content (Birot, Adroguerand,
and Fontan, 1970; Shapiro and Forbes-Resha, 1975).
COMPUTATIONAL METHODS

A computer code was written to generate solutions to the
one-dimensional time-dependent diffusion equation. The steady-state
calculations of Jacobi and Andre (1963) incorporated a vertical
diffusivity that is dependent on altitude. Several investigators have
solved the time-dependent problem, either for varying exhalation
rate (Malakhov et al., 1966; Staley, 1966; Shapiro and Forbes-Resha,
1975) or for varying vertical diffusivity (Ii, 1975). In all these cases,
however, the diffusivity has been assumed to be uniform with height.
Few previous attempts have been made to solve the complete
time-dependent problem with the diffusivity as a function of both
time and height and with varying exhalation rate.
For the altitude dependence of the vertical diffusion coefficient,
K, we have adapted the profiles used by Jacobi and Andre (1963) for
inversion (IWN), weak (WNN), normal (NNN), and strong (SSN)
mixing, as shown in Fig. 2. The coefficient K is allowed to approach
the molecular diffusion constant (~0.054 cm2 /sec) at the earth—air
interface.
The form in which diurnal variations in diffusivity were
incorporated into the calculations was based on our observations of
the temperature lapse rate at Lloyd, N. Y. Figure 3 shows the average
diurnal behavior of the vertical temperature profile taken over one
summer month. It is a typical example in that the temperature
difference measured between 90 and 10 m begins to increase in the
late afternoon as the nocturnal inversion forms and becomes nearly
constant after about 6 hr. At sunrise the inversion breaks up, but
more rapidly than it is formed. The AT decreases over about 3 hr
until a fairly steady daytime value is reached. The same pattern was
used to vary the vertical diffusivity profile; i.e., a linear 6-hr ramp
was used to interpolate between day and night diffusivity profiles,
and a 3-hr ramp was usnd for the night-to-day change. A 30-min lag
between the bottom and ihe top of the profile was built in to
account for the fact that the nocturnal inversion usually forms and
breaks up near the surface first (Slade, 1968). The major seasonal
changes in the diurnal variation of AT are in its amplitude and the
lengths of the day and evening plateaus.
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Fig. 2 Diffusivity (K) profiles used in the calculation of the vertical
concentration profiles of 22 22 Rn and its daughters. (Adapted from
Jacobi and Andre, 1963.)

We have examined our numerically calculated solutions of the
time-dependent diffusion equation to determine the time necessary
for a steady state to become established and to compare the relative
influences of exhalation rate and diffusivity on diurnal variations of
radon and its daughters, especially the 2 ' 4 Bi/ 2 ' 4 Pb ratios.
EFFECT OF VARYING

222

Rn EXHALATION

Some investigators have found large diurnal changes in the
R n exhalation rate (Malakhov et al., 1966), whereas others have
found the radon exhalation to be relatively constant between day
and night (Wilkening, Clements, and Stanley, 1972). Our observations indicated little diurnal change in the exhalation rate during our
experiments. Instead, we found that the measured exhalation rates
correlated reasonably well with atmospheric pressure. The exhalation
222
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Fig. 3 Measured 1-month average diurnal variation of the temperature gradient between
90 and 10 m at Lloyd, N. Y., during August 1975.
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rates were higher when the site was under the influence of a
low-pressure system and lower when under a high-pressure system.
This is in agreement with the result of Clements and Wilkening
(1974). who found that atmospheric pressure changes as small as 1 or
2% could cause the flux of 2 2 2 Rn across the soil—air interface to
vary by 20 to 60%. In one instance a front passing through our
measurement site at Brookhaven between the afternoon and night
measurements caused the exhalation rate to change by a factor of 2.
We were not able bo discern changes in the radon daughter
concentrations significantly different from those observed on nights
when the exhalation had not changed. The exhalation rates measured
over the course of our experiment ranged from 8 to 30 aCi cm" 2
sec""1 (0.14—0.50 atoms cm~ 2 sec" 1 ).
Although we did not observe large diurnal variations in the
222
R n exhalation rate, we calculated the expected effect. Several
investigators have calculated the effect of a sinusoidally varying daily
exhalation rate on radon concentrations (Staley, 1966; Malakhov et
al., 1966; Shapiro and Forbes-Resha, 1975). These calculations
assumed that the vertical diffusivity is constant with height and time.
Although it may be desirable to hold the diffusivity constant with
time in order to study the changes due to the exhalation rate alone,
holding the diffusivity constant with height can cause misleading
results.
If one considers the steady-state diffusion equation for radon
with constant diffusivity, K,

the solution is C = Co exp [—(X/K)'A z]. It can be seen that the
diffusivity essentially scales the atmosphere by the factor K'A, i.e.,
increasing K has the effect of "spreading out" the concentration
profile to greater heights. When the daughter concentrations are
being considered, the use of a constant K that is typical of heights in
the range of several meters or several tens of meters speeds up the
diffusion process near the surface. This causes disequilibrium to be
predicted at heights greater than those where it actually occurs.
That the radon diffusivity actually increases rapidly in the first
100 m above the ground is substantiated by the experimental work
of Cohen et al. (1972). They estimated the radon diffusivity between
6 and 270 m by fitting measured radon gas profiles and found that
the data could be fit well by an exponential above 100 m, suggesting
a relativity constant K. However, this was not true below 100 m,
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where K was found to be proportional to z a , 1.2 < a < 1.5. This
finding is consistent with the shapes of the diffusivity profiles which
we have adapted from Jacobi and Andre (1963) for use in our
calculations (Fig. 2).
Staley (1966) computed the heights at which each of the radon
daughters 2 1 8 Po, 2 1 4 P b , and 2 1 4 Bi would come into equilibrium
with 2 2 2 Rn, given a sinusoidally varying exhalation rate and K = 10 4
cm 2 /sec. Under these circumstances, he found that equilibrium is
attained only above ~150 m. Because the vertical diffusivity increases rapidly near the earth's surface and does not typically attain a
value as high as 10 4 cm i /sec until a height of a few meters is
reached, the "equilibrium height" of 150 m calculated by Staley can
be considered to be an upper limit.
Shapiro and Forbes-Resha (1975) modified Staley's model and
used it to predict 2 1 4 B i / 2 1 4 P b activity ratios at 20 m ranging
between 0.32 and 0.98 as the value of K is varied from 104 to 10 2
cm 2 /sec.
Malakhov et al. (1966) estimated the maximum change in radon
surface concentrations that would be observed for a cosinusoidally
changing exhalation rate with variations of ±100% about the daily
mean and with K a constant and concluded that only an 18% change
would occur. We have performed a similar calculation for the
concentrations of radon and its daughters, assuming a sinusoidally
changing exhalation rate between 0 and 2 atoms cm""2 sec" 1 , but
with K a function of height, as shown in Fig. 2. Figure 4 shows the
results obtained for weak and normal mixing conditions.
Our calculations indicate that at 1 m the variations in 2 2 2 Rn
concentrations due to the changing exhalation rate decrease with
greater turbulent mixing, being 25 and 60% about the mean for
normal and weak mixing, respectively. The resulting disequilibrium
between 2 1 4 Bi and 2 1 4 P b , however, is not large. During normal
mixing, the 2 ' 4 Bi/ 2 14Pb ratio is between 0.9 and 1.0 at both 1 and
32 m. The variations are greater for weak mixing but only at lower
heights. In this case the ratio variation at 1 m is between 0.65 and
0.95. The variation at 32 m is about the same as during normal
mixing. From this we conclude that any disequilibrium of radon
daughters caused by a changing exhalation rate will not persist to
heights as great as those originally predicted by Staley. In addition,
since we have assumed a very large diumal change in the exhalation
rate and found only small departures of the 2 14Bi/214Pb ratio from
unity, we would conclude that the smaller amplitude variations in
the exhalation rate normally encountered would have an essentially
negligible effect on the 2 1 4 Bi/ 2 1 4 Pb activity ratio.
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Fig. 4 Calculated effect of diurnal variations in the 2 2 2 Rn exhalation rote on the 2 2 2 R n concentrations at 1 m and the 2 ' 4 Bi/ 2 '" Pb
activity ratio at 1 and 32 m under normal and weak mixing
conditions.
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EFFECT OF TURBULENT DIFFUSIVITY
Radon Daughter Profiles Under Steady-State Conditions

Mixing in the lower atmosphere is generally strongest in the
afternoon and weakest at night, with rapid changes occurring at
sunrise and sunset. The diurnal changes in the vertical turbulent
diffusivity affect the vertical concentration profiles of radon and its
daughters. Several investigators of the diurnal variations of radon and
radon daughter products have concluded that the effect of changing
source term (exhalation or advection) is secondary to changes in the
vertical diffusivity (e.g., Ii, 1974; Hosier, 1968; Malakhov et al.,
1966; Rangarajan, Gopalakrishnam, and Eapen, 1974). One important question is to what extent the radon and radon daughter profiles
approach a steady state at any time during the day. Subba Ramu and
Vohra (1969) observed little change in measured radon concentrations in 1 or 2 hr except during the transition from day to night and
vice versa. Our own observations of the radon daughter concentrations indicate that this is indeed the case. Consecutive measurements
made in the afternoon or night showed little change.
Cohen et al. (1972) measured the radon profile between 6 and
270 m continuously for 5 months, carefully isolating those measurements which conformed to the steady-state criterion that the 2 2 2 Rn
concentrations at 6 and 270 m remain constant for 4 hr. They found
general agreement between their results and the steady-state calculations of Jacobi and Andre (1963). The observed 2 2 2 R n concentration ratios between 270 and 6 m fell into four groups: 1.0 to 0.85,
0.85 to 0.70, 0.70 to 0.35, and 0.35 to 0.0. Groups 2 and 4 were
well described by the profile calculated for normal mixing (NNN)
and inversion conditions (IWN) by Jacobi and Andre. Group 3
corresponds to an intermediate case, less well described by the weak
mixing condition (WNN). Group 1 data indicated a stronger mixing
case than NNN. The ratio of radon concentrations at 270 and 6 m
was also found to correlate very well with the temperature difference
between 270 and 1.5 m. The majority of cases in group 1 fall in the
range that we have called unstable, i.e., AT < —1.5°C/100 m.
Group 2 data were observed when —0.5 > AT > —1.5°C/100 m,
which we have labeled as neutral. Groups 3 and 4 correspond in AT
to mixing conditions that we have designated as stable. We have
found a similar result for the radon daughters. Figure 5 shows the
ratio of 2 1 4 Pb activities between 25 and l m plotted against the
temperature difference measured between 90 and 10 m. We have
chosen 2 ' 4 Pb for this example because our measurements of this
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Fig. 5 Variation of the ratio of the 2 1 4 P b concentration at 25 m to
that at 1 m with the vertical temperature gradient as measured at
Lloyd and at Brookhaven in Upton. The solid lines are the values
calculated using diffusivity profiles representative of different
atmospheric stability conditions.

radionuclide are the most precise. Similar results were obtained for
2 K
' Po and 2 L4 Bi, although with more scatter in the data. As found
by Cohen et al. for 2 2 2 Rn, the more stable the atmospheric mixing
conditions, the steeper the concentration gradient of the daughters
became. In contrast to the radon concentrations, which decrease
monotonically from the ground upward, the daughter concentrations
are zero at the surface and pass through a maximum at some height.
This maximum will be broader and will occur at greater heights as
the mixing strength increases. Consequently ratios of 2 1 4 P b activity
at 25 m to that at 1 m slightly greater than unity can be expected for
better mixing conditions. The solid lines in Fig. 5 represent the ratios
we have calculated for strong (SSN), normal (NNN), weak (WNN),
and inversion (IWN) mixing conditions.
The range of ratios predicted by the calculations agrees very well
with that observed experimentally. The temperature difference
sppaats to provide a good indication of which diffusivity profile
mmt dosely represents the existing atmospheric mixing conditions,
same pattern is shown by the data from both measurement sites.
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Diurnal Changes in Radon Daughter Profiles

Radon and radon daughter concentrations generally show a
maximum at night and a minimum during the day, with the
amplitude of variation decreasing with height (Malakhov et al., 1966;
U, 1974; Servant, 1966; Moses, Stehney, and Lucas, 1960). We have
attempted to relate these diurnal variations to changes in the vertical
diffusivity between day and night. We used the temperature lapse
rate as an indicator of the mixing strength and hence the difference
in the lapse rate between day and night as an indicator of the
magnitude of the diurnal change in the mixing conditions. Against
this parameter, we compared the ratios of 2 * 4 Pb activities measured
at night to those measured in the afternoon. Figure 6 shows that the
amplitude of the diurnal variations in 2 ' 4 Pb concentration are
greater at 1 m than at 25 m and that the difference in the amplitude

1

2
3
4
5
6
7
8
9
DIFFERENCE IN MIXING (AT night - AT d a y ), "C/100 m

Fig. 6 Measured variation of the ratio of the 2 * 4 Pb concentration
at night to that during the day at 1 and 25 m as a function of the
difference hi temperature gradients betvreen night and day.
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becomes larger as the change in the mixing strength becomes greater.
The concentrations at both 1 and 25 m were always higher at night,
when the mixing was weakest. Our calculations predict that the range
in the 2 14 Pb nighttime activity to daytime activity ratios will be
from 1 to 25 at 1 m and from 1 to 6 at 25 m. The ratio of 1 occurs
when there is no diurnal change in the diffusivity, and the highest
ratio occurs when an inversion (IWN) breaks up into strong mixing
(SSN). This is in agreement with the measured ranges of 1.5 to 3.5 at
25 m and 1.7 to 7.5 at 1 m.
Radon Daughter Equilibrium Profiles

There have been several studies of the state of equilibrium
between radon and its daughters in the lower atmosphere, based on
various equilibrium indices (Subba Ramu and Vohra, 1969; Lindeken, 1968; George, 1972; Nakatani, 1975; Israel, Horbert, and Israel,
1966; Fontan et al., 1966). The 2 1 4 Bi/ 2 1 4 Pb activity ratio is of
special interest since these are the major emitters of penetrating
radiation. Malakhov et al. (1966) grouped several hundred measurements of the ratio between 2 1 4 P b and 2 1 4 Bi to 2 1 8 Po into 2-hr
intervals throughout the day. The 2 1 4 B i / 2 ' 4 Pb ratios inferred from
these measurements ranged between 0.75 and 1.0, with the lower
ratios occurring mainly at night. Hosier and Lockhart (1965)
measured the 2 1 4 Bi/ 2 1 4 Pb ratio at 1 and 90m, obtaining at one
location 0.87 and 0.71, respectively. These measurements were made
in the early morning hours during the transition from stable to
unstable air after sunrise. Later measurements by Hosier (1968) at 1,
7, 15, and 90 m under steadier atmospheric conditions resulted in
2 4
' B i / 2 J 4 Pb ratios near unity except near the ground during weak
mixing. Shapiro and Forbes-Resha (1975) measured 2 1 4 Bi/ 2 1 4 Pb
ratios at a height of 20 m which show a wider range (0.0 to 2.2) than
those found by other investigators. Their morning and afternoon
mean ratios were 0.67 and 0.70, respectively.
The above measurements were not connected in any direct way
to the level of turbulent diffusivity other than by time of day.
Figure 7 shows the dependence of our measured 2 1 4 B i / 2 l 4 P b
activity ratios at 1 and 25 m on the temperature lapse rate. The
overall range in the ratios is relatively narrow. In addition, the data
show that significant departures from unity usually occur only at
1 m during stable conditions. The ratio at 25 m is usually higher than
that at 1 m. There is more scatter in the data taken during unstable
conditions. This is primarily due to the lower concentrations at these
times, which results in greater counting errors. Statistically significant ratios greater than unity were not observed.
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Fig. 7 Measured 2 1 4 Bi/ 2 1 4 Pb activity ratio at 1 and 25 m as a
function of the vertical temperature gradient.

Table 1 summarizes all the 2 14 Bi/ 2 ! 4 Pb ratios measured under
steady mixing conditions at 1, 10, and 25 m at both Lloyd and
Brookhaven. These are compared with the predictions of the
steady-state calculations of Jacobi and Andre (1963) and the
time-dependent calculations done for this study. The ratios computed from the model for several hours after a transition are not
greatly different from the steady-state values. The calculations show
that the radon daughter profiles approach a "quasi-steady" state
within a few hours after sunrise or sunset. The absolute values of the
concentrations approach their steady-state values more slowly than
the ratios between radon and its daughter products. The calculated
approaches to equilibrium are illustrated in Fig. 8 for a broad range
of transitions. Note that the 1-m 2 2 2 R n concentrations can vary by
over an order of magnitude for severe changes in turbulent
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TABLE 1
2 4

2 4

Variation of ' Bi/ ' Pb Activity Ratio with Height*
(Steady Mixing Conditions)
1 Mater

10 Meters

25 Meters

0.78+ 0.01(20)
0.63-1.06

0.89 ± 0.02(18)
0.70-1.05

0.92+ 0.01(20)
0.79—1.10

0.76 + 0.02(5)
0.73-1.03

0.82 ± 0.02(5)
0.79-1.19

0.86 + 0.03(5)
0.84—1.07

0.83

0.89

0.91

0.79

0.86

0.90

Stable
Measured
Lloyd
Average
Range
Brookhaven
Average
Range
Calculated
Steady state
(WNN)
Time dependent
(NNN->-WNN)

NeutralI
Measured
Lloyd
Average
Range
Brookhaven
Average
Range
Calculated
Steady state
(NNN)
Time dependent
(WNN-»-NNN)

0.95 + 0.02(16)
0.81-1.04

0.98 ± 0.04(8)
0.89-1.03

0.95 + 0.03(14)
0.77-1.15

0.89 + 0.06(4)
0.84-0.98

1.09 + 0.07(2)
1.06-1.13

0.96 + 0.05(3)
0.92-0.97

0.95

0.95

0.95

0.94

0.94

0.94

Unstable
Measured
Lloyd
Average
Range
Brookhaven
Average
Range
Calculated:
Steady state
(SSN)
Time dependent
(WNN-SSN)

0.99 + 0.04(9)
0.73-1.18

0.85 ± 0.06(8)
0.49-1.73

0.91 ± 0.05(9)
0.70-1.16

0.99 + 0.05(7)
0.86-1.08

0.91 ± 0.06(5)
0.78-1.06

0.99 + 0.05(6)
0.95—1.43

0.96

0.97

0.97

0.94

0.94

0.94

•Figures in parentheses are the number of observations.
Notes:
1. Averages are weighted by the inverse of the variance due to counting
statistics of the individual measurements.
2. Errors are one standard deviation for the estimated average.
3. Steady-state calculations are those of Jacobi and Andre (1963).
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132

144

Fig. 8 Calculated variations in 2 2 2 Rn concentrations and 2 ' 4 Bi/
Pb activity ratios with vertical diffusivity. (
Rn exhalation
held constant at 1 atom cm"
- ~ 2 sec" 1 .)

diffusivity, whereas we previously found that radical changes in the
exhalation rate result in concentration variations of at most a factor
of 2 or 3. The overall range of 2 ' 4 Bi/ 2 ' 4 Pb ratios is only 0.58 to
0.95 at 1 m and 0.89 to 1.0 at 32 m. The largest departures from
equilibrium between 2 ' 4Bi and 2 ' 4 Pb persist for only a few hours
during a transition.
The experimental data agree well with both our own timedependent and Jacobi and Andre's steady-state calculations. The
results are similar at both measurement sites. Although this is not
conclusive, it indicates the general validity of the models used.
Advective transfer did not appear to play a significant role in the
present experiment.
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CONCLUSIONS

The simultaneous measurement of the short-lived 2 2 2 Rn daughter products 2 ' 8 Po, 2 J 4 Pb, and 2 14Bi at 1,10, and 25 m shows that
under steady atmospheric mixing conditions:
1. The radon daughter concentrations decrease with height above
1 m during stable conditions, and the steepness of the profile
depends on the strength of the temperature inversion. During strong
or neutral mixing conditions, the profiles are nearly uniform. There
are indications of a broad maximum appearing at different heights,
depending on the strength of the vertical diffusion.
2. The amplitude of the diurnal variations in concentration
decreases with height. At any given height the amplitude depends on
the strength of the mixing during the day and the strength of the
inversion at night.
3. The 2 1 4 Bi/ Z I 4 Pb ratios at all heights exhibit a relatively
narrow range of values. Significant departures from unity occur
mainly at 1 m during weak mixing conditions. The 2 1 4 Bi/ 2 1 4 Pb
ratio at 25 m was close to unity under all mixing conditions
encountered.
4. Diurnal variations in the 2 2 2 Rn exhalation rate were small
except when a frontal system passed through the measurement site
and caused a change in the atmospheric pressure.
Calculated solutions to the one-dimensional time-dependent
diffusion equation for radon and its daughters indicate that:
1. The ratios of radon to its daughters approach their steady-state
values within a few hours after sunrise and sunset.
2. Variations in the turbulent diffusivity account for the major
features of the diurnal variations in radon daughter concentrations
that were found experimentally.
3. Variations in the concentrations of radon and its daughters
and their state of secular equilibrium, caused by changes in the
222
R n exhalation rate from the soil, will usually be smaller than
those due to changes in atmospheric mixing conditions.
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DISCUSSION

Smith: You mention 2 2 2 R n exhalation rates from surface and
radon daughter concentrations in the vertical column above.
Except for extremely stable conditions, these daughters come from
222
R n exhaled elsewhere. Is this an important consideration? How
do you take it into account?
Gogolak: In the case of the measurement site at Lloyd, N. Y., we
would expect that air masses moving into the site would be coming
from regions of generally similar 2 2 2 R n exhalation rate. At
Brookhaven we thought we might see the effect of advection of
marine air masses of lower 2 2 2 Rn content. However, the results
obtained at both sites were quite similar.
Shapiro: What was the statistical accuracy of individual ratio
measurements? Did you see any departures from equilibrium that
you considered statistically significant?
Gogolak: The statistical error in an individual determination of
the 2 ' 4 Bi/ 2 ' 4 Pb ratio depends heavily on the concentration of these
radionuclides. When the concentrations are low, as is usually the case
in periods of strong mixing, one standard deviation can exceed 50%
of the measured ratio. The counting error is much lower during
stable periods when the radon daughter concentrations near the
surface are higher. This is indicated by the data shown in Fig. 7. The
only significant departures from equilibrium between 2 1 4 Pb and
2 4
' Bi were observed during weak mixing conditions at 1 m. The
mean 2 1 4 Bi/ 2 1 4 Pb ratio during strong mixing conditions was near
unity at all heights.
Wilkening: You have indicated that there was little difference in
exhalation rates from day to night. Was there any real difference
observed above the errors of measurement?
Gogolak: No. There were significant differences in exhalation rate
on different days, however, and these seemed to correlate reasonably
well with atmospheric pressure.
Steinhausler: Do you think that the simultaneous effect of other
meteorological variables, such as changes in barometric pressure, wind
speed and direction, and soil temperature respirable humidity could
influence the shown correlation between 2 2 4 Pb and the parameter
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you studied (atmospheric stability)? Could that also account for
some of the rather large variations shown?
Gogolak: The atmospheric stability was used simply as an
indicator of the level of vertical diffusion. One of our main purposes
in this study was to determine the relative influence of diurnal
changes in 2 2 2 Rn exhalation rate and vertical turbulent diffusivity
on the radon daughter profiles. Our results indicate that variations in
the turbulent diffusivity account for the major features of the
diurnal variations in radon daughter concentration profiles that we
found in our experiments.
Bouville: What type of boundary condition at the ground level
did you use for the radon daughters?
Gogolak: The radon daughter concentrations are taken as zero at
the surface.

Diffusion Coefficient of Radon Decay
Products and Their Attachment Rate
to the Atmospheric Aeroso!

J. PORSTENDORFER* ?,nd T. T. MERCER
Radiation Bioligy and Biophysics, University of Rochester, Rochester,
New York

ABSTRACT
The attachment rates of the neutral atoms to the atmospheric aerosol indoors
and outdoors were studied by means of thoron ( 2 2 0 R n ) decay products, which
were attached to the aerosol in a laminar flow through a cylindrical tube. In a
nuclei concentration range between 0.6 and 7 X 10 4 particles/cm 3 , the attachment rates were 0.009 to 0.05 sec~' (relative humidity, 30 to 50%),
corresponding to a half-life of attachment of 77 to 14 sec. The change of the
average nuclei size with humidity could be determined by measuring the
attachment rate for different water vapor concentrations. When the humidity
was changed from 20% to about 100%, the average particle size increased up to a
factor of 2.1.
Under the same experimental conditions (but without aerosols), the
diffusion coefficients -D) of the thoron decay products were determined as a
function of relative humidity (RH) and electrical charge. Positively charged
decay products in very dry air ( R H < 2%) have a diffusion coefficient of only
4.8 ± 0.3 X 10~ 2 cm 2 /sec in contrast to higher relative humidities (RH = 30 to
90%) where we measured values of 6.8 ± 4 X 1 0 ~ 2 cm 2 /sec. For neutral ThB
( 2 1 2 P b ) atoms, we could find no influence of the water vapor. This diffusion
coefficient was always 6.7 ± 0.4 X 10~ 2 cm 2 /sec.

Most of the released fission products of a power plant, the decay
products of radon in the atmosphere, or many other natural or
artificial atmospheric contaminants are initially in a molecular or
atomic state and attach to the atmospheric aerosol. Because their
behavior in the atmosphere and especially the deposition rate in the
*Present address: Institut fur Biophysik, Strahlenzentrum der Justus-LiebigUniversitat, D-6300 Giessen, Germany (BRD).
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lung during inhalation are determined to a large extent by the
physical parameters of the aerosol, a knowledge of the quantity of
material adsorbed on the particle and its distribution with respect to
particle size is of great interest.
The relative size distribution-, AZj(d)/£ AZj(d), of the particles
to which atoms of a radioactive isotope, j , are attached is given by
AZj(d)
2AZj(d)

P(

d

Z AZ(d)
'xZAZ(d)

(i)

d

where Z is the aerosol concentration, X is the attachment rate, and d
is the particle diameter (Porstendorfer, 1969). Both Z and X are
constants for an aerosol with the relative size distribution
AZ(d)/S AZ(d). The size distribution of the adsorbed material
depends on the attachment coefficient 0(d), which is needed to
determine AZj(d) when AZ(d) is known. The coefficient /3(d) was
measured as a function of the aerosol size in previous studies
(Porstendorfer and Mercer, 1978b; Porstendorfer, Robig, and
Ahmed, 1979).
Figure 1 shows the activity size distribution of ThB attached
on the atmospheric aerosol (outdoors). The activity size distribution was measured with an aerosol size spectrometer (Stober
and Flachsbart, 1969; Porstendorfer, 1973). The greatest fraction of
the decay products adsorbed on the atmospheric aerosol is in the
aerodynamic diameter (d ae ) range of 0.06 to 0.2 jum.
In contrast to the attachment coefficient j3(d), which influences
the size distribution of the adsorbed atoms, the attachment rate
X(d) = 0(d) Z(d)

(2)

expresses the attachment velocity of atoms to a monodisperse
aerosol of size d and concentration Z. If n = n 0 is assumed for t = 0,
then the concentration of free atoms at time t is
n(t) = n o e - x ( d ^

(3)

and we can define a half-life of attachment, Ta = In 2/X. If there is a
polydisperse aerosol with a size distribution AZ(d) = 5Z(d)/8d Ad,
then the attachment rate is
X= f, AZ(d)/3(d)

(4)

d=O

It is a little more difficult to determine the free and attached
radon and thoron decay products in the atmosphere. In this case the
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1
AERODYNAMIC DIAMETER (d ae ). (im

0.01

Fig. 1 Activity size distribution of ThB attached on the natural
atmospheric aerosol outdoors.

formation rate Xj_, nj_, of the previous decay product and the
decay rate Xj nj have to be considered (Xj : decay constant of the
radioactive isotope j). The rate o± change of the concentration is
5n;
-^-Xj_inj_1+rp

(5)

j = 0 : Rn

j = 3 : 2 1 4 Bi(RaC)

j = l : 2 1 8 Po(RaA)

j = 4 :2I4Po(RaC)

j = 2:

2l4

Pb(RaB)
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where Zj is the concentration of the adsorbed decay products and
rj_1Xj— i Zj— x is the desorption rate after an alpha decay. The recoil
factor rj defines the probability of whether an attached radioactive
atom desorbs. After Mercer (1976), the appropriate values are
r, = r 4 = 0.8 and r 2 = r 3 = 0 for the atmospheric aerosol.
If we neglect the elimination of free and attached atoms by dry
and wet removal processes, there is radioactive equilibrium
Xono = (nj + Zj) Xj in the atmosphere, and under steady-state conditions 6nj/5t = 0 the fractions of the free decay products are
n

j ^rinj + Zj

(6)
Xj + X

Xono

The fractions of the free and adsorbed material can be determined by
knowledge of the attachment rate X.
Experimental data in the literature are scarce. Mohnen (1969)
determined a mean attachment coefficient of the thoron decay
products to the atmospheric aerosol with |3 = 1.1 x 10~ 6 cm3/sec
and a half-life of attachment between Ta = 15 and T a = 30 sec in the
particle concentration range 5 to 2x^lO 4 c m " 3 . Kawano etal.
(1970) reported an average value of Ta = 26 sec. In our previous
studies (Porstendorfer, 1969), the mean attachment rate of the
positive thoron decay products was measured with f? = 4.9 x 10~ 7
cm3 /sec and the half-life of attachment was T a = 29 sec with an
aerosol concentration of 5 x 10 4 cm~ 3 .
In this study we also used the thoron decay products for
measuring the attachment velocity at different concentrations of the
atmospheric nuclei indoors and outdoors. In addition, we checked
the influence of the humidity on the attachment rate.
The attachment process of atoms on a particle surface is
diffusion controlled (Arendt and Kallman, 1926; Lassen and Rau,
1960; Lassen, 1961; Bricard, 1962; Fuchs, 1963; Baust, 1967).
Therefore it is necessary to characterize the thoron decay products
first. The diffusion coefficients of the decay products under different
humidities and under consideration of electrical charge were measured.
MEASURING METHOD AND ARRANGEMENT
The thoron decay products were attached to the atmospheric
aerosol in a laminar flow through a cylindrical tube as described
elsewhere (Porstendorfer, 1968; Porstendorfer and Mercer, 1978b).
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Fig. 2 The attachment processes and the recombination of Tn
decay products in the tube air.

The thoron decay products formed within the tube, most of which
are positively charged, are involved in three processes (Fig. 2):
1. Diffusion to the wall with a rate, a w .
2. Attachment on particles with an attachment rate, X.
3. Recombination with negative small ions with a recombination
rate, r = c*Rn~, where CXR is the recombination coefficient between
ions and n~ is the concentration of small negative air ions.
The alpha radiation of thoron and the first daughter product,
ThA ( 2 l 6 Po), creates a bipolar ion concentration in the tube air
which can be changed by variation of the thoron concentration. If
the thoron concentration is high enough, the recombination rates of
decay products are much greater than their attachment rates to
aerosols and the tube wall, and they diffuse as neutral atoms in the
tube air. At low thoron concentrations, the ion concentration is so
reduced that attachment processes are much faster than recombination, and thus the decay products are positively charged up to the
time of the attachment. The attachment rate to an aerosol can be
determined from measurements of the transmission of free and
attached decay products at the tube outlet, where transmission is
defined as the activity flux at the outlet divided by the total activity
of decay products produced in the tube. For that reason we gave a
mathematical solution of this diffusion problem (Porstendorfer and
Mercer, 1978a) with the supposition that there is a constant
attachment rate X, i.e., that we can neglect the aerosol lost by
diffusion and sedimentation or by changes in the size distribution
caused by coagulation. The calculated transmission values for free (S)
and attached (Q) thoron decay products as a function of the
attach;nent rate X are shown in Fig. 3. Measuring the free and
attached ThB activity on the filter at the tube end and the activity
on the whole tube wall, we can determine the transmission values
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Fig. 3 The calculated transmission values for free (S) and attached
(Q) thoron decay products as a function of the attachment rate X.
Diffusion coefficient (D) = 0.068 cm 2 /sec; tube diameter = 0.91 cm;
tube length = 100 cm. (aerosol flow velocity in the tube = 2.1355
cm/sec). [From J. Porstendbrfer and T. T. Mercer, Concentration
Distributions of Free and Attached Rn and Tn Decay Products in
Laminar Aerosol Flow in a Cylindrical Tube, J. Aerosol Sci., 9(4):
290(1978).]

and, by means of Fig. 3, the attachment rate X. Moreover, if there
are no aerosols in the tube air, we can determine the diffusion
coefficient of the decay products under the same experimental
conditions (Porstendorfer and Mercer, 1979).
The tube had a diameter of 1.82 cm, a length of 100 cm, and a
total aerosol flow rate of 333 cm3/min; thus aerosol losses in the
tube for particles with d > 0.01 fim were negligible. The average age
of the atoms after their formation was only a matter of seconds, and
therefore the chance to get "cluster" formation at high radiation
exposures was small.
For the production of different thoron concentrations, we used
two dry 2 2 8 T h sources of 0.8 mCi and 0.04 mCi (Hursh and Lovaas,
1967) in connection with a decay volume. The ThB activity on the
filter at the tube end and on filter paper on the tube wall was
counted by a Nal(Tl) well counter connected to a multichannel
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analyzer. The different water vapor concentrations were realized by
mixing dry and wet atmospheric air. Humidification was carried out
by evaporation of water from a wet filter area without elimination
and production of particles. The walls of the attachment tube were
covered with wetted filter paper to produce humidities of about
100%.
The nuclei concentration was measured with a condensation
nuclei counter (CNC) (Environment One Corporation), which was
calibrated with a photographic CNC (P CNC) (Porstendorfer and
Soderholm, 1978). In the latter counter, an aerosol sample is
supersaturated, and the resulting cloud droplets are illuminated with
a photoflash. The light scattered from each droplet in the sensitive
volume of the counter forms an image on a self-processing
photographic film. The pictures were evaluated by counting the
images under a stereomicroscope. The measured factor Z/Zat, of the
CNC for atmospheric aerosol is 1.81, where Z and Zab are the
particle concentrations measured with the CNC and the P CNC,
respectively.
RESULTS

Results of the diffusion coefficient measurements are shown in
Fig. 4. The diffusion coefficient of the positively charged thoron
decay products (low thoron concentrations in Fig. 4) is increased by
increasing humidity in contrast to the results of Raabe (1968), who
found a decrease (D = 0.034 cm2/sec) for higher humidities. For
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Fig. 4 Diffusion coefficients for different humidities and Tn concentrations.
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humidities > 30% we measured a value of D = 0.068 ± 0.004 cm2 /sec.
Under very dry conditions (RH < 2%), the diffusion coefficient of
the charged decay products was 0.048 ± 0.003 cm 2 /sec, comparable
with the value D = 0.054 cm2/sec found by Chamberlain and Dy jn
(1956). The same humidity influence was found by Thomas and
LeClare (1969). Recently, however, Kotrappa, Bhanti, and
Raghunath (1976) determined a diffusion coefficient of thoron
decay products between 0.052 and 0.06 cm2 /sec and could not find
any changes in the relative humidity range 5 to 90%.
With higher thoron concentrations in the tube air, the recombination rate is so high that the decay products become neutral within a
short time (<0.1 sec). In this case no humidity dependence was
found with neutral thoron decay products. The diffusion coefficient
was always D = 0.067 ± 0.004 cm2 /sec (Fig. 4).
The measurements of the attachment rates were carried out with
relative humidities between 30 and 55% at a temperature of 20 to
22°C. The aerosol concentrations indoors (room air) were relatively
constant during an experiment (up to 1 hr), in contrast to the
outdoors, where changes were up to 100% and therefore the average
particle concentration Zc (modified by the calibration factor Z/Zab)
was always taken. The measured values are listed in Tables 1 and 2.
To find the differences between the attachment rates (X) and the
mean attachment coefficients ((3 = X/Zc) of the positively charged
and neutral atoms, respectively, both measurements took place
successively within 1 hr, assuming that the conditions of atmospheric
nuclei did not change drastically. The difference between the average
attachment coefficients /30 and /3 was not significant, but we could
find a difference between the /3 values of the atmospheric nuclei
indoors and those outdoors (Fig. 5). In room air the number of
smaller nuclei are relatively low, owing to larger diffusion losses and
coagulation processes in contrast to the atmospheric nuclei outdoors.
Therefore, in our case, the average attachment coefficient to the
aerosol indoors was about two times higher (/3 = 1.25 x 10~ 6
cm3/sec) than it was outdoors (j3 = 6.0 x 10~ 7 cm3 /sec). Generally |3
values for room air are from 1.25 x 10~ 6 up to 6.0 x 10~ 7
cm 3 /sec, influenced by the different air exchange rates with the
atmosphere outdoors. In our experiments the half-life of attachment
varied between 10 and 60 sec for atmospheric aerosols outdoors and
40 and 80 sec for natural aerosols in poorly ventilated rooms without
cigarette smoke.
If there are smokers in a room, the attachment rates change
drastically (Table 3). If there are two smokers in a room, Xo can
increase up to 0.14 sec —l , which means an attachment time of only

TABLE 1

Attachment to the Atmospheric Aerosol (Room Air)
Exp.
No.

1
2
3
4
5

zc,
10 4 c m " 3
0.95-1.15
0.5-0.8
1.25-1.6
0.95-1.1
0.85-1.05

z,

10" ccm " 3
1.05
0.7
1.4
1.0
0.95

1

RH, %
= 21-23°C)
41
50
55
51
45

_
Xo.sec-1
0.0119
0.0089
0.0131
0.0113

00,
10-6cm3/sec

X, sec

_i

•

A

3

cm /sec

Ta ,o. sec

Ta, sec

58.2
77.9
43.1
61.3

1.13
1.27
1.15
1.13
0.0105

CO

66.0

1.11

5
z
o
o

m
Tl

•n

TABLE 2
Attachment to the Atmospheric Aerosol (Outdoors)
ft,.

z,

zr.

RH, %
(T = 21-23°C)

1
2
3
4

5.3-7.9
3.2—5.3
1.6-2.6
2.6-4.2

6.6
4.2
2.1
3.4

40
36
20
20

0.044

6.66

0.0119

5.66

5
6

2.6-4.2
3.2—5.3
3.2—5.3
2.6—4.2

3.4
4.2
4.2
3.4

50
32
50
38

0.0131

Exp.
No.

7
8
9
10
11
12

10-7cm3/sec

X, sec" 1

10~ n cm 3 /sec

T a j 0 ,sec

T a ,sec

15.8
0.0368

0.0179

m
2
O
-n

18.8

8.76
58.2

0.0217

6.38

0.0164

3.91

31.9
52.9

3.85

3)

42.3
38.7

4.26
0.0125

O
O
Z
D
m
n

55.5

3.68

o
o
c
o
H
CO

3.2-6.3
2.1-4.2
2.1-3.2
1.6-3.7

4.2
3.1
2.6
2.6

48
31
45
45

0.0268

25.9

6.38
0.013

0.012

53.3

4.19
57.S

4.62
0.0158

6.08

43.9

M
CO

(O
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Fig. 5 The influence of atmospheric nuclei concentration on the
attachment rate and half-life of attachment.

Ta,o = 5 sec. The average attachment coefficient, however, is failiy
constant (1.25 to 1.3 x 10~" ^ 3 / s e c ) .
The influence of relative humidity on the attachment rate of the
neutral decay products was checked, and the results are shown in
Fig. 6. No humidity influence on the diffusion coefficient up to
RH * 100% (22°C) was recognized, in contrast to attachment rate
and average attachment coefficient where an increase up to a factor
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TABLE 3

Influence of Cigarette Smoke on the Attachment Rafce of the Radon
Decay Products in Room Air (Steady State Conditions)
0o.
sec

sec

cm 3 /sec

1.4 ± 0.2 X 10 4

0.016

43.3

1.14 X 10~ 6

5.8 ± 0.3 X 10 4

0.073

9.5

1.25 X 10~ 6

10.8 i 1 X 10 4

0.14

5

1.30 X 1O~ 6

Z c , cnT
Atmospheric aerosol indoors
Atmospheric aerosol indoors
plus one smoker
Atmospheric aerosol indoors
plus two smokers

2

10 —

100

RELATIVE HUMIDITY. %

Fig. 6 Change of the attachment rate (X o ), average attachment
coefficient (0O), diffusion coefficient (D o ), and nuclei size (d) with
humfdity.
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of 4 was measured. According to the known size dependence of the
attachment coefficient (Porstendorfer and Mercer, 1978c), this
represents an increase in the average partieie size by a factor of about
2.1. We can assume that humidity changes in a normal range between
30 and 80% can alter the attachment rate by as much as 100%.
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The Mean Size Among the Particles
of Short-Lived Radon Daughter
Products in the Atmosphere

S. NAKATANI
Electrotechnical Laboratory, Tanashi Branch, Tokyo, Japan

ABSTRACT
The diffusion-battery method is used to classify the radioactive particles
according to their sizes. The diffusion coefficient is determined from the
fractional penetration of the particles through the battery. Particle radii are
derived from the diffusion coefficients with the Stokes—Cunningham—Millikan
formula. At the exit and entrance of the battery, individual concentrations of
radon daughter products 2 ' 8 Po, 2 ' 4 Pb, 2 ' 4 Bi are determined by means of pulse
shape discrimination and delayed coincidence techniques. Thus the mean sizes of
individual radon daughter: can be obtained from the fractional penetration of
individual nuclides through the diffusion battery. Despite large statistical
fluctuations the mean size of 2 1 4 B i is always shifted toward the larger size
region as compared with those of other radionuclides.

In health physics, atmospheric physics, and in other fields, the size
distribution of small airborne particles is of considerable importance.
After Bricard (1949) had studied the attachment of ions to aerosol
particles, the attachment of radioactive ions to spherical aerosol
particles of known sizes was reported by Lassen and Rau (1960),
Lassen and Weicksel (1961), and Lassen (1961). Measurements of the
size distribution of natural radioactive aerosols have been reported
by many investigators (e.g., Jacobi etal., 1959; Jacobi, 1961;
Kawano and Nakatani, 1961; Schumann, 1963; and Nakatani, 1972a,
1972b). In general, however, the size distribution of natural aerosols
varies with time, and the size distribution of radioactive particles is
also likely to be modified subsequently.
Radon decay products, when formed by disintegration of radon
in the atmosphere, usually attach almost instantaneously to the
extremely numerous submicroscopic particles. It is evident that in
the open air nearly all radioactivity resides on particles that are too
294
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small to be detected by ordinary microscopes (Wieser and Stierstadt,
1962; Schumann, 1963; Styro and Matulyavichene, 1964; and Raabe
and Wrenn, 1969). Therefore the electrometric method is a powerful
means of determining the size distribution in the submicron size
range (Wilkening, 1952; Junge, 1955). The mobility distribution of
particles has been studied by electrometric methods to obtain
information on the .uze distribution covering the range from 0.001 to
0.1 (im in diameter (Bricard, Pradel, and Renoux, 1961; Wieser and
Stierstadt, 1962; Mohnen and Stierstadt, 1963; Styro and
Matulyavichene, 1964; and Nakatani, 1975). With these methods,
however, it is difficult to determine the particle sizes of individual
nuclides of radon daughters.
Many methods have been developed for determining the amounts
of individual radon daughters contained in the air, such as the
graphical methods (Tsivoglou, Ayer, and Holaday, 1953; Malakhov
et al., 1966), the spectroscopic methods (Martz et al., 1969;
Lindeken, 1968), and the beta—alpha coincidence counting methods
(Rankin, 1963; Tanaka, Iwadate, and Miwa, 1968; Assaf and Gat,
1967). In many cases, however, the methods consist of a mathematical analysis of the observed decay curves from the collected
activities on air filters. In our case the beta—alpha coincidence
technique is used. The radioactivity is detected throughout the
sampling period, and the growth curve of the activity is used for the
analysis of the amounts of individual radon daughters.
DESCRIPTION OF THE EXPERIMENTAL METHOD
Determination of Particle Size

Diffusion batteries can be used to determine the diffusion
coefficient of particles, and from this the particle size can be
calculated. Let N o be the number concentration of particles in the
air, and let N be the number concentration of particles that have
passed through a diffusion battery. As is well known, N/N o , called
the penetration fraction, is expressed as a function of the diffusion
coefficient (and of the radius) of the particles (Thomas, 1954; Nolan
and Pollak, 1946). A parallel-plate typr battery was used for the
measurements. Various equations have been derived for relating the
penetration ratio to the diffusion coefficient and thus to the particle
size for monodispersed aerosols. Here the DeMarcus—Thomas (1952)
equation was used to determine the penetration fraction of particles,
§- = 0.9149 e - ' - 8 8 5 ^ + 0.0592 e" 2 2 - 3 3 " + 0.026 e~' ^

(1)

L
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where /i is given by the ratio LD/h2u~, L is the length of the
channel of the diffusion battery, h is half the distance between its
walls, u is the mean flow velocity of particles, and D is the diffusion
coefficient of particles. When the size distribution of particles is
represented in a lognormal form, Eq. 1 is rewritten as (Fuchs,
Stechkina, and Starosselskii, 1962)
N
0.9149
f°°
= —-r
I
No (27r)*log0g J ~

ex

. 1 O Q ._. .
P (—1.885Dy)

f-(logr-logrg)2]

JdlOgr

L
0-0592
(2*)* log (3g

r

-(logr-logrg)2

where y is the experimental parameter equal to L/h 2 u. The third
term in Eq. 2 can be neglected because of its smallness.
In practice, in the larger size region, the distribution will be given
by the relationship dN/d(log r) = const./r3 (Junge, 1955). However,
as a rough approximation, a lognormal size distribution can be
assumed from the data obtained with the mobility measurements of
natural aerosol particles. In many cases the standard geometric
deviation (/3g) is taken near the value of 2.0. With the help of this
value, the theoretical curve of the penetration fraction through the
battery was calculated (Nakatani, 1975),
The typical size distribution of natural aerosols obtained from
mobility measurements is shown in Fig. 1. The penetration fraction
was obtained simultaneously by using the diffusion battery and two
photoelectric nucleus counters. Four sets of experimental data were
obtained with various flow rates through the battery, and the
penetration fractions were obtained. From these sets of data, the
mean radii calculated from the theoretical curve for j3g = 2 are much
the same (marked with arrows below the distribution curve in
Fig. 1). Therefore, if we assume that the size of particles is
distributed lognormally, although this assumption will be somewhat
presumptuous, the logarithmic mean radius can be obtained as a
constant value near the peak on the size distribution curve, without
any effect of the rate of flow on the determination of particle sizes.
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Fig. 1 Relation between the size distribution of natural aerosols
obtained from their mobility measurement and their mean size
obtained from the diffusion battery method.

DETERMINATION OF INDIVIDUAL RADON DAUGHTER NUCLIDES
The apparatus consists of a sampling head to hold an air filter
mounted directly over a CsI(Tl) scintillation counter. The radioactivities on the air filter (Millipore A A type) at the exit and the
entrance of the diffusion battery are measured throughout the
sampling period. By means of a pulse shape discrimination technique,
the alpha pulses are separated from the beta puises. The count rate of
the 2 1 4 Bi— 2 l 4 Po pair is determined by the beta—alpha delayed
coincidence method, and the contribution of 2 ' 8 Po and 2 ' 4 Pb to
the total activity can be determined by subtracting this coincidence
rate from the total alpha and beta counting rates, respectively.
Finally the growth curves of the individual activities of radon
daughters can be recorded by a multichannel counting rate meter
(Nakatani, 1977).
Figure 2 is a block diagram of the various units. Airborne radon
daughters are collected on a Millipore AA filter. The filter has been
reported to retain more than 99% of the radioactive particles (Megaw
and Wiffen, 1963). After amplification the signals from the detector
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Fig. 2 Simplified block diagram of measuring system.

are fed to a rise time-to-height converter, where the alpha pulses are
separated from the beta pulses by virtue of the difference in their
pulse rise times. Figure 3 shows the pulse-height distribution observed with a multichannel analyzer. The beta-decay events from the
converter are obtained at terminal T 5 through a pulse-height selector,
and the pulses caused by the alpha events are obtained at terminals
T 3 and T 4 through a single-channel pulse-height analyzer. The beta
pulses are also used for, in effect, opening a gate for 600 jusec. If an
alpha-caused pulse appears while the gate is open, it is counted as a
coincidence event, which is obtained at terminal T 6 . The count rate
of this coincidence event is proportional to the amount of 2 ' 4 Bi
(and 2 * 4 Po) because the beta—alpha successive decays from 2 14Bi—
2 l4
Po occur sufficiently within a gate time interval of 600 /isec. If
three events—alpha, beta, and coincidence—are obtained with
equal counting efficiency, the difference of count rates between the
alpha and the coincidence events is proportional to the activity of
2 8
' Po, and the difference between the beta and the coincidence
events is proportional to the 2 * 4 Pb activity. In practice, their
counting efficiencies do not coincide. Therefore the efficiencies
between them are arranged externally to an equal value by
multiplying the constant factors (f!, f 2 ).
It is well known that the number of radon daughter atoms
collected on the filter obeys the time relation obtained from the
following set of equations
dNj
-j£- = i#n-, + Xi-, N j - j —

i = 1,2,. . .

(3)
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Fig. 3 Output of rise time-to-height converter. Pulse-height distribution of alpha and beta pulses was observed by a uiultichannel
pulse-height analyzer.

where n-, = the atmospheric concentration of the ith isotope
Nj = the number of atoms of the Hk isotope on the filter paper
after a time t of sampling
77 = the collecting efficiency of the filter
0 = the flow rate of air drawn through the filter
With the initial conditions at t = 0, N; = 0, the solutions of this
collection of functions are given successively (Kawano and Nakatani,
1964).
If the activities accumulated on the filter are indicated at any
time by A (= A, N,), B (= A2 N 2 ), and C (= \ 3 N 3 ) corresponding to the
activities of 2 ' 8 Po, 2 1 4 P b , and 2 1 4 Bi, the atmospheric concentrations cf the daughters can be calculated from the solutions of Eq. 3.
When t = 30 min,
X|n|a(1.001A)X,

0

(4)
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\2n2 =

(1.853 B - 0.894 A) X2
T?0

(5)

(1.534 C - 0.660 B + 0.039 A) X3
7?0

(6)

The constant factors T? and 0 are known and can be inserted in the
above equations. However, the factors cancel out and need not be
known if only the relative amounts of the daughters are desired.
Figure 4 presents typical growth curves from samples taken at
some point of time through the experiments, except for the curves of
total beta and coincidence events. The steady maximum value of
2 8
' Po activity (=A) is found by observing the accumulation curves
of the daughters during the first 30 min. Buildup of daughter
activities during the accumulation period of 30 min is shown
1 : 0.28 : 0.18
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1 : 0.95 : 0.84
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Fig. 4 Typical growth curves of 2 1 B Po, 2 ' 4 Pb, and 2 ' 4 Bi activities.
The curves were obtained during a sampling period of 30 min.
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relative concentrations of the daughters in the air (degree of
equilibrium) were calculated as 1 : 0.95 : 0.84, 1 : 0.65 : 0.57, and
1 : 0.28 : 0.18, respectively.
EXPERIMENTAL RESULTS

From the values of A, B, and C mentioned above, the individual
concentration of radon daughters in the air can be calculated from
Eqs. 4, 5, and 6.
Let a0 be the concentration of radioactive particles in the air and
ad be the concentration of the particles that has passed through the
diffusion battery. The mean size of these radioactive particles can be
calculated from the penetration fraction (ad/a 0 ) and the diffusion
parameter y (see Eqs. 1 and 2). If the diffusion parameter takes a
constant value, the penetration fraction takes a low or high value
according to whether the particle size is small or large, respectively
(Thomas, 1954; Nolan and Pollak, 1946; Nakatani, 1975).
Figure 5 shows the time variations of the concentrations of
individual radon daughter products. In the bottom part of Fig. 5, the
concentration increases with time, and in the top part the concentration decreases with time. The concentrations of individual daughters
were measured alternately at the entrance and exit of the diffusion
battery. As shown in Fig. 5, the concentrations at the entrance of the
battery show higher values than those at the exit, and the
penetration fraction of 2 ' 8 Po takes the lowest value, with 2 ' 4 Pb
somewhat higher and 2 ' 4 Bi higher still. Thus the penetration
fractions show higher values in the order of succeeding members of
the radon decay series. This tendency means that the mean size of
214
Bi particles is the largest, 2 1 4 Pb is next, and 2 1 8 P o is the
smallest.
Figure 6 shows the mean radius of particles of the individual
radon daughter products calculated from the value of the penetration
fraction through the battery. Despite large statistical fluctuations, it
is evident that the mean sizes of 2 ' 8 Po particles are always shifted
toward a smaller size region than those of the other radionuclides,
and conversely the sizes of 2 ' 4 Bi particles are large on the average
compared with the other radioactive particles.
These results would be expected by the coagulation effect among
the particles suspended in the air. It is not difficult to deduce
mathematically the number of atoms of radon decay products at any
subsequent time if the initial number of atoms of 2 1 8 P o is given.
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Fig. 5 Time variation of the concentrations of individual radon
daughters. In the bottom part of the figure, the concentration
increases with time. In the top part the concentration decreases.
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Fig. 6 The mean radius of the individual radon daughter products.
The radius was calculated from the value of the penetration fraction
through the diffusion battery.
Suppose only 2 ' 8 Po exists at the initial stage, n, being the number
of atoms. Let n2 and n 3 be the number of atoms of 2 1 4 P b and
2 4
' Bi at the given time t, respectively. The solution of the Bateman
equation is of the form (Rutherford, Chadwick, and Ellis, 1951)
n2 = ?
A2

s - [exp (—X, t) — exp (—X21)]

(7)

Ax

for 2l4 Pband
n3 =

[a exp (—X, t) + b exp (—X21) + c exp (—X31)]

(8)
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for 2 ' 4 Bi, where

( x 2 - ; \ i )(X3 - X i )
x,x 2
b=(X,x2 )(x3 - x 2 )
x,x 2

c = (X, - X ) ( X - X )
3
2
3

The values of the disintegration constants Xx, X2, X3 are taken as
3.79 x 10~ 3 , 4.31 x 10~ 4 , and 5.86 x 10~ 4 sec~~\ respectively.
The result of the calculation is shown in Fig. 7. The amount of

180

Fig. 7 Variation in the number of 2 ' 8 Po, 2 ' 4 Pb, and 2 ' 4 Bi atoms.
2

' 4 Pb is initially zero, reaches a maximum about 10 min later, and
then diminishes with time. Similarly, the amount of 2 ' 4 Bi reaches a
maximum about 35 min later. Usually the atoms of 2 ' 8 Po attach to
the aerosol particles within a few minutes (Lassen, 1961). Then the
coagulation effects would be expected during time intervals of about
30 min for 2 ' 4 Bi and several minutes for 2 * 4 Pb. Strictly speaking,
however, the mean life expectancy of the atoms of a radioactive
species must be taken as an effective coagulation time, instead of a
time reaching a maximum concentration.

304

NAKATANI

Let n| be the number of atoms of the first kind ( 2 ' 8 Po) present
at time t = 0. Thus the average life of the whole number is given by

—
f A,tn,e- Xlt
ni Jo
The number of atoms of the second kind ( 2 l 4 Pb) is initially zero.
However, all the atoms of the first kind will be converted eventually
to the atoms of the second kind. Thus the time corresponding to the
life of the second kind will be given by the sum of times of existence
of all the atoms of the second kind, divided by the initial number of
atoms of the first kind, as
1 f"
— I X,tn-> dt
n, Jo
Using Eq. 7, the time is given as 43.1 min. This time is equal to the
sum of individual mean life times of 2 ' 8 Po (4.4 min) and 2 l 4 P b
(38.7 min). In the same way, the time is given by

-r

A 3 tn 3 dt

n> Jo
for the third kind. Using Eq. 8, the time is 71.5 min. Therefore the
mean sizes of 2 ' 8 Po, 2 ' 4 Pb, and 2 ' 4 Bi particles would reflect total
mean coagulation times of about 3, 40, and 70 min, respectively, if
the successive daughters remain attached to the same aerosol particle.
CONCLUSIONS

1. The mean size of particles was calculated from the penetration
fraction of the particles through a diffusion battery and the diffusion
parameter, assuming a lognormal size distribution for the particles.
The assumption will be somewhat presumptuous; however, the
logarithmic mean radius can be obtained successfully.
2. By means of a pulse shape discrimination technique, the alpha
pulses emitted from radon daughters are discriminated from beta
pulses. The count rate of the 2 1 4 Bi—2' " Po pair was determined by
a beta—alpha delayed coincidence method, and the contributions of
2 8
* Po and 2 ' 4 Pb to the total activity are calculated by subtracting
the coincidence rate from the total alpha and beta counting rates,
respectively. With this method the radioactivities of individual radon
daughters were obtained successfully.
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3. At the entrance and exit of the diffusion battery, the
radioactivities collected on the air filter were measured by a CsI(Tl)
scintillation counter. Individual concentrations of radon daughters in
the air were determined by means of pulse shape discrimination and
delayed coincidence methods.
4. In spite of large statistical fluctuations, the mean sizes of
particles differ considerably for different radionuclides. It is evident
that the mean sizes of 2 ' K Po particles were always found toward the
smaller size region than those of other radionuclides, and also the
sizes of : ' 4 Bi particles were large compared with other radioactive
particles.
5. This tendency seems to indicate the effect of coagulation
among the particles suspended in the atmosphere.
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DISCUSSION

Cheng: Please explain the apparatus used for the diffusion
battery method, such as size and weight, to see if it is possible to use
underground for mine radiation monitoring.
Nakatani: The apparatus was constructed as laboratory equipment. The size of the diffusion battery is about 20(H) by 40(W) by
40(D) cm, including a case, and the size of the automatic air
sampling system is about 50 by 70 by 50 cm. The total weight of the
equipment is approximately 80 kg. In the case of underground
mines, a high concentration of radon is expected. Then we need not
use such a large appara tus and a high volume air sampling system to
obtain the same amount of radioactivity. Sampling volume of air
decreases accordingly as the concentration of radon increases.
Therefore, in my thinking, it is possible to use an apparatus of small
make and a low-volume air sampler.

Radon-222 as an Indicator of Continental
Air Masses and Air Mass Boundaries
over Ocean Areas

R. E. LARSON and D. J. BRESSAN
Naval Research Laboratory, Washington, D. C.

ABSTRACT
Radon ( 2 2 2 R n ) has proven to be an excellent indicator of the continental nature
of over-ocean air and air mass boundaries. Although the accumulation and
removal rates and mechanisms are different for the various atmospheric
constituents of continental origin, the concentrations of many of these
constituents exhibit good correlations (correlation coefficients of 0.7 to 0.9 are
typical for radon and CO, CH 4 , and CCN). Radon is almost exclusively of
continental origin, and low-level real-time monitoring (within a few minutes) is
possible with our improved radon measurement techniques.
The transition from continental to maritime air in offshore and onshore
winds is rather obvious and can easily be established near large islands or
continents as an order-of-magnitude change in radon concentration from a few
tens of picocuries per cubic meter or more to a fev picocuries per cubic meter
or less. The quality of the maritime air, on the other hand, ranges from a few
picocuries of radon per cubic meter, measurable continental dust, and other
continental impurities to true maritime air with no measurable radon (less than
0.1 pCi/m 3 ), continental dust, or other detectable evidence <:f the air having
been over land.
In many areas over the North Atlantic and Pacific oceans, radon levels of 2
or 3 pCi/m 3 are about as low as one can anticipate encountering, while radon
levels of a few tenths picocuries per cubic meter can be expected over some areas
of the South 1'i.cific. Low lewis of radon, and hence continental materials, can
generally be anticipated in some areas, such as w t of Great Britain, but
order-of-magnitude or greater variations have been fc . ;>.£ hi other areas, such as
south and east of Nova Scotia and Newfoundland. Sharply changing radon
concentrations are usually associated with frontal areas. Cur data have offered
insights into air movements, and hence transport of continental materials and
pollutants over oceanic areas. However, the data also show that very little can
rsally be learned about worldwide transport and deposition of crustal materials
or pollutants, past and present, without complete and comprehensive sets of
measurements.
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Radon and related measurements have shown that the passage of a front
should no longer be simply construed as that of a boundary such that all
variables change at the same time. Changes in wind speed and direction, radon
concentration, particle size distributions, light scattering intensity, etc., may
occur more or less simultaneously, but these variables may also change
individually or in groupings and over a time lapse of up to several hours. Radon
and nephelometer data have shown an overall tendency to parallel one another,
but there is frequent leading or lagging, and occasionally sharply opposing
trends, a situation typical of the overall complexity of atmospheric mixing and
motion.

Radon (2 2 2 Rn) is a radioactive rare gas with a 3.8-day half-life and is
continuously emanated from all land areas. Radon emanates from
the oceans but at a rate two or three orders of magnitude smaller
than from land areas, and this enables radon to be used as an
indicator of any recent continental contribution to marine air
masses, as well as the relative continental/maritime nature of mixed
air in coastal zones.
Radon has become widely used as an air mass tracer (e.g.,
Lambert, Polain, and Taupin, 1970; Lockhart, Patterson, and Hosier,
1965; Rama, 1970; Reiter et al., 1972; Subramanian et al., 1977)
with a variety of radon measuring and monitoring devices. The
measurements and instrumentation described here are a part of our
overall research programs in atmospheric physics and chemical
oceanography since radon measurements and monitoring are often
used to support other experiments by adding to the overall picture of
the atmospheric processes involved.
Shipboard measurements (Larson et al., 1972; Bressan, Larson,
and Wilkniss, 1973; Wilfcniss et al., 1973a) showed that pulses of
radon (named "radonic storms" by Lambert, Polain, and Taupin,
1970) are frequently encountered over ocean areas and are associated
with high col centrations of continental dust. Lockhart (1962) had
previously reported substantial month-to-month and seasonal radon
variations. Order-of-magnitude differences in radon background were
found over different ocean areas. A history of the air, addressing
such features as time since departure from continental areas, general
area of origin, and possible intermediate brief excursions over land,
can be established by combining radon concentration data with
weather chart analyses.
An accumulation of radon data from aircraft experiments
(Larson and Hoppel, 1973; Larson, 1974a; Anderson and Larson,
1974) have revealed a strong correlation between radon and cloud
concentration nuclei (CCN) over North America (Larson, 1974b).
Over Arizona the correlation coefficient was 0.92 for transit flights
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at altitudes of 2000 to 4000 m and in ths range of 0.73 to 0.95 for
altitude profiles from 300 to 4500 m.
Each shipboard cruise, aircraft flight, or series of measurements
in a coastal area is unique in that the complexity and variability of
the atmosphere almost precludes duplication. On the other hand,
there may be many similarities to previous data in the same or
nearbv areas. In many instances, data differences are important, and
the lack of correlation can be as interesting and significant as the
similarities. The particular experimental objectives determine the
relative importance of the similarities or differences as well as the
aim and extent of data collection. These similarities and differences
are a principle subject of this paper.
Instrument development was also necessary since our requirements soon exceeded the capabilities of existing equipment and
techniques. Our first nonautomatic instrument package had been
quickly assembled to supplement atmospheric physics measurements
in maritime air at Barbados in 1969, monitoring for the possible
presence of dust-bearing air from Africa. Improved and easily
portable, but manually operated, packages have been used since then.
Recent data taken at Trinidad, Calif., in 1976 to monitor the daily
transition from continental to maritime air, shown in Fig. 1, are
illustrative of that observed in coastal monitoring applications. The
transition from offshore to onshore air was generally abrupt, and a
binary "yes/no" answer was sufficient for comparisons of the
land—sea breeze effects at a fixed location and time. Although a
yes/no answer is sometimes sufficient, substantially more detailed
knowledge would be necessary if atmospheric data from maritime air
at one time and location are to be compared with that from another
time or location (Wilkniss et al., 1978). Also, when a transition zone
between air masses is being investigated, it is important that, all
concerned have some uniform and convenient definition of an air
mass boundary, such as that which can be observed as a radon
change.
To define such radon changes requires a sensitive automated
radon monitor. In 1976, an automatic radon counter, with a thin
plastic scintillator mounted on a photomultiplier to detect the beta
activity of radon daughter products (Larson, 1973), was developed
and tested. The design, based on previous experience and ideas, was
implemented when no existing instrumentation could be found that
satisfied our requirements of sensitivity to O.lpCi/m 3 , portability
for use on aircraft flights or ship cruises with limited space and littie
logistical support, high reliability during these deployments, the
capability of sampling at a rate of several samples per hour when
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Fig. 1 Radon concentrations at a field site near Trinidad, Calif.,
showing the transition from continental to maritime air.

necessary, operability by other personnel after brief simple instructions, and being of relatively modest complexity and expense. The
large increase in data-taking ability due to the use of this device
aboard ship since the spring of 1976 is apparent in the figures to
follow.
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MARITIME AIR OVER THE NORTH ATLANTIC

Shipboard measurements (Larson et al., 1972; Bressan, Larson,
and Wilkniss, 1973) originally indicated that 2 to 4 pCi/m3 were
characteristic of maritime air over the North Atlantic. These data
were accumulated west and north of Great Britain and in the
Norwegian and Greenland seas. Data from two cruises in the Pacific
(Wilkniss et al., 1979; Larson, 1974a), other workers (Moore et al.,
1974; Wilkening and Clements, 1975), and the Nova Scotia fog cruise
(Larson, 1978) indicate that 2 pCi/m3 might be a good average value
for all Northern Hemisphere maritime air. This is substantially
different from some ocean areas of the Southern Hemisphere, where
radon levels are a few tenths of a picocurie per cubic meter, there is
no detectable continental dust, and the levels of CO and CH4 are low
(0.03 and 1.3 ppm). There, radon pulses of 2 to 6 pCi/m3 and any
measurable continental dust indicated "continental air," which could
be traced back to an origin over Australia (Wilkniss et al., 1973a,
1973b, 1979).
Atlantic cruises in 1976 and 1977 have subsequently shown that
very low radon levels, of the order of a few tenths of a picocurie per
cubic meter, may also be encountered over much of the Atlantic.
When these data are compared with each other and that of the
marine fog cruise, they clearly illustrate the spatial and temporal
variations of atmospheric variables encountered over open ocean
areas. Apparently systematic differences can exist, and it became
very clear that extreme caution must be used in extrapolating data
from one time and place to other times and places, regardless of the
quality and quantity of that data.
The 1975, 197G, and 1977 cruise tracks are shown in Fig. 2. The
tracks overlap spatially in the areas generally south of Newfoundland, and the 1976 track was through a general area west of Great
Britain (5° to 15°W and 50° to 60°N), where radon data had been
collected on three previous cruises. A variety of weather, wind, and
air movements were encountered off Nova Scotia during the marine
fog cruise in 1975, and extensive atmospheric physical and chemical
data were obtained (Gathrran and Larson, 1977). At that time,radon
levels from a few to 80 pCi/m3 were measured and related to various
air mass movements.
Radon, visibility, and related data for 3 days of the marine fog
cruise illustrate the complexity of such situations and relations.
Radon data were collected every 2 hr, which is about a maximum
rate for individual sample collection over extended periods when it is
necessary to prevail upon associates for assistance to maintain
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round-the-clock operations. It was this cruise which clearly demonstrated that an automatic radon counter (ARC) was necessary. The
results of chemical analyses of fog water and aerosols showed that
time variations of the order of minutes rather than hours were the
rule rather than the exception and that nearness to the shore served
to enhance the variability.
The data for 3 days (Figs. 3, 4, and 5) are illustrative of the
problems encountered when attempting to isolate the dominant
factors. On Aug. 4, 1975 (Fig. 3), the fog (visibility less than 1 km)
occurred mostly in maritime air, and the fog patches generally
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occurred over areas of colder sea surface water. This reinforces the
theory that fog results when wanner air moves over colder water. On
August 5 (Fig. 4), the ship crossed an air mass boundary into
continental air blowing directly off Nova Scotia. Fog was encountered near that boundary, still over locally colder water, but
primarily in the continental air. Later, on Aug. 5 and 6 (Figs. 4 and
5), we moved out of and then back into that continental air mass. In
the latter crossing there was fog but no noticeable change in surface
water temperature. Radon was the only immediately observable
indicator of the timing and extent of the transitions from maritime
to continental air. A wind shift (at about 2200 on August 4)
occurred several hours before the arrival of the continental air. One
might note from these figures that, although the true wind
determined from shipboard measurements generally agrees with that
determined independently from weather maps, there can also be
substantially different results between the methods.
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Data from the 1976 cruise solidified the previously drawn
conclusions that increased radon, dust, and other continental
materials are more likely to be found near air mass boundaries and
that the apparent location of the boundary is somewhat dependent
on what is used to measure it. The likelihood of encountering fog is
increased at or near air mass boundaries or frontal zones. There were
indications of a diurnal effect in fog formation in 1975 but not in
1976. It was also seen that, although an accumulation of data from
past field work enables one to anticipate the conditions to be
encountered, accurate predictions are much more difficult. The
year-to-year variations observed in radon concentrations, weather
patterns, and air mass movements south of Newfoundland exemplify
the difficulty in forming a meaningful picture of the transport of
continental materials or pollutants to a given location strictly from
statistics. A remote island location, such as Bermuda, may be ideal
for obtaining reasonable values for fluxes of pollutants over the
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ocean at that location (Windon and Duce, 1976), but extreme care
must be used in the extrapolation of these fluxes to other ocean
areas. Unfortunately, there are not enough island locations to get a
good coverage of the ocean, and the existing data, usually obtained
at great effort and expense, must be extrapolated.
Radon concentrations, air mass trajectories, continental dust, and
other related measurements over the several years of our Atlantic
activity suggest air movements in general agreement with the
trajectories for large-scale movements illustrated by Jackson etal.
(1973). These trajectories enable the air to accumulate dust, radon
pollutants, etc., over the United States and/or Canada. Subsequent
movement of this continental air is northeastward over or near
Greenland and Iceland, then onward, either to intersect Great Britain
or, swinging northward or southward, to mix with other air masses
over the ocean.
Details of the 1976 cruise (Fig. 6) show that radon concentrations of a few picocuries per cubic meter, which were measured after
leaving Great Britain on August 2, were in very good agreement with
previous measurements in that general area. Radon concentrations
generally increased as we progressed westward, with the highest
radon, light scattering, and number of fog encounters occurring near
the frontal areas as we proceeded counter to tha flow of a series of
lows moving generally northeastward. A part of a weather map for
1200 GMT on Aug. 16, 1976, is shown in Fig. 7 and is illustrative of
the weather patterns encountered on that cruise. After traversing the
frontal area near 44°N 55°W, very low radon concentrations (about
0.6 pCi/m3) were encountered in an area where radon concentrations
of 6 to 12 pCi/m3 had been measured for 3 days during August
1975. Radon remained below 1 pCi/m3 for 3 days but increased to a
few picocuries per cubic meter as we neared Bermuda.
On the 1977 cruise, radon data (Fig. 8) again offered new
insights in that we encountered the first and only maritime air that
we have encountered close to the United States (3 pCi/m3 average
for several hours on May 15). Subsequently, we were in moderately
continental air for 3 days, and, although we were generally closer to
the coast than during the 1975 cruise, the average radon concentration was lower.
Air mass flows were also in contrast to those of 1976, when we
had encountered several lows and fronts while moving westward.
After being overtaken by a front on May 18 and 19, 1977, we then
followed that front across the Atlantic, remaining in clean air (about
1 pCi/m3 radon, low nephelometer readings, and low CCN). The
front became indistinguishable after 1200 GMT on May 24, and
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Fig. 6 Radon measurements during 1976 cruise.

subsequently we encountered older continental air (low radon but
moderate CCN). Radon increased as we approached Spain on
May 27, and more recent continental air was being encountered.
Data from the Mediterranean was interesting in two respects.
Radon concentrations were of the order of 10 to 30 pCi/m3 (except
for the first 2 days when Atlantic air was following us through the
Strait of Gibraltar), indicating that local Mediterranean maritime air
has much more continental contamination than that of the Atlantic.
Radon concentrations of the order of 200 pCi/m3 subsequently
measured in port at Napoli and Corsica are about three times as great
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as we have encountered at other ports of call both within and outside
of the Mediterranean area.
Radon concentrations were typically a few to 10 pCi/m3 on the
leg from Spain to Dakar, dropping to a consistent range of 1 to 2
during the westward crossing to Puerto Rico. After departure from
Puerto Rico, concentrations were marginally measurable (about 0.1
pCi/m 3 ) for 3 days; and, except for one peak of 7, remained less
than 2 pCi/nv1 until moderately continental air, with 10 to 12
pCi/m 3 , prevailed in the final operations area 50 to 100 km off the
U. S. coast.
AIR MASS BOUNDARIES

A definition of the time at which the cold front of May 18,
1977, intersected the cruise track of che USNS Hayes is largely
dependent on the data source used as reference. From weather maps
provided by the National Oceanic and Atmospheric Administration,
it would appear that the front overtook the Hayes shortly after
0000 GMT. That is in agreement with a change in true wind, from
southwest to northwest, and a decrease in speed, from 22 to 10
knots, occurring before 0200 GMT on May 18, as shown in Fig. 9.
The wind shifted to due north at 18 knots at 1200 GMT and shifted
again to east at 5 knots between 1500 and 1600 GMT.
Particulate and radon data, shown in Fig. 9, indicate frontal
passage occurring between 1000 and 1600 GMT on May 18. Unlike
the radon data, the particle size and light scattering data are subject
to contamination from the ship. Although the particle data shown
here have not been thoroughly examined, the particulate spectra
were only taken under favorable conditions, and any potentially
faulty data would have been voided at the time of collection. Also,
the nephelometer data did not exhibit the characteristics associated
with shipboard contamination.
The data in Fig. 9 illustrate the overall parallelism between radon
and nephelometer measurements. The dots are located at the
midpoint of 22-min duration radon samples. Bars are smoothed
nephelometer data, and plain and circled crosses represent the
number of particles in the largest (.> 2-/um radius) and smallest (0.225
to 0.3 fxm) size ranges, respectively. Radon data show this frontal
passage to be a two-step event with sharp drops after 1100 and
1530 GMT. The visibility data (nephelometer) show a single transition from 1100 to 1200 GMT, with additional tailing to 1700.
Particle size data best correspond to the radon data, -vith the smallest
particles showing a two-step decrease between 1100 and 1530 GMT,
although it could be expected to follow more closely the visibility
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data. Previous experience has suggested a lag (or lead depending on
transit direction of the frontal area) between the radon and the
particulates.
Data in Fig. 10 again show the general parallelism of radon and
nephelometer readings. However, a noticeable exception was observed on June 2 and 3. Nephelometer data showed an almost
instantaneous drop at about 2200 GMT on June 2 (an event
confirmed by other similar instrumentation on board), followed by
an abrupt increase 5 hr later. Scientists on deck noted a strong wind
at about 2300, and true winds showed a very significant direction
change (fiom 290° to 020°) at that time but little change in speed,
going from 13 to 16 knots. A narrow radon peak and a change in
true wind back to 290° accompanied the abrupt nephelometer
increase. Weather maps at 0000 GMT on June 3 show no indication
of a front, although the map for 1200 indicates a weak depression in
the area.
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CONCLUSIONS

An extensive collection of radon data accumulated over several
years, although certainly not complete, has yielded an understanding
of what can be anticipated over oceanic areas when measuring the
concentrations and variability of radon and other materials of
continental origin. True marine air, as found over the South Pacific
and to a lesser extent in the mid-Atlantic and other ocean areas, can
be characterized by a few tenths of a picocurie of radon per cubic
meter and no detectable continental dust (insoluble material
>0.2 ixva). In many parts of the North Atlantic, the Norwegian and
Greenland seas, and some parts of the Pacific, investigators must be
content with maritime air characterized by radon levels of 2 to
4 pCi/m3 and measurable continental dust. At coastal locations of
the Northeast United States, even this lo»/ a level of radon may occur
rather rarely.
It would appear that during the spring and summer months, there
is a general flow of air from the midwestern and northeastern United
States over Newfoundland, Greenland, and Iceland similar to that
shown by Jackson et al. (1973). Radon and other continental
components are highly variable in concentration but generally
diminish with time and distance as removal and dispersive effects
operate. Outside this corridor (and our data suggest that a line of
fronts extending from the United States to Scandinavia may be more
or less its boundary}, North American continental components
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diminish, and eventually one reaches oceanic areas where atmospheric circulation has brought continental material from Europe or
Africa.
With this transport corridor idea in mind, one can question the
validity of any result of extrapolating individual collection site data
(such as Greenland ice cores) to estimate deposition of material on a
large area. From these data it is clear that the atmospheric
samples collected on one or even several cruises in any area may not
be representative outside the collection zones or transport corridors.
What is desirable, but highly impractical, are many ships on
semipermanent, year-round sampling schedules or a few ships seeking
out and characterizing the various transport corridors and their
deposition zones.
It is obvious that in order to get a better understanding of
atmospheric processes, it is necessary to instrument for the investigation of as many important variables as possible and to collect data in
as short a time interval as possible. There is much fine structure in
the atmosphere, and agreements as well as differences in the
comparisons of data collected by different instruments and methods
are helpful in establishing relations between the relevant processes.
Although measurements show very small time and space scales for
physical variations, it is not known what scales are too small to affect
mass transport and related chemistry.
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DISCUSSION

Lowe: I am interested in your measurement of these very low
levels of radon. How did you calibrate your continuous radon
monitor?
Larson: Two methods are used: (1) Theoretical detector efficiency as a function of beta-ray energy is established from standard
beta sources. The efficiency for 2 2 2 Rn daughters is then determined
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from published decay schemes. Air volume filter efficiency and the
relative filter detector area are considered. (2) A parallel sample
collection with an "absolute" system that collects radon on cold
activated charcoal. The latter can be calibrated with a standard 2 2 6 Ra
solution.
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ABSTRACT
Measurements of the activities of short-lived radon and thoron daughters, longlived RaD ( 2 1 0 Pb), and cosmic-ray produced 7 Be in the surface atmosphere of
different regions of India and the neighboring seas are presented. The seasonal
and geographical variations of the activities and the meteorological significance of
these variations are also discussed. Over land, the natural activities due to radon
and thoron daughters undergo an annual and diurnal cycle, which is an index of
the variation in the vertical mixing of the surface atmosphere. The average levels
of these activities are different in the various rec'ins depending on the
magnitude of the convective mixing, types of air mas^s prevalent, and other
meteorological parameters. Over the oceans the diurnal variations are not so
pronounced as over the land. Studies made over the Arabian Sea during the
summer monsoon period as part of the ISMEX-73 and Monsoon-77 programs
showed a significant level of radon at 20°N and lesser levels toward the equator,
which suggested a progressive reduction in the continental component of the
monsoon air. Detailed measurements at stationary positions over the Arabian
Sea showed significant changes in radon levels which were in phase at all the
positions. These variations seemed to be connected with the formation and
movement of depressions and disturbances that apparently change the continental component of the southerly monsoon air.
The levels of radon daughters in the Kolar Gold Field mines, the second
deepest in the world, have been measured. Maximum values are about 10
pCi/liter, and the daughter products are in a state of high disequilibrium.
RaD (2 I 0 Pb) over the land undergoes a seasonal cycle similar to radon with
winter maximums and summer minimums, indicating that it is mainly supported
from ambient radon. Its ratio to radon is indicative of the tropospheric residence
time of the aerosols.
BerylIium-7 undergoes a seasonal cycle similar to stratospheric fallout with
reduced amplitude. This can be interpreted as being due to the presence of a
seasonally dependent stratospheric 7 Be mixing with a constant level of 7 Be
produced within the troposphere itself. This, however, is a tentative conclusion
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in view of the absence of a seasonal variation at several locations elsewhere and
the possibility of mixing within the troposphere itself, which can result iu such
variations.

Measurements of the natural radioactivity of the atmosphere, in
addition to being indicators of the background exposure of mm, are
useful in studies on the diffusion and transport of air masses on local,
regional, and planetary scales. Here we report on the levels of radon
daughters RaA ( 2 1 8 Po), RaB ( 2 1 4 Pb), RaC ( 2 1 4 Bi) and long-lived
RaD ( 2 1 0 Pb), thoron daughter ThB ( 2 1 2 Pb), and cosmic-ray
produced 7 Be in the surface atmosphere. The meteorologically useful
results of these measurements relevant to the region are discussed.
The location and areas where these measurements were made are
shown in Fig. 1. Bombay, Thumoa, and Manavalakurachi (monazite
beach sands area) are coastal stations, and Poona is in the interior
about 160 km from the coast. Gulmarg is a high-altitude station in
the northwest of India. The areas over the Arabian Sea and the Bay
of Bengal where natural radioactivity measurements were made
during the summers of 1973 and 1977 as part of the Indo—USSR
ISMEX-73 and Monsoon-77 programs, respectively, are also shown in
Fig. 1. The other stations shown in Fig. 1 are fallout sampling
stations where only long-lived RaD activities have been measured.
The distribution of the sampling stations is such as to cover the
various climatic and other conditions prevailing in the subcontinent.
SAMPLING AND MEASUREMENT TECHNIQUES

The atmosphere was sampled for particulate activity by air
filtration with Hollingsworth and Vose H-70 filters, which have
nearly 100% collection efficiency for natural radioactivity (Rangarajan, Gopalakrishnan, and Eapen, 1974a). The sampling rates used are
120 liters/min for gross estimation of short-lived radon daughters
(where radioactive equilibrium among the daughter products is
assumed), 400 to 600 liters/min for individual resolution of RaA,
RaB, and RaC activity, and about 3000 liters/min for measurement
of long-lived activity. The latter involves running parallel samplers to
get adequate volumes. The filter collection areas are 5- to 30-cmdiameter disks for direct counting in the case of short-lived activity
and 30- by 15-cm rectangles for the long-lived activity measurements.
The estimation techniques involve direct alpha counting for shortlived activity and radiochemical separation and gamma spectroscopic
techniques for long-lived isotopes. Measurements of short-lived
activities are made, generally, at least twice every day, one on an
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overnight collection and the others on samples collected during the
day. The activities of the long-lived isotopes are measured on daily
and monthly sample collections. Complete details of sampling and
measurements are available elsewhere (Gopalakrishnan et al., 1973;
Joshi, Rangarajan, and Gopalakrishnan, 1969, 1971; Rangarajan et
al., 1968; Rangarajan and Gopalakrishnan, 1970; Rangarajan,
Gopalakrishnan, and Eapen, 1974a, 1974b, 1977; Rangarajan and
Datta, 1976; Eapen, Rangarajan, and Datta, 1978).
SHORT-LIVED NATURAL ACTIVITY OVER THE CONTINENT
Figure 2 gives the seasonal variation of short-lived natural activity
(RaB and ThB) at the different stations, and Table 1 summarizes the
annual average levels. The RaB and ThB values are the annual means
of the monthly averages of the morning and afternoon activities
except in the case of Poona and Manavalakurachi, where the data are
only for part of the year, April to December.
The data of Table 1 are to be analyzed with this in mind, and, in
general, the data show the values of RaB are less at the tip of the
continent than at higher latitudes. In the south, maritime air, low in
radon content, is prevalent over the greater part of the year as the
area comes under the influence of both the summer southwest
monsoon and the winter northeast monsoon. The paths of both these
systems are predominantly over the ocean. At higher latitudes the
northeast monsoon is not prevalent, and from autumn to spring cold
continental air, which has high radon content owing to its stability
and long path over land, prevails. Convective heating could also be
more intense at the tip of the peninsula, resulting in lower radon
content on the average. The ThB is likely to be less affected by
large-scale air mass movements, being mainly a local source in view of
the short half-lives of thoron, ThA, and ThB. The comparatively
lower levels of ThB at Gulmarg can be explained as being due to
snowfall at the high-altitude station, which affects short-lived thoron
more than it does radon (Rangarajan, Gopalakrishnan, and Eapen,
1974a). The Manavalakurachi data are probably not as reliable as the
data from Bombay for operational reasons, but it is evident that ThB
levels at the monazite area are not significantly higher, although the
ThB/RaB ratio is higher than at the other stations. These levels are
not significantly higher because the high background area is confined
to a small strip of beach sands near the coast, 0.50 km wide along the
sea and about 20 km long, and because of the large diluting factor of
the atmosphere as previously explained.
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Fig. 1 Location of natural radioactivity sampling stations and areas in India and
neighboring seas.

The role of convective heating is clearly evident in the seasonal
and diurnal variations of radon levels at Bombay, Poona, Thumba,
etc. (Fig. 2), which show systematically increased activity in winter
and in the mornings. A very good correlation between these levels
and the frequency of surface-based inversions has been noted and
was reported earlier (Rangarajan, Gopalakrishnan, and Eapen,
1974a). The activity variations from morning to evening and from
winter to summer are indicative of the diurnal and seasonal changes
in the magnitude of convective mixing. This phenomenon appears to
be different at different places (Fig. 2) and is not evident at all at
Gulmarg, the high-altitude station. This indicates the difference
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TABLE 1

Natural Radioactivity of the Surface Atmosphere
over India and the Neighboring Oceans

Stations
Land
Gulmarg
Bombay
Poona*
Thumba
Manavalakurachi*
Arabian Sea
23°N, 61-69°E
20°N, 60-63°E
17°N, 71°E
13°N, 72°E
13°N,63°E
12-18°N, 53-73°E
Indian Ocean
0-12°N, 60-75°E
Bay of Bengal
14°N, 89 S E

Measurement
period

Mean annual activity,
pCi/m 3
RaB

ThB

1972-1973
1966—1976
1974-1976
1971-1972
1974—1975

55
54
24
25
8.0

0.8
3.1
2.4
1.5
3.4

2/74^1/74
5/73—7/73 (ISMEX-73)
5/77-8/77 (Monsoon-77)
5/77-8/77 (Monsoon-77)
5/77-8/77 (Monsoon-77)
5/73—7/73 (ISMEX-73)

32

2.0

8.5
7.4
3.6

5.1

0.05

2.4

5/73-7/73 (ISMEX-73)

1.8

5/77-8/77 (Monsoon-77)

7.1

0.2

Mean annual activity,
pCi/10 3 m 3
RaD
Land
Srinagar
Gulmarg*
Nainital
Delhi
Gangtok
Calcutta
Nagpur
Bombay
Bangalore
Ootacamund
Indian Ocean
0-12° N, 6 0 - 7 5° E

1962-1966
1965—1966
1965—1968
1962-1966
1962-1966
1962—1966
1962-1966
1962—1969/1965-1966 ( 7 Be)
1962-1966
1962—1966
5/73-7/73 (ISMEX-73)

•Data not for a complete year.

7

Be

24
16
17
25
28
26
24

19
18
15
8.8

91
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between the iow-level areas and the high-altitude station where
apparently convective heating does not undergo such marked
seasonal variations. The Manavalakurachi data are not complete, and
hence a seasonal study could not be carried out. The ThB levels also
show similar seasonal and diurnal variations, although the variations
are somewhat different owing to the short half-life of thoron
(Rangarajan, Gopalakrishnan, and Eapen, 1974a).
The importance of convective mixing in controlling radon levels
is also evident from a comparison of the values at the coastal station
of Bombay with those at Poona situated about 160 km into the
interior (Fig. 3). There is hardly any difference in the levels during
monsoon when the strong winds are predominantly westerly. After
crossing the coast, the maritime winds will pick up radon as they
travel overland. If an average wind velocity of 3 m/sec and a mixing
height of 3 km, as observed at Bombay (Kapoor, 1976), are assumed
for the entire distance, we can calculate the input of radon for a
travel of 160 km. If we assume the worldwide average of 0.5 pCi
m~ 2 sec~' (Junge, 1963) as the radon exhalation rate, the
accumulated activity will be 8 pCi/m' at Poona. In comparison to
the value of about 10 pCi/m3 at Bombay during the monsoon
period, the increase at Poona should be a factor of 2. However, the
absence of such an increase shows that the mixing layers must have
been much higher than the 3 km at Bombay and indicates that overland convective mixing (which is seasonally dependent) could be the
predominant factor in controlling radon levels rather than the path
length of the air masses (Rangarajan, Gopalakrisbnan, and Eapen,
1974a).
The ratios of radon and thoron daughters are also sensitive
indicators of vertical mixing and can be used in testing various
diffusion models (Shapiro and Forbes-Resha, 1975). Figures 4 and 5
give the levels and ratios, respectively, of RaA, RaB, and RaC along
with the calculated errors at a location in Bombay at a height of
18 m, for a period of 5 months from January (winter) to June
(summer). The individual concentrations of radon daughters were
calculated by least squares resolution of the alpha decay curves
(Rangarajan and Datta, 1976). The ratios show a steady decrease
from winter to summer, suggesting that increased turbulence is
reducing the relative concentrations as well as the absolute levels.
The increase of the ratios in June could be due to the onset of
monsoon during this month where "aged" air masses are likely to be
prevalent, but this conclusion is tentative in view of the limited
number of measurements for this month. As pointed out by Shapiro
and Forbes-Resha (1975), the ratios are below the values to be
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Fig. 4 Activities of short-lived radon daughters in surface air at a height of 18 m
at Bombay. Error bars are 1 standard deviation.

expected on the Jacobi model (Jacobi and Andre, 1963) and suggest
the need for a revision of the model. It is also evident that
equilibrium is rarely attained up to about a height of 20 m in the free
atmosphere, as far as radon daughters are concerned.
SHORT-LIVED NATURAL ACTIVITY OVER THE OCEANS

Short-lived radon activity, particularly radon daughters, are
useful in detecting the continental air masses and air-mass boundaries
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Fig. 5 Activity ratios of short-lived radon daughters in the surface air at a
height of 18 m at Bombay. Error bars are 1 standard deviation. The number of
data points for each month are given at the top.
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over the oceans (Subramanian et id., 1977). Table 1 gives the levels
of RaB in parts of the Arabian Sea, Indian Ocean, and the Bay of
Bengal during the summer monsoon periods of 1973 and 1977
(Rangarajan, Gopalakrishnan, and Eapen, 1974b, 1976a; Eapen,
Rangarajan, and Datta, 1978). The levels of radon and its daughters
during the monsoon period depend on the interaction of the southerly
maritime air having activities of the order of 1 Ci/m3 and the
continental air with radon content higher by orders of magnitude
(Rangarajan, Gopalakrishnan, and Eapen, 1974b; Rangarajan and
Gopalakrishnan, 1975b). Table 1 shows that continental air is present
at higher latitudes (20°N) and decreases toward the equator. There is
also higher radon content in the Bay of Bengal as the monsoon stream
of the bay current passes over the land mass of India and Sri Lanka and
becomes charged jvith continental radon. Detailed measurements
during Monsoon-77 at stationary positions (Eapen, Rangarajan, and
Datta, 1978) showed the presence of significant radon variations
during certain periods which were observed simultaneously at all the
stationary positions in the Arabian Sea. An example of such a
variation is shown in Fig. 6. These variations seem to be connected
with the formation of low-pressure systems and their movements
(Subramanian et al., 1977). The low values of radon observed during
the first week of July (Fig. 7) could be due to the presence of a
depression that formed during this period in the northwest Bay of
Bengal and moved westward. Similarly, the fall in activity at the end
of the second week could be due to the formation of a trough of low
pressure in the north Arabian Sea (Subramanian, 1978). Hence the
continental component of the monsoon current varies with latitude
and also time, depending on the synoptic situation over India and its
neighborhood. The significance of these variations in the different
components of the air masses in the main monsoon current and their
effect on the monsoon system need further study.
The data on radon daughter activity at different times of the day
over the oceans presented in Table 2 also show that the diurnal
variations in activity levels due to the turbulence cycle are not as
pronounced over the ocean as over the land.
RADON DAUGHTERS INSIDE DEEP MINES

A study was made of the natural radioactivity levels inside the
mines at the Kolar Gold Fields in Karnataka State situated in
southern India. These mines are of interest because they are the
second deepest in the world, reaching down to a depth of 3500 m.
Thus the ventilating air will have a very long path into the interior of
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Fig. 6 Radon daughter (RaB) activity at three stationary positions in the
Arabian Sea during Monsoon-77 program.

the earth and consequently could be charged with high levels of
radon. The presence of high levels of activity due to radon has been
noted in several nonuranium mines (Snihs, 1973).
The sampling of the Kolar Gold Field mines included about 100
measurements in the Champion Reef, Mysore, and Nundydroog
mines. These are the three main mines of the Kolar Gold Fields
complex. For most of the samples, the decay of alpha activity was
followed, and the activities due to RaA, RaB, and RaC were
calculated (Rangarajan and Datta, 1976). The levels of activities and
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their ratios are given in Tables 3 and 4, respectively. Most of the
measurements were carried out in the upcast air of the respective
shafts. The RaA levels are in the range of 0.2 to 10 pCi/liter and are
below the generally accepted maximum permissible concentration
values. The radon daughters are in a state of high disequilibrium
(Table 4) as is to be expected whenever there is a fresh input of
radon. The levels and relative proportions of the activities vary from
shaft tc shaft in *\ rather arbitrary way and do not seem to depend on
the moisture content of the air (Table 3). The relative humidity
varies from 85 to 100%. The activity in the Mysore mine is, in
general, high compared to that in the other two mines. The general
geological and radiological description of the Kolar Gold Field mines
areas is as follows.

J A S O N D J F M A M J

J A S O N D J F M A M J

J A S O N D J F M A M J

MONTHS

Fig. 7 RaD activity in surface air at different stations in India. Vertical lines
represent 1 standard deviation from the average value. Half-yearly averages are
given for Bangalore and Ootacamund.
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TABLE 2

Diurnal Variations of Radon Daughters
(RaB) Activities
RaB activity, pCi/m3
Location and period
ISMEX-73 (May-July 1973)
Bombay
Arabian Sea
19-20°N and 60-73°E
12—18°Nand53-72°E
Indian Ocean
0-12°Nand60-75°E
Monex-74 (February—April 1974 )f
Bombay
Arabian Sea
23°N and 6t-69°E
Monsoon-77 (May—August 1977)
Bombay
Arabian Sea
17°N, 71°E
13°N, 72°E
13°N, 64°E
Bay of Bengal
14-15°N, 89°E
Daily measurements (1966—1976)
Bombay

M*

F*

A*

7.9

3.9

8.2
2.2

8.8
2.8

1.7

2.4

75

43

35

29

14

12

6.6
3.5

6.6
3.6
5.2

8.2
3.9
5.0

7.2

8.3

9.7

69

39

•Collection periods: M, overnight and early morning; F,
forenoon; A, afternoon and evening.
•(•Continuation of ISMEX-73 to 1974.

The mines are situated in the province of Karnataka, in south
India about 80 km east of Bangalore. The principal formation of the
district is a granitic gneiss passing into a synitic or hornblendic
variety of the same rock. A band of green stone strap, about 2 miles
in width, traverses the district in a north—south direction, and it is in
this rock that the auriferous reefs occur. The activities of these
samples of rock were measured with gamma spectroscopic methods
(Ramachandran, 1978). The activities collected at 800 m, 2000 m,
and 3000 m below the surface showed 2 2 6 R a levels of 93, 593, and
68 pCi/kg, respectively. These values are in general agreement with
the concentrations in Indian soil and average worldwide values
(Mishra and Sadasivan, 1971). The average levels of activity of 2 2 5 Ra
and the absence of large-scale groundwater movements in general

TABLE 3
Radon Daughter Activities Inside Kolar Gold Field Mines
Mine; shaft
depth,m
Nundydroog Mine
Taylors; 15
' Tennants; 792
Richards; 609
Henry; 1,463
Golconda; 326
Champion Reel Mine
Bullens; 15
Bullens; 315
Tennants; 2,133
Giffordf; 2,133
Mysore Mine
Gilbert; 15
Crockers;137
Hancock; 228
Incline; 137
M/C verticai; 975

Cross-section
area,
m2

Volume
of air,
m 3 /min

Rel.
humid.,
%

RaA,*
pCi/m3

RaB,*
pCi/m3

RaC,*
pCi/m3

z>
3)
>

3.7
4.9
4.7

750
875
677

23.6

5,222

6.9

555

10.6
10.6
11.8
23.2

850
850

94
92
96
89
87

1,450 + 484(8)
939 ± 554(7)
671 ±433(6)

250 ±123(8)
428 ± 66(8)
220 ± 54(8)

96
96
100
100

1,505 ± 721(9)
4,419(1)
517 ± 52(12)
176 ± 90(2)

332+ 273(9)
1,099 ± 702(3)
120 ±80(14)
19 ±7(2)

129(1)
1,017 + 236(3)
83 ± 43(12)
6.6 ±4.4

2,261 ± 1,173(8)
438 ± 250(4)
9,588 ± 9,084(6)
5,410 ± 1,128(7)
2,094(1)

595 ±317(8)
38 + 18(6)
2,470 ± 1-,241(6)
3,429 ± 811(7)
1,221 ±262(2)

53 ±42(2)
34 + 11(7)
1,274 ± 1,048(5)
2,347 ±330(7)
656 ±257(2)

396 ± 390(4)

110 ±48(8)

167 ± 121(4)

571 ±374(3)

177 ±56(7)

13 ±3(2)
79 ± 34(6)
132 + 45(7)
107 ± 64(7)

>

(^
>
<

5.7
3.0
9.5
5.2

21.9

1,132
2,775
586
391
748

1,436
18,841

91
96
96
96
85

*The values are the averages and standard deviation of the measurements. Number of measurements are given in
parentheses.
fDowncast air.
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TABLE 4

Ratios i3f Radon Daughter Activities
Inside Kolax Gold Field Mines
Radon daughter ratios
RaB
Mine and shaft
Nundydroog Mine
Taylors
Tennants
Richards
Henry
Golconda
Champion Reef Mine
Bullens (15 m)
Bullens (315 m)
Tennants
Mysore Mine
Gilbert
Hancock
Crockers
Incline
M/C vertical

RaA

RaC
RaA

RaC
RaB

0.28 ± 0.19
0.32 ± 0.10
0.17 ± 0.02
0.46 ± 0.08
0.33 ± 0.07

0.42 ± 0.29
0.02+0.02t
0.05 ± 0.02
0.14 ± 0.03
0.16 ± 0.04

1.5 ±0.34
0.07 ± 0.07f
0.31 ± 0.09
0.03 ± 0.04f
0.49 ± 0.09

0.22 ± 0.04
0.25 ±0.17
0.31 ± 0.10

0.09 ± 0.02
0.23 ± 0.15
0.02 ± 0.02f

0.39 ± 0.06
0.92 ±0.14
0.07 ± 0.07f

0.26 + 0.05
0.26 ± 0.06
0.09 ± 0.02
0.63 ±0.15
0.58 ± 0.54f

0.02 ± 0.01
0.13 + 0.03
0.08 ± 0.02
0.43 ± 0.10
0.31 ± 0.31t

0.09 + 0.05
0.52 ±0.06
0.90 ±0.22
0.68 ± 0.04
0.54 ±0.27

•Errors (1 standard deviation) are from counting statistics.
tValues not reliable owing to very large error.

seem to have resulted in the levels not being unusually high. Radon
activity inside a mine is a complex function of ventilation rate,
radioactivity of rocks, emanation rate, movements of water carrying
radon, etc., and without further detailed studies the levels of activity
and variations in activity cannot be explained. However, a simple
calculation carried out on the basis of the transit time of air through
the mines (about 1 hr) and the average cross-sectional area of the
shafts (10 m 2 ) gives a value of 2 pCi/liter at the outlet for an
emanation rate of 0.5 pCi m~ 2 sec" 1 from the walls. This is
approximately the order of activities measured in the outlet air of
the mines.
LONG-LIVED ACTIVITY DUE TO RaD
The average levels of RaD at a number of Indian stations are
given in Table 1, and the seasonal variations observed at various
stations are shown in Fig. 7. The annual cycle is similar to that of
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Fig. 8 RaD activity (annual average) in the surface air at Bombay for the period
1962—1974.

radon daughters, as indicated by the data for Bombay where both
RaD and RaB have been simultaneously measured for long periods.
Similar data for limited periods have been presented elsewhere
(Rangarajan et al., 1975). This close correspondence is due to RaD
being present mainly as a result of ingrowth from ambient radon.
Measurements of RaD in surface air at Bombay for the period
1962 to 1974 are shown in Fig. 8. The absence of any appreciable
change in the activity levels during this period, when fallout levels
were varying by large factors, shows that other sources are not
contributing significantly to its activity. The worldwide ratios of
RaD to radon activity are generally in the range of 10~ 3 to 10~ 4
over the land and an order of magnitude less over the oceans
(Rangarajan et al., 1975). This ratio is an index of the age of the
aerosol in the lower atmosphere, although interpretation of the
values is a controversial subject (Moore, Poet, and Martell, 1972;
Morenco and Fontan, 1975). Still, on the basis of a global average of
the Rn-to-RaD activity ratio over the land (6000 ± 5000) and some
commonly accepted assumptions, a residence time of about 10 days
has been estimated (Rangarajan et al., 1975). More extensive data
and refinement of atmospheric models are necessary before a more
reliable value can be obtained (Rangarajan and Gopalakrishnan
1975a).
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LONG-LIVED ACTIVITY DUE TO 7Be

The cosmic ray produced isotope 7 Be was measured at Bombay
and a few other stations (Rangarajan and Gopalakrishnan, 1970). The
activity of ' Be undergoes a seasonal cycle similar to long-lived fission
products, but with a damped spring amplitude. A possible explanation for this is the existence of a constant tropospheric component
on which a seasonally varying component from the stratosphere
(similar to bomb-produced ' 17 Cs) is superimposed (Rangarajan and
Gopalakrishnan, 1970). However, apart from the absence of a clear
seasonal variation at several stations as shown by some of the recent
data, there are objections to this postulate (Morenco and For.tan,
1974; Rangarajan, Gopalakrishnan, and Eapen, 1976b). The presence
of a stratospheric component, if confirmed, would invalidate the
tropospheric residence time calculations based on ? 2 P/ 7 Be and other
ratios (Rangarajan and Gopalakrishnan, 1970).
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A Technique for Evaluating
Airborne Concentrations of Daughters
of Radon Isotopes

P. T. PERDUE, R. W. LEGGETT, and F. F. HAYWOOD
Health and Safety Research Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee

ABSTRACT
Elevated quantities of actinon ( 2 1 9 Rn) daughters in air have been observed in
some buildings contaminated with raffinates from uranium ore processing.
Previous methods for measuring the concentration of 2 2 2 Rn daughters assume
that 2 ' 9 Rn daughter concentrations are negligible, and there was no available
method for measuring concentrations of 2 1 9 Rn daughters. We have developed a
method for the simultaneous measurement of daughters of 2 2 2 R n , 2 2 0 R n , and
21 9
Rn in air by modifying a well-known alpha spectroscopy technique and
computer program used for determining 2 2 2 R n daughter concentrations.

There are three radon isotopes in nature: radon ( 2 2 2 Rn) in the
238
U chain, thoron ( 2 2 0 Rn) in the 2 3 2 T h chain, and actinon
2 9
( ' Rn) in the 2 3 5 U chain. These gases are practically inert and are
capable of migrating within a porous, permeable medium. Radon-219
is the least abundant of these three isotopes in nature, and because of
its short half-life (3.9 sec), only those 2 ' 9 Rn atoms generated in the
surface particles of a medium have a nontrivial probability of
emanating into the atmosphere before their radioactive disintegration. Radon-220, with a 55-sec half-life, is somewhat more mobile;
and it is well known that 2 2 2 Rn, with s. 3.8-day half-life, is capable
of migrating through several decimeters of soil or building materials
before decaying in the atmosphere. Hence it is not surprising that
several methods have been developed for measuring airborne concentrations of 2 2 2 R n daughters (Tsivoglou, Ayer, and Holaday,
1953; Kusnetz, 1956; Martz et al., 1969; Breslin, 1977) and 2 2 0 R n
daughters (Kerr, Ryan, and Perdue, 1978) while 2 1 9 Rn and its
347
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progeny have been essentially ignored. In fact, all known methods
for measuring 2 2 2 Rn daughters assume (in effect) that concentrations of 219 Rn daughters are negligible. The presence of high
concentrations of 2 1 9 Rn daughters would result in large errors in the
calculation of 2 2 2 Rn daughter concentrations using any known
method.
Recently the presence of large quantities of 2 ' 9 Rn daughters in
some buildings contaminated with raffinates from uranium ore
processing was confirmed by alpha spectrometry techniques (Leggett
etal., 1977). The contaminated surfaces in the building showed
concentrations of 2 2 3 Ra (in the 2 3 s U chain) as high or higher than
the normally more abundant isotope 2 2 6 Ra. The surprising fact was
not that 2 ' 9 Rn daughters were present in the air but t h a t 2 ' 9 Rn
(and not 2 2 2 Rn) was the predominant airborne radon gas in some
locations.
The discovery of these elevated concentrations of 2 2 3 Ra in soil
and 2 J 9 Rn daughters in air has led to the development of a method
for simultaneous measurement of daughters of all three radon
isotopes in air, as well as to an examination of ways in which high
concentrations of the actinides may occur.
BACKGROUND

In the recovery of minerals from marine phosphate and uraniumbearing ores, a situation often arises where): - radium, as well as the
entire actinide family, becomes concentrated in spoil banks or
tailings. In particular, in the solvent-extraction process for uranium,
there is an unregulated secondary process that occurs when the pH of
the sulfuric acid solution of uranium and other metals is adjusted to
allow maximum uranium recovery with an organic extractant. During
this secondary process there may be a precipitate highly enriched in
radium, thorium, and the actinides (Reynolds, 1977). This precipitate has been known to accumulate in pipes and tanks, and frequent
cleaning of pipes and tank bottoms is required. Sometimes these
unwanted residues have been disposed of in the most expedient
manner, and in some cases large quantises of 2 3 0 T h , 2 3 1 Pa, and
227
Ac, among other nuclides, have been .eft in locations accessible
to the public. At two sites where 2 3 ' Pa- and 2 2 7 Ac-bearing residues
were found to have contaminated ground or building surfaces,
elevated concentrations of 2 l 9 Rn daughters in air were observed.
The presence of 2 ' 9 Rn daughters in some buildings was observed
during routine measurements of 2 2 2 Rn daughters by alpha spectrometry techniques. During the counting of air sample filters, it was
found that the counts in an energy region where counts are normally
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attributed to 2 1 s Po (RaA) did not decrease from one counting
period to the next. This suggested the presence of other radionuclide(s) because 2 ' 8 Po, the first daughter of 2 2 2 Rn, has a half-life of
3.05 min and is essentially unsupported by parent nuclides on a
filter. Closer inspection of the alpha spectrum revealed the presence
of alpha energies very close to but distinguishable from the 6-MeV
alpha of 2 1 8 Po. Peaks occurred at approximately 6.28 MeV and
6.62 MeV, the two a'.pha energies associated with 2 ' ' Bi in the
21 9
Rn chain (see Fig. 1). Furthermore, the ratio of the 6.62-MeV to
6.28-MeV peak heights was 0.84 to 0.16, which corresponds to the
yields of the 6.62-MeV and 6.28-MeV alphas from 2 ' ' Bi. Finally, an
alpha spectrum similar to that observed in the field was reproduced
in the laboratory using a known source of 2 ' 9 Rn (see Fig. 2). Hence
it was concluded that these alpha peaks did, indeed, result from
2
' ' Bi. A method was then developed for simultaneous measurement
of the daughters of all three radon isotopes. This method is described
in the following paragraphs.
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Fig. 1 Radon-219 daughter spectra obtained from a 10-min air
sample in a building.
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Fig. 2 Radon-2^9 daughter spectra obtained from a 30-min air
sample from a barrel of air containing a 0.16-MCi source of 2 2 7 Ac.

METHOD OF MEASUREMENTS
At the sampling place, air is pulled through a Gelman 0,45micrometer filter (Gn-6 or similar) at a rate of approximately
12 liters/min. The air is; pumped with a constant-rate motor-operated
air pump, and flow is monitored with a mass flowmeter having a
digital readout. The flowmeter is calibrated at the altitude of the
field measurements using a wet-test ineter. Flow-rate corrections are
made in order to obtain an average volume over the sampling
interval.
A surface-barrier silicon-diode alpha spectrometer is used for
counting the air filters Ideally, the surface-barrier diode is capable of
20-keV alpha resolution in the energy region of interest; however,
this requires that a monomolecular layer of the alpha emitter be
deposited on a smooth surface and be exposed to the diode in a

TECHNIQUE FOR EVALUATING AIRBORNE CONCENTRATIONS

351

vacuum. In practice, the deposition of the alpha emitter is far from
monomolecular, and the thickness of the dust layer on the filter
determines the resolution of the system. It has been found that ease
in sample handling is obtained with little loss in resolution when
helium is used as a chamber fill gas (Kerr, 1973). Helium flows
between the diode and the filter sample, which are separated by a
distance of approximately 4 mm. The diode surface area is
~450 mm 2 , and a conversion efficiency for alpha particles of
approximately 0.25 has been observed. The full width of the
observed energy distribution at half the maximum (peak) value
(FWHM) of a 7-MeV alpha peak is about 80 keV, and the low energy
tail (or spectral smear) extends approximately 250 keV below the
peak energy. Most of the smear is due to dust on the filter, and some
is due to alpha particle scattering in the helium atmosphere. The
preceding resolution can be attained only with air filters having a
nearly constant pore diameter, small enough that the dust particles
are deposited pvi the surface.
The filter is first counted during the period 2 to 12 min
postsampling. The count is integrated over each of the four energy
regions: (A) 5.20 to 6.16 MeV, (B) 6.16 to 6.75 MeV, (C) 6.75 to
8.10 MeV, and (D) 8.10 to 9.50 MeV (see Fig. 3). A second count is
made for each of the same regions for the period 15 to 30 min
postsampling. These two counts are sufficient to calculate airborne
concentrations of 2 1 1 P b and 2 1 1 Bi (daughters of 2 1 9 Rn), 2 1 8 P o ,
2 4
' Pb, and 2 ' 4 Bi (daughters of 2 2 2 Rn), and the number of working
levels of 2 2 2 Rn daughters. Although not all areas in the two counts
are used for the calculation of the various nuclide concentrations, the
consistency in counting simplifies both the fieldwork and the
computer program used in calculating concentrations. Furthermore,
the extra counts together with half-life considerations are valuable in
detecting unexpected radionuclidis on the filter.
The calculation of thoron daughter concentrations is optional
with this method; however, data corrections are made using the
8.78-MeV peak from 2 1 2 P o , so that the counts in the 8.10- to
9.50-MeV region must be determined during the first two counts. If
the activities of 2 ' 2 Pb and 2 ' 2Bi are to be determined, a third count
(normally between 10 and 30 min) of the 8.10- to 9.50-MeV region
is taken at approximately 300 min postsampling.
In most situations 2 2 2 R n should be the predominant airborne
radon isotope. Hence the sampling time and the counting times for
the first two counts of the filter were chosen to obtain nearly
optimal results for 2 2 2 R n daughters (Kerr, 1973). In fact, that part
of the present method which involves 2 2 2 Rn daughters is the
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Fig. 3 Radon daughter spectrum from a 10-mir. air sample in a
building, indicating presence of 2 2 2 Rn, 2 2 ° Rn, and 2 ' 9 Rn. Various
alpha energies are identified.

well-established alpha spectrometry method described in Kerr
(1973), with only superficial changes which were necessary because
of the consideration of four energy regions instead of the two regions
used in Kerr (1973).
OATA REDUCTION

Counts from each energy region and each counting period are
entered into a computer program (designated RAT) written in the
BASIC language. This program is a modified version of RPCON4, a
BASIC program described by Kerr (1973). The RPCON4 program
calculates airborne concentrations of 2 1 8 P o (RaA), 2 I 4 P b (RaB),
and 2 l 4 B i (RaC) from one count of the 5.2- to 6.1-MeV (RaA)
region and two counts of the 6.75- to 8.1-MeV ( 2 l 4 P o or RaC')
region. It also calculates the number of working levels of 2 i 2 R n
daughters. The uncertainties in the computed concentrations of
22 2
R,n daughters based on uncertainties in count rates, the airflow
rate, and the counter efficiency are also determined. Before the work
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reported here, RPCON4 had been modified by Kerr, Ryan, and
Perdue (1978) to determine airborne concentrations of 2 ' 2 Pb (ThB)
and 2 I 2 Bi (ThC) from two counts of the 8.78-MeV alpha particle
activity of 2 ' 2 Po (ThC'). This modification of RPCON4 is referred
to as THCR2.
When we realized the need fox determining concentrations of
219
R n daughters in air, it was observed that the TH0R2 program
could be modified to calculate airborne concentrations of the 2 ' ' Pb
(AcB) and 2 ' ' Bi (AcC) from the counts of the 6.61- to 6.75-MeV
( 2 ' ' Bi) region. The final BASIC computer program (referred to as
RAT, for radon, actinon, and thoron) for calculating airborne
concentrations of 2 ' 8 Po, 2 ' 4 Pb, 2 ' 4 Bi, 2 " Pb, and 2 " Bi is
essentially a unification of three programs: (a) the RPCON4 program, (b) the original THOR2 program, and (c) a THOR2 modification adapted for calculation of 2 ' ' Pb and 2 ' ' Bi concentrations.
Specifically, RAT invol.es the following:
A. Principal input steps
(1) The air sampling time, air sampling rate and uncertainty in
the rate, and geometry (overall efficiency) factor of the
detector and uncertainty in this factor are entered.
(2) The counts for areas A, B, C, and D (defined previously)
are entered for the first and second counting intervals.
(3) If calculation of thoron daughter concentrations is desired,
the count for area D for a third counting interval is
entered.
(4) Starting and ending times for all counting intervals are
entered.
B. Principal steps in the computer program
(1) Known branching ratios of radionuclides are used to adjust
counts for probable spectral overlaps of alpha energies.
For example, energies associated with 2 ' 2 Bi and 2 ' 8 Po
overlap in Region A, but the counts for 2 ' 2 Bi can be
subtracted since they are approximately equal to 0.56
times the simultaneous counts (from ThC') in Region D.
(2) A 2.4% correction is made for overflow of the "spectral
tail" of 2 ' ' Bi (Region B) into Region A. This 2.4%
correction was determined empirically by sampling 2 ! 9 Rn
in a sealed air-filled barrel containing a carrier-free source
of 2 2 7 Ac. This correction factor will continually be
adjusted as better data become available.
(3) The two counts of RaC' and one count of RaA are related
by three equations in the unknowns n!, n 2 , and n 3 to the
number of RaA, RaB, and RaC atoms per unit volume, n ],
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n 2 , and n 3 , respectively, on the filter at the end of the
sampling period [the equations are given in Kerr (1973)].
The computer solves for n , , n 2 , and n 3 .
(4) The numbers n t , n 2 , and n 3 are related to the concentrations of RaA, RaB, and RaC in air, q,, q 2 , and q-,
respectively, by three equations in q l5 q 2 , and q3 [the
equations are given in Kerr (1973)]. The computer solves
the equations for q], q 2 , and q 3 .
(5) The uncertainties in the values q 1 ; q 2 , and q3 are
calculated using uncertainties in counting rates, airflow
rate, and counter efficiency.
(6) The number of working levels of 2 2 2 R n daughters is
calculated.
(7) Steps (3), (4), and (5) are repeated for the calculation of
AcB and AcC concentrations (q4 and q 5 , respectively) in
air. (In this case, there are only two equations in two
unknowns.). First, the two counts, c 4 and c s , of the AcC
alpha particle activity are related to the number of AcB
and AcC atoms, n4 and n 5 , respectively, on the filter at
the end of sampling by the equations:

In these equations g is t h e detection efficiency of t h e
c o u n t e r , and the coefficients l1{,
l l 2 , l2lt a n d 1 2 2 are
given b y :
1,, =

l21=As(e

x

*t2s_e

X

4t2e)/(X5 - x 4 ]

I22=e-X5t2s_e-Ast2e
where tj s and ti e are the starting and ending times of the
ith counting interval, i = 1, 2, and A4 and As are the decay
constants of AcB and AcC, respectively. The concentra-
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tions of AcB and AcC in air are determined from n 4 and
n5 from the equations
n4 = v ( k n q 4 + k 1 2 q 5 )
n5 =v(k 2 iq 4 + k 2 2 q 5 )
where v is the air sampling rate, and the coefficients k1j,
k 1 2 , k 2 1, and k 2 2 are given by: k ^ = (1 — e"^ 4t )/A 4 ,
k 12 = 0, k 2 , = (1 - e- x st)/x s + (e-^st _ e - X 4 t ) / ( x 5 X4),k23=(l-e-xst)/Xs.
(8) If the concentrations q6 and q7 of ThB and ThC are to be
determined, then step 7 is repeated using the two counts
c6 and c7 of the 8.10- to 9.50-MeV region (region D)
obtained during tha second and third counting intervals.
Equations corresponding to Eqs. 1 and 2 are valid in this
case, except that the right-hand sides of the equations in 1
must be multiplied by 0.64. This factor is the number of
8.78-MeV alpha particles emitted in the decay chain of
either a ThB or ThC atom.
SUMMARY AND CONCLUSIONS

Previous methods for measuring concentrations of daughters of
radon isotopes in air have ignored the possibility that 2 1 9 Rn
daughters may be present. It has been observed recently that in areas
where residues containing pitchblende raffinates exist near the
surface, elevated concentrations of 2 1 9 Rn daughters may occur in
the air. The occurrence of 2 * 9 Rn apparently stems from the fact
that actinides are concentrated in raffinate from uranium processing
and are then discarded in the raffinate residues. In certain instances
when the air circulation rate at a point is high enough that 2 2 2 Rn
has little time to decay at that point, 2 1 9 R n with a 3.9-sec half-life
may become the predominant radon gas. The value of a method for
the simultaneous measurement of daughters of all three radon
isotopes should be kept in the proper perspective. In most situations,
concentrations of daughters of 2 1 9 Rn and 2 2 0 R n will be negligible
compared with concentrations of 2 2 2 R n daughters. However, the
possibility of elevated concentrations of 2 1 9 R n daughters in air is
real enough in areas where pitchblende or other rich uranium ore
raffinates have been present that it should not be assumed that all or
nearly all short-lived airborne alpha emitters are daughters of 2 2 2 Rn.
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The method used for simultaneous measurement of daughters of
all radon isotopes is very similar to a well-established and widsly used
technique of Kerr (1973) for measuring concentrations oi 222 Rn
daughters. As our experience in this area accumulates, the techniques
described here will be updated in order to refine the procedures and
minimize the uncertainty in computed radionuclide concentrations.
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ABSTRACT
The photon fluence from radionuclides in the ground and air was measured
continuously with a Ge(Li) spectrometer during several weeks. The most
prominent change in photon fluence rate near the ground \" :• obtained during
periods of heavy ra.nfall. Deposition of the short-lived radon daughters 2 1 4 P b
and 2 '" ! Bi on the ground surface can cause a temporary increase in the external
absorbed dose rate of approximately 2 jirads/hr. The photon fluence from
airborne radon daughters can be correlated to the degree of atmospheric
stability. During stable conditions the photon fluence increases and the activity
ratio 2 1 " Bi/ 2 1 f Pb decrease*.

In field measurements of low-level gamma radiation from nuclear
facilities (fallout nuclides from occasional nuclear bomb tests or
technologically enhanced natural radiation), very sensitive detecting
equipment is generally needed to separate the artificial component
from the natural background. Frequently used detectors are of the
energy-integrating type, such as pressurized ionization chambers and
therm oluminescence dosimeters, or of the somewhat less-used
spectrometric type like Nal(Tl) scintillators or Ge(Li) detectors
(NCRP, 1976). These sensitive detectors also register the time
variation in the natural background field. A most significant time
variation in the radiation field near the ground is caused by the
redistribution of airborne radon daughters during different meteorological conditions. Measurements of time variations were made by
Foote (1964), Malakhov ot al. (1966), Servant (1966), and Miller,
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Gogolak, and Raft (1975), among others. The changing water
content in the upper soil layer is another source of time variations of
the terrestrial photon field. The cosmic-ray field is subject to time
variations due to atmospheric pressure, temperature, and solar
activity (Lowder, 1976). It is important that we understand and
estimate these time variations in the natural background field in
order to separate them from man-made contributions, especially
when energy-integrating detectors are used.
In recent years we have used in situ Ge(Li) gamma spectrometry
for investigations of the radiation field around nuclear power stations
and for studies of the deposition of freshly produced fallout
nuclides. The field spectrometric technique was developed by
Lowder, Condon, and Beck (1964) and permits a rapid and reliable
detection of the different energy components in the gamma radiation
field (Beck, DeCampo, and Gogolak, 1972). During our field
measurements we noticed that the total photon fluence from natural
gamma radiation varied significantly in time and that these variations
had to be taken into account ir. estimations of the artificial radiation
component and resulting absorbed dose rates outside the control area
of a nuclear power station.
In order to investigate the influence of different weather
conditions on the photon fluence near the ground, we measured the
radiation field continuously for several weeks with a Ge(Li)
spectrometer modified for field use. The measuring equipment and
calibration routines were described previously by Finck, Liden, and
Persson (1976). The measurements were performed at Getinge
(55°46'N, 13°19'E) and at the Marsta Observatory (59°55'N,
17°35'E). The Getinge site is situated in a small valley 11 km
northeast of Lund in the southern agricultural district of Sweden.
The principal wind direction varies between west and south which
brings in maritime air partly from the Baltic Sea and partly from the
North Sea. Observations were obtained for an area of approximately
2000 m2 covered with grass and surrounded by hedges. This site was
mainly used for the precipitation studies.
The Marsta Observatory is situated on a flat region 10 km north
of Uppsala and 80 km west of the Baltic Sea coast. The observatory
area is approximately 20,000 m2 and covered with short grass.
Adjacent land was used for farming and was free from vegetation
during the measurement period. The variation of the natural alpha
and beta activity in the atmospheric surface layer has been
investigated extensively at this site by Israelsson et al. (1972,1973).
The 2 2 0 R n (T% = 55 sec) air concentration was approximately 0.3 to
0.5 pCi/liter at 1 m, but the 2 2 2 Rn (T% = 3.8 days) concentration at
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1 m varied between 0.3 and 1.5 pd/liter, depending on wind speed
and vertical stability. The influence of wind direction on the 2 2 0 Rn
and 2 2 2 R n concentrations at ground level was minute. Somewhat
higher concentrations of 2 2 2 Rn were obtained for wind directions
between south and east than for directions between west and north.
The Marsta Observatory site was used mainly for studies of gamma
radiation under different atmospheric stability conditions.
METHODS OF MEASUREMENT
Measurements of Photon Fluence Rate

The Ge(Li) detector was mounted 1 m above the ground and
protected witli a thin aluminum hood against wet precipitation. In
Fig. 1 the detector assembly with liquid nitrogen cryostat is outlined.

LIQUID
NITROGEN
CRYOSTAT

PREAMP.

-Ge(Li'
DETECTOR

LEAD SHIELD. 10 mm

Fig. 1 A Ge(Li)-detector assembly with a lead shield for reduction
of the primary photon fluence from the ground.
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The 60-cm3 Ge(Li) detector is mounted vertically under the
liquid-nitrogen cryostat. This construction brings best results for
measurements of the primary photons from ground-distributed
activity where the photons are incident between 0 and 90° with
respect to the normal of the soil—air interface. For measurements of
primary photons from airborne radionuclides, the cryostat acts as an
effective shield for photons incident between 120 and 180°. The
attenuation of 352-keV photons from 2 1 4 P b at 120° is 40% and 95%
at 180°. For the 609-keV photons from 2 *4 Bi, the reduction is 35%
and 90%, respectively. The detection sensitivity for measurements of
airborne gamma-emitting radionuclides can be enhanced by installation of a lead shield under the detector. The detector—shield distance
can be varied thereby reducing the primary photon fluence from the
ground. Normally during measurements of airborne radionuclides,
the lead shield was used to cut off the primary ground photon
fluence between angles 0 to 70° or 0 to 80°. The reduction of the
primary photon fluence from a uniformly distributed ground source
is 62% at 352 keV and 53% at 609 keV for the cone angles 0 to 70°.
In measurements of ground-surface-deposited radionuclides during
rainfalls, no shield was used.
Measurements of Meteorological Parameters

During all measurements, wet precipitation, air temperature,
humidity, atmospheric pressure, and wind velocity were monitored
continuously. At Getinge, wet precipitation was sampled during
15-min intervals using an automatic fraction collector. At the Marsta
Observatory a meteorological tower was used for monitoring air
temperature and wind velocity at different heights. From these
values the vertical air stability was computed as a dimensionless
Richardson number (Munn, 1966) defined as
R_

g(d0/dz)
T(du/dz)2

where g = acceleration due to gravity
T = potential temperature of air
d0/dz = vertical temperature gradient
du/dz = vertical wind speed gradient
Values of R in the range —0.05 < R < 0.05 indicate near-neutral
stability (Larsson, 1978). Negative values indicate unstable conditions, and positive values indicate stable conditions; the degree of
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stability increases with R values. The Richardson number was
calculated from measurements of wind speed and temperature at 0.5
and 10 m above ground. The potential temperature was measured at
a height of 3 8 m.
RESULTS AND DISCUSSION
Measurements at Getinge, Lund

A special study of the deposition of the short-lived radon
daughters 2 1 4 P b (TH = 26.8 min) and 2 1 4 Bi (T* = 19.8 min) during
wet precipitation was made at the Getinge site during Apr. 17—19,
1977. During this period the weather was unstable with frequent rain
moving from Western and Central Europe over the measuring site and
pushed by weak winds (2 to 5 m/sec) between south and southeast.
From the morning of April 18th to the end of the observation period
(24 to 70 hr) the weather was misty with 0.05 to 0.1 mm/hr
precipitation between the rainy periods.
Results from the measurements are shown in Fig. 2. The
activities of 2 1 4 Pb and 2 1 4 Bi deposited on the ground surface are
derived from the total count rates of primary 352-keV and 609-keV
photons, respectively, after subtraction of the background count
rate. The pulse height distribution from distributed activity was
recorded during periods without precipitation and was corrected for
the increased moisture content during the precipitation period. The
highest deposited surface activity was obtained during the first heavy
rainfall and resulted in a surface distribution of 53 nCi/m2 of 2 ' 4 Pb
and 60 nCi/m2 of 2 1 4 Bi. This corresponds to an increase in the
external free-air dose rate of approximately 0.22 /urad/hr from the
surface contamination of 2 I 4 P b and 1.5 prads/hr from 2 1 4 Bi
(Svensson, 1978). The total free-air dose from the first rainfall of
6.6 mm in 7 hr was only 0.51 jurad from 2 1 4 Pb and 4 jurads from
2 4
' Bi. The entire measurement period of 70 hr yielded precipitation
of 21.7 mm and an absorbed dose of 1.4jurads from 2 1 4 Pb and
12juradsfrom 214 Bi.
At the bottom of Fig. 2, the average ground-surface activity ratio
2 4
' Bi/ 2 14Pb is shown. Values were calculated only for measurement
periods under 35 min. In the beginning of the first precipitation
period the 2 ' 4 Bi/ 2 ' 4 Pb ratio was 1.2, and it increased to 3 after the
rain had ceased because of the feeding of 2 14Bi from 2 14Pb. During
the second rainy period, which was preceded by fog, the
2 4
' Bi/ 2 1 4 Pb ratio was recorded somewhat higher, at approximately
1.6. These values indicate a delay between the removal of activity
from air by t i s water phase and its subsequent deposition on the
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Fig. 2 Results from measurements of deposited ground-surface
activity of 2 1 4 P b and 2 1 4 B i during Apr. 17—19, 1977, at the
Getinge site.

ground surface. The present experimental evidence, however, is too
limited to draw definite conclusions about the time of removal of
activity from air.
Measurements at Marsta, Uppsala

During the period from Nov. 22 to Dec. 20, 1977, with the
exception of a few days, the natural gamma-ray field was measured
continuously at the Marsta Observatory. The average temperature
during this period was —0.5°C, and the upper layer of the ground
was frozen. The winds were mostly weak and precipitation was
moderate. In the middle of the period, snowfall gave rise to a snow
carpet of 6 cm, which melted away within a week.

:
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Figure 3 shows the precipitation periods and snow-cover period
together with the count rates for 352-keV and 609-keV photons In
these measurements the detector was used with a lead shield to cut
off the primary photons with incidence angles between 0 to 70° with
respect to the normal at the air—soil interface. Increased count rates
were obtained during the precipitation periods owing to the
deposition of 214Pb and 2 ' 4 Bi. This occurred also during the period
of snowfall on the 16th day of measurements with a subsequent
reduction of the photon fluence from ground.
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Fig. 3 Precipitation
periods and count rates for 2 1 4 Pb 352-keV
2 4
photons and ' Bi 609-keV photons during the time period Nov. 22
to Dec. 20, 1977, at the Marsta Observatory. *, snowfall; and
,
snow carpet. A lead shield was mounted under the detector.

On the 12th day a significant increase in count rate was observed
without precipitation. Other minor oscillations in count rates which
cannot be explained by rain or snow cover were observed. Some of
these variations, however, can be correlated to the degree of
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atmospheric stability expressed in terms of the Richardson number.
In the present study the count rates for 2 * 4 Pb 352-keV photons and
214
Bi 609-keV photons are arranged in groups within the
Richardson number intervals —0.05 to +0.05, 0.05 to 0.1, 0.1 to 0.3,
0.3 to 1.0, and 1.0 to 1.3. Only those results are selected which were
not obtained during or shortly after precipitation periods. Nor are
those measurements included for periods when the ground was snow
covered. During this period no Richardson number under —0.05 was
derived. Figures 4 and 5 show the count rates for 2 ' 4 Pb and 2 ' 4 Bi
as a function of the Richardson number interval. For stable
conditions there is an apparent increase in the count rate for both
the radionuclides. This observed increase in count rate is 75% for
352-keV photons from 2 l 4 P b and 30% for 609-keV photons from
214
Bi, which corresponds to an estimated increase in the total
primary photon fluence rate of approximately 27% for 2 1 4 P b and
15% for 2 1 4 Bi. Although these values represent the increase in
primary photon fluence, they are in good agreement with the
increase in exposure rate reported by Beck (1974).
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The count-rate ratio 2 ' 4 B i / 2 ' 4 Pb as a function of the computed
Richardson number interval is shown in Fig. 6. Under stable conditions the ratio decreased to 75% of the value obtained at near-neutral
conditions. This value occurs within the same range as derived
theoretically by Jacob! and Andre (1963) and as observed experimentally by Gogolak (1976; Gogolak and Beck, this volume).
CONCLUSIONS
The in situ Ge(Li)-spectrometric method of measuring ground
surface deposited radionuclides is revealed as a fast and reliable
technique which can be exploited in the studies of washout processes
for radionuclides from the atmosphere. The main result from the
present investigation is the good correlation between precipitation
rate and deposited surface activity of 2 1 4 P b and 2 14 Bi. Therainout
of these radionuclides can increase the external free-air dose rate by
approximately 2 jurads/hr, which is about 20 to 30% of the normal
background level. The activity ratio 2 1 4 B i / 2 1 4 P b was found to be
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Fig. 6 Count-rate ratio 2 ' ^ I2 Pb as a function of the computed
Richardson number interval, j , standard error; and >—>, Richardson number interval.

slightly above 1 during precipitation which could indicate a delay
between the removal of activity from air by the water phase and its
subsequent deposition on the ground. At present, not enough
experimental data exist to enable an estimate of the time lag
precisely. Rapid detection of ground-surface-deposited radionuclides
should make it possible to use the method for studies of the
formation of raindrops and its influence on air pollution. We have
also observed that the primary photon fluence rate from airborne
radon daughters increases significantly under stable atmospheric
conditions. This increase can be correlated to the degree of
atmospheric stability expressed as the Richardson number. The main
advantage of this method of measurement is the possibility to
measure the natural photon fluence with good precision and within a
short time. It is also possible to modify the geometry as seen by the
detector by using different shields.
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DISCUSSION

Nevissi: The ratio of 2 *4 Bi/2 * 4 Pb greater than unity seems to be
true. I have measured 2 1 0 Bi/ 2 1 0 Pb ratios in rain samples at
Fayetteville, Ark., and observed sometimes ratios greater than unity
by 10 to 20%. I have no explanation for these anomalies, but it
seems that ratios greater than unity definitely do occur.
Finck: As I mentioned before, this could probably be due to a
time delay between the removal of activity by water phase in the
atmosphere and its subsequent deposition on the ground surface.
Kodama: (Comment) In reference to a good correlation between
terrestrial gamma radiations and snow-cover depths, I would like to
mention that background neutrons produced by cosmic rays are
most effectively available for the determination of snow-water
equivalent, particularly even for greater snow depth over 1-m water
equivalent.
Finck: The attenuation of the gamma rays by the snow cover is
obvious, but in the present investigation we did not have enough
variations in snow-cover thickness to be able to make exact
calculations between gamma-count water and snow-water equivalent.
Murray: What is the size of your Ge(Li) detector? Do you have
any feel for the background contribution from the detector head,
especially the aluminum can?
Finck: Our detection is a 60-cm3 coaxially drifted Ge(Li)
detector in a stainless-steel housing. We have used the detector for
measurements of soil samples in a low background room. The
background from the aluminium tripod is very low; probably much
less than 1% of the count rate obtained during a field measurement.
Hay wood: Is it possible that some of the observed increases in
terrestrial radon progeny after a rainstorm are due to the expulsion
of radon from the ground as water is absorbed?
Finck: From our measurements it is not possible to draw any
definite conclusions about an increase of radon near the ground. We
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have only measured the photon fluence from the short-lived
gamma-emitting daughter nuclides. The radionuclides 2 1 4 P b and
214
Bi, which we have specially studied, are preceded by the
alpha-emitting nuclide, 2 1 8 P o , so there should be a small delay
before such an increase can be seen in the measurement of 2 1 4 P b
and 2 ' 4 Bi. I suppose, however, that this effect is negligible compared
to the rainout process.
Tanner: In the literature we may find that heavy rains may or
may not cause displacement of soil gas, with initial appearance of a
pulse of radon exhalation, followed by a depression of exhalation
until the ground ceases to be saturated. I believe that such a pulse
was not observed during a thunderstorm period mentioned in the
paper by Mochizuki and Sekikawa, this volume.
Cheng: On the basis of my experience in emanation measurements in uranium ores and tailings, I wish to support the opinion
that the gamma radiation is affected both by the wash off of rainfall
and the radon flux increases due to the exhalation of radon from
water replacement in the soil pores.

Some Observations of the Variations
in Natural Gamma Radiation
Due to Rainfall

SUSUMU MINATO
Government Industrial Research Institute, Nagoya, Hirate-machi,
Kita-ku, Nagoya, Japan

ABSTRACT
Results of observations of variations in natural gamma-radiation flux densities
due to rainfall are presented and discussed in relation to rate of rainfall.
Variations of fluences with amounts of rainfall are also described. It is concluded
from the results of the observations that the specific radioactivity of rainwater,
As, is represented empirically by

where p is the rate of rainfall and a and 0 are constants. It is also concluded that
the frequency distribution of the ratio of the fluence to the amount of rainfall
has a trend to be lognormal.

It is well-known that the rainout and the washout of radon daughters
produce increases in gamma-radiation flux density and/or exposure
rate of several hours duration amounting to several microroentgens
per hour at ground level. These increases have been observed by
many researchers with various instruments (e.g., Thompson and
Wiberg, 1963; Foote, 1964; Miller, Gogolak, and Raft, 1975). The
observations of these variations are important not only in investigations involving the discrimination between man-made radiation
sources and the natural background levels but also in studies of
rainout and washout processes occurring in the atmosphere.
In this paper I summarize observations made and the analysis
used and discuss the variations in flux densities in connection with
370
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rate of rainfall. Furthermore, I describe the relation of fluences to
amounts of rainfall.
EXAMPLES OF OBSERVATIONS
Since December 1976, natural gamma-radiation flux density due
to rainfall has been observed in our laboratory with a 2-in. by 2-in.
Nal(Tl) scintillation counter. Simultaneously the rate of rainfall has
also been recorded. I reported earlier a method I developed for
measuring the flux density of environmental gamma radiation by a
scintillation counter (Minato, 1977a).
Some examples of the observations of the variations of the
radiation are shown. Figure 1 shows the flux densities due to rainfall
as well as records of the rate of rainfall. The close connection to the
corresponding rain period is demonstrated. In Fig. 2 are shown three
typical examples of the variations of additional flux densities. We
determined the additional flux densities by straight line fits of the
normal background as shown in Fig. 1. There is a considerable
correspondence between the curves of additional flux density ant!
those of the rate of rainfall. It should be noted that the fhwnces are
not necessarily proportional to the amount of rainfall.
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VARIATION OF FLUX DENSITY WITH RATE OF RAINFALL

We consider the gamma-radiation flux density due to rainfall
above a ground surface of infinite extension. The flux density is
related to the radioactivity of rainwater in a somewhat complex
manner. The problem may be described by the following integral
equation:
0(t) = £ A(t') K(t,t') dt'

(1)

in which 0(t) is the flux density at time t, A(t') is the radioactivity of
rainwater transported to the ground surface per unit time at time t',
and K(t,t') is the flux density at time t which is produced by unit
activity transported by rainwater at time t'.
First, we ha.e to evaluate K(t,t'). To do this, we make the
following assumptions:
1. The rainout and washout activities form an infinite plane
source on the ground—air interface.
2. Gamma-radiation flux density contributions are obtained from
the disintegration of RaB ( 2 1 4 Pb) and RaC ( 2 1 4 Bi), and equal
amounts of RaB and RaC are present in raindrops.

VARIATIONS IN NATURAL GAMMA RADIATION DUE TO RAINFALL

373

The decay of the two elements is given by the following equations:
dN B
dt
(2)
dN
"g£-n

<MJ"B~ X C N C

where N is the number of atoms, X is the decay constant, and the
subscripts B and C refer to RaB and RaC, respectively. Solutions of
the equations with initial conditions at t = 0, N B = NBO.
Nc = Nco take the form
XB^B

=

A-B^Bo e x P (—Xfit)

(-X c t)

(3)

Here, we denote the flux densities due to infinite plane sources
having unit activity of RaB and that of RaC by I//B and 4/Q,
respectively. With the above assumptions we can obtain the flux
density per disintegration per second per square centimeter of
Ra(B + C) using Eq. 3:
K(t,t') = b e x p [ - X B ( t - t ' ) | +cexp [ - X c ( t - t ' ) ]

(4)

where

We have calculated the values of 0 B and $c a s a function of height
above the ground surface using the Monte Carlo gamma-radiation
transport code, MONARIZA/G2, described in a previous paper
(Minato, 1977b). Results of the calculations are shown in Fig. 3
together with exposure rate data for reference.
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Fig. 3 Flux density and exposure rate in air as a function of height
resulting from unit abundances of RaB and RaC infinite plane
isotropic sources on the ground—air interface.

Now we try to solve Eq. 1. A practical method for solving this
equation used here is based on superimposing a discrete mesh of
points on a time region. The first step is to introduce a time mesh,
i.e., a set of discrete values of t, namely, tj, where i = 1, 2, . . .; it is
supposed that within each time interval the radioactivity of
rainwater, Aj, exhibits no time variation. Accordingly, we can
rewrite Eq. 1 in the following form:
A(t')K(ti + 1 ,t')dt'

(5)

Substituting Eq. 4 into Eq. 5, we obtain
Al =

0:+, — exp (—XBAi)GP — exp (—Ac Ai)Gp
(b/XB) [1 - exp (-AB"Ai)] + (cAc) [1 - exp (-AcAi)]

Here, A\ = t^., — tj, and
t') dt'
= exp (-A X Ai_, )G?L, + ^
where X = B or C and x = b or c.

[1 - exp (-A x Ai_,)] A r _,

(6)
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Fig. 4 Dependence of the specific radioactivity of Ra(B + C) in
rainwater on rate of rainfall.

The time interval. A, was chosen to be the time during which 0.5 mm
of rainfall accumulates on the ground surface. Although these
approximations just mentioned introduce a systematic error, it can
be reduced by making the meshes sufficiently small. The specific
activity of rainwater, As, can be obtained as the ratio of A to the rate
of rainfall, p, i.e..
AS = |

(7)

Some results obtained in this way are shown in Fig. 4 together with
data on Damon and Kuroda (1954) for reference. These values might
lie slightly underestimated because of the influence of buildings in
our laboratory. Similar values of specific activities have been
reported by other researchers (e.g., Jacobi, 1961; Thompson and
Wiberg, 1963). Although the data are considerably scattered, it
seems, in general, that the specific activity is a decreasing function of
the rate of rainfall. Straight lines in Fig. 4 were obtained by a
least-squares fit to the observed data. We represent this relation as
the following empir -:al formula:

A s =0p

a

(8)
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where a and p7 are constants. Figure 5 shows frequency distributions
of a and /3 with respect to the rainfall during 1977.
Now, let us consider theoretically the relation of the specific
activity of rainwater to the rate of rainfall. According to the work of
Marshall and Palmer (1948), the distribution of raindrops with size
can be given by the following empirical formula:
N D = No exp (—AD)

(9)

where D is the diameter, NJJ dD is the number of drops of diameter
between D and D + dD in unit volume of space, No is the value of
N D for D = 0, and
(10)
On the other hand, the specific activity of individual raindrops has
been observed by Styra and Vebriene (1969). We can express
approximately the specific activity of raindrops as a function of
diameter from their result as follows:
a s = i7D

(11)

where £ and 77 are constants and a value of £ of about 1.6 was
evaluated in this case. The activity of raindrops is then given by

VARIATIONS IN NATURAL GAMMA RADIATION DUE TO RAINFALL

377

a = m as
_4

/D\3

- -7; TT I -rr I

aa

(12)
where m is the mass of raindrops. Consequently, the total activity of
rainwater in unit volume of space is given by

= Jof"aND dD

where F is the gamma function. Furthermore, the mass of rainwater
in unit volume of space is also given by
>

M = f mN
mNDD dD
Jo
Jo

,14)
From Eqs. 13 and 14 the specific activity of rainwater is obtained as
the following:
As^A^p" 1 ^

(15)

Substituting the value of 1.6 for £ in Eq. 15, we obtain

The theoretical value of a. is compared with the observed distribution
in Fig. 5.

VARIATION OF FLUENCE WITH AMOUNT OF RAINFALL
Figure 6 shows fluences as a function of the amount of rainfall
during 1977. The data presented include only cases of amounts of
rainfall 3 mm or more and of gamma-radiation flux densities of
magnitude 0 or more. Under the assumptions described in the
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Fig. 6 The variation of fluences as a function of amount of rainfall.

preceding section, we can also calculate exposures by the use of the
values of fluences. These are also shown in Fig. 6 for reference. The
observed values are very scattered because there are considerable
differences between rainfalls in mean specific activity of rainwater.
We introduce here the quantity 3>/P, namely, the ratio of the fluence
to the amount of rainfall. The term 3>/P is related to the mean
specific activity in the following manner. The fluence contribution
due to the activities of rainwater transported at time t is

JT A(t) [b exp (-XBf) + c exp (-Xct')] dt' = A(t) (£- + fThe integral from 0 to T, which is the duration of rainfall, of the
above quantity of t gives the total fluence. As a result
b

where <As> is the mean specific activity of rainwater. A lognormal
plot with respect to 4>/P deduced from the values in Fig. 6 is shown
in Fig. 7. Thompson and Wiberg (1963) have also obtained a relation
between the exposures and the amounts of rainfall in Sweden
through observations with high-pressure ionization chambers. The
plot of the ratio of the exposure to the amount of rainfall deduced
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by analyzing their data is also given in Fig. 7 for reference. It is very
interesting that a trend toward a lognormal frequency distribution is
recognized. Although the data obtained here show a bimodal
distribution, we have to leave this problem for a future study. When
we arranged the data of Thompson and Wiberg, we picked up only
the values of exposures of magnitude 3 /uR or more and of the
amounts of rainfall of 3 mm or more for the period August—October
I960. This might be the cause of a single mode in the distribution
deduced from their data.
Seasonal variation of <i>/P is shown in Fig. 3.
DISCUSSION AND CONCLUSIONS
The results obtained in this paper are based on the two
assumptions described in the preceding section. According to the
speculation of Jacobi (1961), radioactive equilibrium between
RaA ( 2 1 a Po), RaB, and RaC is established in a rain cloud. If this is
correct, the assumption that the gamma-radiation flux density can be
evaluated from the disintegration of RaB and RaC may be
reasonable, since the half-life of RaA is very short compared to that
of the.other two elements and it takes more than several minutes for
raindrops to get to the ground. Hov/ever, when the raindrops require
a very long time to reach the ground surface, the equilibrium
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between RaB and RaC in rainwater may no longer be established at
the ground surface. In the worst case the error due to this cause is at
most 50%.
Jacobi also reported that the washout process occurring under
the cloud plays an unimportant part. In addition, the fallout from
previous nuclear bomb tests had decreased to very low values.
The assumption that the activities of rainwater form an infinite
plane source is unjustifiable except from the standpoint that it is
convenient analytically. In order to discuss the validity of this
assumption, we may have to examine in detail the infiltration rate of
rainwater into the ground. If the infiltration rate is smaller than the
effective half-life of Ra(B + C), this assumption may, then, be
reasonable. According to our Monte Carlo simulations through the
MONARIZA/G2 code, the error due to this cause is estimated to be
less than 20%.
We obtained the relation between the specific activity of
rainwater and the rate of rainfall by supposing that the activity is
constant within the time interval A. The observed values of 4>/P are
plotted in Fig. 9 as a function of the mean specific activities which
were evaluated by averaging the values of Aj in Eq. 6. A theoretical
curve was obtained from Eq. 16. The observed values are found to be
slightly higher than the theoretical ones. Figure 9 clearly reflects a
systematic error introduced by the approximation of the constant
activity within A in deriving Eq. 6, because the observed values of
<!>/P do not include the error due to this approximation. Namely, the
values of the specific activities obtained from Eq. 6 are evaluated to
be slightly smaller (about 15%) than actual values.
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As a result of a little more detailed analysis, it was concluded
that the systematic errors caused by the three assumptions mentioned above in evaluating the activity of rainwater amounted to less
than a factor of 2.
From Eqs. 1, 7, and 8, the gamma-radiation flux density can be
represented as a function of the rate of rainfall as follows:
0(t)=
in which a and j3 are constants different with every rainfall. These
constants should vary with the history and condition of the air mass
and the height and the structure of the cloud system. If the study
described in this paper were carried out in connection with cloud
physics and/or meteorology, it would provide an interesting insight
into the washout and rainout process.
We found here the frequency distribution of the values of 4>/P to
be lognormal. Although our data coincided fairly well with those
observed in Sweden, it may be necessary to ascertain whether this
coincidence results by chance or from not observing <J>/P all over the
world and over a long period.
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The observations and theoretical considerations on the variations
of natural background radiation are not adequate, considering that
they are fundamental in environmental radiation studies. It is hoped
that this kind of study will be performed in collaboration with
researchers in other fields, such as cloud physics, atmospheric
physics, soil physics, health physics, and hydrometeorology.
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Global Distribution and Sources of Uranium,
Radium-226,and Lead-210

Z. JAWOROWSKI, L. KOWNACKA, and M. BYSIEK
Central Laboratory for Radiological Protection, Warsaw, Poland

ABSTRACT
Uranium, 2 2 6 Ra, 2 1 0 P b , and l 3 7 C s concentrations were measured in ice
samples of various age, from the glaciers in Spitsbergen, Alaska, the Jotunheimen
Mountains in Norway, the Alps, Himalaya Mountains, the Ruwenzori Mountains,
and the Peruvian Andes. These radionuclides enter the atmosphere from
different sources. However, their concentrations in the fossil precipitations
preserved in the glaciers changed similarly in time in widely separated
geographical regions. This indicates that an integrating factor, probably the
general atmospheric circulation, overwhelms the differences in size and location
of regional and local sources of these nuclides.
In all glaciers in the ice deposited between 1950 and 1977 the concentrations of uranium and 2 2 6 R a were higher than in the preindustrial samples, with
the exception of Spitsbergen and the Alps. The average global concentrations of
uranium in contemporary ice were 34% higher than in the preindustrial ice and
concentrations of
Ra were 15% higher. From the average global concentrations in glacier ice, the annual injections of uranium,2 6 Ra, and 2 ' °Pb into the
atmosphere were estimated as 27.4, 9.1, and 815 kCi, respectively. This estimate
for ' Pb is close to a previous one based on 2 2 2 R n exhalation data.
The estimates of uranium and 2 2 6 R a injections are 17 and 11 times higher,
respectively, than those based on information on the particulate emission into
the atmosphere. Our results show that the global dust emissions are underestimated by approximately one order of magnitude and that the contemporary
man-made dust increases by ~ 1 5 to 34% the natural dust load of the
atmosphere.

Uranium, 2 2 6 Ra, and 2 ' °Pb belong to the same radioactive family,
but their sources and concentrations in the atmosphere are different.
The natural source of uranium and 2 2 6 R a is particulate matter
383
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entering the atmosphere as wind-blown sea salt and soil dust,
volcanic tephra, forest fires, and cosmic dust. The main anthropogenic sources are various industrial processes, burning of coal, slash
and burn agriculture, man-made erosion and denudation of land and
resuspension of phosphate fertilizers (Jaworowski et al., 1975; Moore
and Poet, 1976; Moore, Martell, and Post, 1976).
Lead-210 is also introduced into the atmosphere from these
sources and, in addition, through exhalation of the vast amounts of
its gaseous parent, 2 2 2 Rn, from the surface of the land and sea. This
latter source of 2 ' °Pb overwhelms the other natural and man-made
sources. A part of 2 ' °Pb present in the atmosphere was suggested to
originate in nuclear explosions. The assessments of the global
atmospheric flux of 2 ' °Pb from natural and anthropogenic sources
were reviewed at the second Natural Radiation Environment symposium (Jaworowski et al., 1972) and more recently by Robbins
(1977), Turekian, Nozaki, and Benninger (1977), and UNSCEAR
(1977).
The mechanism of an efficient transfer by a gaseous precursor is
lacking in the case of uranium and 2 2 6 Ra, and therefore it was
suggested that the global atmospheric flux of 2 2 6 Ra is several orders
of magnitude smaller than that of 2 ' °Pb (Jaworowski et al., 1972).
That type of estimate, however, is subject to uncertainty because of
scarcity of dependable information on the flow rates of solids into
the atmosphere from the particular natural sources. These natural
flow rates are sometimes difficult to estimate because, in some
localities, they may be overwhelmed by anthropogenic flows. This
last effect, illustrated by a dramatic increase of the dust content in
the glacier ice samples from the Tatra Mountains, representing the
precipitation from the past century (Fig. 1), may be difficult to
observe in areas remote from industrial centers or where the natural
dust flows are high.
The locations and sizes of the particular emission sources should
influence the global distribution of natural radionuclides in the
atmospheric air and in precipitation. Therefore the study of the
geographical and temporal variations of the concentrations of natural
radionuclides may be useful for identification of these sources.
Numerous measurements of 2 ' °Pb content in atmospheric air
and in rainwater were compiled for assessment of its latitudinal
distribution (Stebbins, 1961; Patterson and Lockhard, 1964;
Jaworowski, 1967; Magno, Groulx, and Apidianakis, 1970;
Rangarajan, Gopalakrishnan, and Eapen, 1976). This was not
possible for uranium and 2 2 6 R a since, until recently, their levels
have been determined only in few locations (Moore and Poet, 1976;
Jaworowski et al., 1977). Assessment of the global distribution of
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Fig. 1 Concentrations of : : 6 Ra and mineral dust in ice from a
glacier in the Tatra Mountains, Poland (from Jaworowski et al., 1975).
2

' °Pb, based on a great amount of compiled data, is subject to some
uncertainty because of difficulties in comparing the samples collected in various years by various investigators, using different
analytical and sampling procedures and usually not regarding the
possible annual variations.
In this paper we present the results of a study on the long-term
variations of uranium, 2 2 6 Ra, and 2 l 0 Pb content in the ice of 11
glaciers situated in widely separated regions in the Northern and
Southern hemispheres. To compare these variations with the patterns
of temporal and geographical distribution of nuclear weapon debris,
we also give the concentrations of ' 3 7Cs in ice.
MATERIALS AND METHODS
Glaciers offer a unique opportunity for studying the temporal
variations and geographical distribution of atmospheric pollutants
because they preserve fossilized precipitation for long periods and
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they are ubiquitous in almost all continents. The annual stratification
of glaciers allows the collection of samples of past precipitations, in
which the concentration of pollutants is related to that in the
atmosphere (Ambach, Eisner, and Haefeli, 1971).
There are, however, several difficulties involved in this type of
study. In the glaciers with intensive superficial melting, e.g., in the
Alps, changes of the original chemical composition of ice may be
expected. Davydov et al. (1970) have found in a temperate glacier in
the Tian Shan Mountains, at an altitude of 3600 m a greater mobility
of 2 ' °Pb vs. ' 3 7 Cs, which leads to greater runoff of2 ' ° Pb from the
glacier with melting water and to its penetration into the underlying
layers of firn. Similar selective loss of 9 0 Sr vs. other fission products
has been observed at a similarly elevated glacier in the Alps (Picciotto
et al., 1967). More reliable results should be expected from the
glaciers not exposed to intensive ablation, i.e., in polar regions and at
high altitudes.
In the accumulation zone above the firn line, the annual layers of
firn and ice are relatively undisturbed, thus enabling the dating of
more recent samples. The accuracy of this dating is, however, subject
to uncertainty since the particular firn layers may disappear during
the extensive ablation periods, especially in temperate glaciers at low
altitudes. Fr< m the data of Liesttfl (1967), it can be inferred that the
dating error in European glaciers for the last decade is about ±1 year
and ±2 years for the second decade.
We collected the fossil ice camples between the years 1972 and
1977 from the following glaciers: Kdrber Glacier and Hansbreen
Glacier, Spitsbergen; Kahiltna Glacier and Ruth Glacier, Mt.
McKinley Group, Alaska; Storbreen Glacier, Jotunheimen Mountains, Norway; Gurgler Ferner Glacier, Austria; Cherku Glacier and
Langtang Glacier, Langtang Himal, Nepal; East Stanley Glacier and
Elena Glacier; Ruwenzori, Uganda; and Jatunjampa Glacier, Nevado
Pico Tres, Cordillera de Vilcanota, Peru.
After a 2-m-thic!; eA.u;rnal layer was removed to expose the
uncontaminated ice, the firn and ice samples were collected from the
vertical faces of natural crevasses in the accumulation zone. From a
particular ice stratum, the dark dry-season depositions were collected
together with the corresponding wet-season precipitation. In this
zone were collected the contemporary samples covering the period
1950 to 1977. The preindustrial precipitations were collected in
lower parts of the glaciers. The dating of these samples was usually
based on ice flow velocity measurements or estimates or, as in the
case of the Storbreen Glacier, on ' 4 C and 3 2 S methods (Coachman
etal., 1958; Dansgaard and Clausen, 1966; O. Liestqil, personal

GLOBAL DISTRIBUTION AND SOURCES OF U,

22

*Ra. AND

210

Pb

387

communication, 1972). At this glacier the age of the preindustrial
samples was about 100 (3 samples), 400 (3 samples), and 700 (3
samples) years. In other glaciers two to four preindustrial samples
were collected, the ages of which were estimated as follows:
Hansbreen Glacier, 100 years; Gurgler Femer Glacier, 200 years;
Langtang Glacier, 700 years; Elena Glacier, 100 years; Jatunjampa
Glacier, 250 years; Ruth Glacier, 400 years. In this paper we present
the mean values of concentrations of radionuclides determined in
preindustrial samples.
The ice samples were collected with a stainless-steel ice pick into
a polyvinylchloride foil sheet and were then transferred with a nickel
shovel to 15-liter polyethylene containers. For each sample two
containers were used, in which 14 to 20 kg of ice was collected. All
containers and tools were washed, first in tap water, then in 0.5N
nitric acid, tap water, distilled water, and deionized water. The
containers and tools were then sealed in three polyethylene bags, and
these bags were wrapped in a polypropylene fabric bag.
Immediately after being collected, the samples were transferred
to a tent where a temperature of 25° C was maintained. In the tent,
the inlet of the container was connected to an ion-exchange column
composed of Dowex 50W-X8 and Amberlite IRA-400, and the
container was placed on an aluminium rack so that its contents
drained into the column. The same ion-exchange column was used
for two containers of each sample.
In the upper part of the column, a quartz wool plug and filter
paper (Filtrak No. 389) were placed to collect the particulates. Air
was pumped into the container through a filter at a pressure
sufficient for a filtration speed of about one drop per second. After
filtration the containers were opened, and the material deposited on
the inner walls was collected with filter paper and sealed in
polyethylene bags.
The radionuclides adsorbed on the resins were eluted with 67V
hydrochloric acid and evaporated to dryness, and the residue was
dissolved in nitric acid. The particulate matter retained on the quartz
wool and filter papers was digested with concentrated nitric and
hydrofluoric acids. From the nitric solution the 2 I 0 P b daughter,
2
' °Bi, was precipitated with 18Af sodium hydroxide. The precipitate
was dissolved in 0.5N hydrochloric acid from which 2 ! °Bi was then
electrodeposited on a nickel disk. From the remaining supernatant,
made 3N in nitric acid, ' 3 7 Cs was separated on an ammonium
molybdophosphate (AMP) mat. Uranium was determined by a
fluorimetric method, and 2 2 6 Ra was determined by an emanation
method.
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The activity of uranium was calculated assuming that in our
samples its specific activity was 0.693 pCi//ug.
The lower limit of detection of uranium and the mean analytical
error, including the calibration error, were assessed to be 1.0 ng and
25%, respectively. The corresponding values for 2 2 6 Ra were 0.02 pCi
and 10%, for 2 ' °Pb, 0.72 pCi and 14%, and for ' 3 7 Cs, 0.57 pCi and
10%. For all samples we used virtually the same collecting and
analytical methods, and we assume that the systematical error
involved was the same in all glaciers studied. The detailed procedures
for collecting and for the analytical and counting methods used are
given elsewhere (Bilkiewicz, 1978).
The 2 ' °Pb concentrations in the samples from Norway are not
presented here, because only the water-soluble fraction was analyzed.
RESULTS AND DISCUSSION

The concentrations of uranium and 2 2 6 Ra found in contemporary glacier ice, i.e., deposited between 1950 and 1977, »nd the mean
concentrations in preindustrial ice are given in Fig. 2. Accepting the
dating error as ±1 to ±2 years, from the data in Fig. 2, we can assume
that the increased concentrations of uranium appeared at the same
time in several glaciers. The uranium peaks observed in Spitsbergen in
1956, 1958, 1963,1965, and 1969 correspond to 1955, 1958,1963,
1965, and 1969 peaks in Jotunhaimen (Norway) to 1955, 1965, and
1969 peaks in the Alps (Austria), to 1959, 1963,1966—1969 peaks
in the Himalayas (Nepal), and to 1956, 1959, 1966—1968 peaks in
the Andes (Peru). In addition, the 1961 peak found in Jotunheimen
corresponds probably to the 1960 peak in the Alps, the 1961 peak in
the Himalayas, and the 1961 peak in Ruwenzori (Uganda). In 1973,
high concentrations of uranium were found in all glaciers studied
except in Alaska. On Spitsbergen this conctntration increased but
slightly.
It seems that volcanic eruptions are among the natural phenomena that might be responsible for the similarity of patterns of
the temporal uranium fluctuations in the widely separated glaciers in
both hemispheres.
The high 1963 peak in the Himalayas and the smaller peaks in
Spitsbergen, Norway, Ruwenzori, and the Andes may reflect the
fallout from the tropospheric component of the 1963 Gunung Agung
eruption, and the 1965 peaks may result from the delayed fallout
from its stratospheric injection, which reached a height of 50 km
(Bauer and Oliver, 1975), or from the 1963 Surtsey eruption in
Iceland, the dust from which was reported to fall until 1955 (Bauer
and Oliver, 1975).
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The peaks in the 1973 layers, the highest in the Andes and
Ruwenzori, probably resulted from increased volcanic activity in
1973, with the great eruption of Fuego in Guatemala from which the
tephra were reported to travel south (Smithsonian Institution, 1975).
In the contemporary ice samples, the concentrations of uranium
were higher than in the preindustrial ones, with the exception of
Spitsbergen and the Alps. The global average concentration of
uranium in contemporary glacier ice is about 1.3 (±0.4) times higher
than in preindustrial ice (Table 1).
The temporal fluctuations of the peak uranium and z - 6 R a
concentrrtions run concurrently in Spitsbergen and, with few
exceptions, also in the Andes, in the Himalayas, and in ice layers
from the last decade in Ruwenzori and the Alps (Fig. 2).
With the exception of the Alps and Spitsbergen, the mean
concentrations of 2 2 6 Ra in contemporary ice were usually higher
than in the preindustrial samples. The greatest increase of 2 2 6 Ra
concentration in contemporary samples was found in Norway and ir
the Andes, where this concentration increased 2.5 times. The
TABLE 1

Mean Contemporary and Preindustrial Concentrations
of Uranium, 2 2 6 R a , 2 ' °Pb, and ' 3 7Cs in Glacier Ice
Altitude
Location
Spitsbergen
76°55'N

level, m
400
100

Age;*
No of
samples

Concentration,t pCi/kg of ice
Uranium

2

"aa

2l

"Pb

I37

Cs

CON; 23 0.019 (20.6) 0.008 (14.3) 1.12(34.7) 3.50(28.8)
PRE; 2 0.021
0.008

Alaska
63c02'N

2450
550

CON; 28 0.003(11.8) 0.008(9.1)
0.005
PRE; 3 0.002

Norway
61°35'N

1750
1400

CON; 17 0.088 (43.2) 0.010 (54.2)
PRi,
9 0.022(31.8) 0.004 (20.0)

Austria
46°50'N

3180
2970

CON: 25 0.009 (17.2) 0.005 (11.0) 1.03 (28.2) 2.19(14.1)
PRE;
3 0.016
0.016

Nepal
28 lO'N

5350
4500

CON; 15 0.158 (27.9) 0.074 (19.4) 3.19 (17.7) 3.37(27.4)
PRE;
3 0.149
0.069

Uganda
0°23'N

4755
4511

CON; 12 0.038 (30.1) 0.019 (15.1) 1.47 ;42.S) 0.58(37.1)
PRE; 4 0.020
0.013

Peru
13°45'S

5350
5050

CON; 21 0.077 (17.8) 1.020(12.7) 2.12(27.4) 0.37(17.3)
PRE; 4 0.047
0.008

Global
average

0.66 (15.5) 1.45(35.3)
1.27(26.6)

CON; 141 0.048 (16.7) 0.016(13.7) 1.43(12.2) 1.87 (12.1)
PRE; 28 0.036 (25.3) 0.014 (28.8)

*CON, contemporary (averaged from Fig. 1, excludinc unusually high
concentrations in 1973); PRE, preindustrial.
tNumbers in parentheses are the standard errors of the mean in percent.
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(1977) as the natural injection and to a more recent assessment of
715 kCi/year (Jaworowski et al., 1978).
Jaworowski et al. (1978) suggest a large injection of 2 ' °Pb from
the June 26,1973, Chinese explosion, with a simplifying assumption
that the initial ratio of 2 ' °Pb to ' 37 Cs was the same as the mean
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contemporary global average concentration of 2 2 6 Ra was, however,
only slightly higher than the preindustrial one (Table 1).
The concentrations of 2 ' °Pb and ' 3 7 Cs are shown in Fig. 3. The
striking feature in this figure is the concurrence of high 2 ' ° Pb and
12
'Cs concentrations in 1955, 1958, and 1965. This is most clearly
L-ean in Spitsbergen but not in the Alps, where the ablation effects
are probably stronger than in other locations studied. Unusually high
concentrations of 2 ' °Pb were found in the 1973 layers in the Alps,
Ruwenzori, and the Andes.
It is interesting to note that the general trends of time variations
of the mean uranium and 2 2 6 Ra concentrations in all glaciers studied
are similar to those of 2 ' °Pb and ' 3 7Cs with few exceptions, e.g., in
1961 (Fig. 4). As shown in Fig. 5, the patterns of the geographic
distribution of these nuclides are also similar, with the exception of
137
Cs and 2 1 0 P b in the Alps and uranium in Norway. Certainly
2i
° Pb and l 3 7 Cs have different sources in the atmosphere than do
uranium and 2Ze Ra. The bulk of the 2 ' °Pb is introduced into the air
by 2 2 2 Rn exhalation, 1 3 7 Cs, by nuclear explosions, and uranium
and 2 2 6 Ra, by wind transfer of soil dust.
These three phenomena occur with increased intensity at various
times and in various places. Therefore it can be inferred from our
data that the deposition of nuclides with atmospheric precipitations
depends not only on the size and location of their various sources
but is influenced heavily by fluctuations in the global atmospheric
mass circulation, changing in time and varying in particular regions,
but common for the four nuclides.
As seen in Table 1, during the past three decades the global
average concentrations of uranium, 2 2 6 Ra, 2 ' °Pb, and ' 3 7 Cs in all
the glaciers studied were 0.048, 0.016, 1.43, and 1.87 pCi/kg,
respectively. These values can be used for calculating the injections
of these nuclides into the global atmosphere. The uranium and
2 26
Ra injections are unknown, but those of 2 ' ° Pb and ' 3 7 Cs were
assessed in the past by several authors and recently by UNSCEAR
(1977). Probably the most certain assessments are those of 1 3 7 Cs
injections. For purposes of this calculation, we assume from the
UNSCEAR data that the average annual ' 3 7 Cs injection between
1952 and 1S75 was 1066 kCi. This injection corresponds to our
global average glacier-ice ' 37 Cs concentration of 1.87 pCi/kg. If we
assume that the same atmospheric factors influenced all four nuclides
in question, the annual injections of uranium, 2 2 6 Ra, and 2 ' ° Pb can
be deduced from the average global glacier-ice concentrations as
27.4 kCi, 9.1 kCi, and 815 kCi, respectively (Table 2).
It is reassuring to see that the value of 2 ' °Pb injection inferred
from the ' 3 7 Cs data is close to the 600 kCi/year given in UNSCEAR
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ratio of these nuclides found in the stratospheric air 9 to 15 months
later. However, the numerical estimates of production of 2 ' °Pb in
thermonuclear explosions indicate that, in the advanced fusion
devices, with the compression ratio of 10, the 2 ' °Pb production rate
may reach about 2.7 kCi per 1 Mt total yield (Grotowski,
Kwiatkowski, and Jaworowski, 1977). This is much less than might
be necessary for producing the high concentrations of 2 ' °Pb in ice
observed in 1973 in several glaciers. Since this peak concentration is
associated with uranium and 2 2 6 R a peaks, we believe that events
other than the 3-Mt 1973 Chinese explosion should be credited for
this phenomenon, but these events are still to be found.
On the other hand, the 2 ' °Pb production rate of 2.7 kCi/Mt fits
the earlier assessments of injections of this nuclide during the nuclear
tests in 1961—1962, calculated by Peirson, Cambrey, and Spicer
(1966) and Jaworowski (1966) as about 260 and 900 kCi, respectively. The total yield of atmospheric explosions in 1961—1962 test
series wss 330 Mt. These explosions were apparently cleaner than
those in the former test series, as may be inferred from the
corresponding 9 0 Sr depositions (UNSCEAR, 1977) to energy yield
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TABLE 2

Annual Injections of Uranium, 226Ra,
and 2 ' °Pb into the Atmosphere
Injection, kCi
Basis of estimation
Contemporary (1950—1977) average
global concentrations in glacier ice
Preindustrial average global
concentrations in glacier ice
222
Rn
Exhalation from lands*
Exhalation from oceanst
From burned coal (0.3 pCi/g;
2.42 x 10 I 5 g)
From uranium milling for
power production excluding
military operations!
From volcanos
From uranium and other mines

U

226

27.4

9.1

20.5

7.9

Ra

815

25
0.0004
0.007
9
9

715

Nuclear explosions in 19S1—1962
(330-Mt energy release, half
of which with lead tamper)
Compression ratio =10
Compression ratio =7.5

Total

Pb

690

Total

Particulate flows and concentrations (see Tabie 3)
Sea salt
Soil dust
Voleanic tephra, forest and agriculture fires, cosmic dust
Fossil-fuel power and industry
Uranium milling and fuel preparation for nuclear power production
excluding military operationsX

210

450§
280

0.06
0.31,

0.003
0.35

0.003
0.60

0.28
0.92

0.28
0.22

0.48
0.60

0.002

0.00008

0.00008

1.6

0.85

1.7

•From Jaworowski et al., 1977.
tFrom Robbins, 1977.
JFrom UNSCEAR, 1977.
§Two years' injection.

ratios and from the ' 4 C to 9 ° Sr ratios in the stratosphere (Telegadas
and List, 1969). Assuming that half of them had the inertial mantle
made of common lead, in which 2 1 0 Pb could be produced in a
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Pb (n,7) (n,7) 2 ' °Pb reaction, with the compression ratio of 10,
the amount of 2 1 0 P b produced in 1981—1962 series could be
~-450 kCi. If these bombs were less advanced, with the compression
ratio of 7.5, the 2 ' °Pb production could be about 280 kCi.
It is an open question whether the difference of 100 kCi between
the values of 2 ' °Pb injections calculated from the glacier-ice
concentrations of this nuclide and from 2 2 2 Rn exhalation represents the uncertainty of both estimates or a missing source of this
nuclide in the atmosphere. Nuclear explosion could contribute only
to a small fraction of this difference. Other possible sources, among
those listed in Table 2, are underestimation of 2 2 2 Rn exhalation
from land and sea and virtually unknown release of 2 2 2 Rn from
volcanos and from uranium and other mines. In the following
discussion, it is shown that the contribution from particulate flow is
probably also underestimated.
The annual injections of uranium and 2 2 6 Ra calculated from the
global average concentrations in glacier ice are not consistent with
those calculated from the estimates of the worldwide emissions of
particulates given in Table 3. Mitchell (1975) and Ellsaesser (1975)
estimate that the natural and anthropogenic primary emissions of
particulate matter into the atmosphere amount to approximately
2 x 1 0 l s g per year. Of this amount about 1 x 10 1 5 g is sea salt
(Mitchell, 1975) in which the uranium concentration is 0.06 pCi/g
(Dursma, 1972), which corresponds to a 60-Ci annual injection.
Wind-blown soil dust, natural and man-triggered, amounting to
0 . 5 x l 0 l s g , with the average uranium content of 0.7 pC'g
.(Jaworowski and Grzybowska, 1977) injects into the atmosphere
350 Ci of uranium per year. Volcanic tephra, slash and burn
agriculture, cosmic dust, and forest fires contribute 0.4 x 1 0 ' 5 g of
particulate matter per year; if the uranium concentration for this
source is assumed to be the same as in soil dust, this corresponds to
280 Ci of uranium. Industrial processes, production of power and
heat, and other human activities emit into the atmosphere
0.11 x 1 0 ' s g of dust; with the uranium concentration assumed to
be the same as its average content in the fly ash, i.e., 8.4 pCi/g
(Jaworowski and Grzybowska, 1977), this corresponds to 920 Ci.
From the data compiled by UNSCEAR (1977), it can be inferred
that uranium milling and fuel preparation for nuclear power
production of 79.8 GW per year emit into the atmosphere 1.9 Ci of
uranium.
The total injection of uranium with the particulate matter
entering the atmosphere amounts then to 1.6 kCi per year. This value
is ~17 times lower than that calculated from the concentrations of
uranium in the glacier ice (Table 3).
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TABLE 3

Estimated Global Injections of Particulates
into the Atmosphere and Mean Concentrations
of Uranium, 2 2 6 Ra, and 2 ' °Pb in Various Materials

Particulates
Sea saltf
Soil dusti,§
Volcanic tephra^i
Forest and agriculture fires^l
Cosmic dust^j
Industrial
processes *"*
Power and heating
plants!,**
Other human
activities**

Injections,*
g/year x 101 s

Concentrations, pCi/g
226
2.opb
Uranium
Ra
0.06

0.003

0.003

0.25

0.7
0.7

0.7
0.7

1.2
1.2

0.135
0.01

0.7
0.7

0.7
0.7

1.2
0.7

0.045

8.4

2.0

5.5

0.035

8.4

2.0

5.5

0.030

8.4

2.0

5.5

1.0
0.5

*From Mitchell, 1975.
f From Dursma, 1972.
I From Jaworowski et al., 1977.
§ After Megumi and Mamuro, 1977.
^| Assumed to be the same as in soil.
**Assumed to be the same as in coal fly ash.

For calculating 2 2 6 Ra and 2 ' °Pb injections in the same way, we
used their concentrations in the particulates given in Table 2 and the
UNSCEAR (1977) data on nuclear power production.
We calculated that the global annual injection of 2 2 6 Ra amounts
to 0.85 kCi and of 2 l 0 P b , 1.7 kCi. These values are, respectively,
about 11 times and 480 times lower than those calculated from ice
concentrations.
The cause of this difference is obvious in the case of 2 ' ° P b and.
was explained earlier, but it is not so with uranium and 2 2 6 Ra. If we
exclude an unexpected enrichment of uranium or 2 2 6 R a in some
species of particulates, such as that reported by Basson et al. (1975),
this discrepancy might indicate that the assumed global flows of
particulates are underestimated by a factor of about 15.
As may be seen in Fig. 1, the concentrations of 2 2b Ra in glacier
ice have increased during the last century parallel with the
mineral-dust concentrations. Therefore we can assume that the
latitudinal distribution of uranium and 2 2 6 Ra shown in Fig. 5 can be
interpreted as the mineral matter distribution in atmospheric
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precipitations. This distribution differs substantially from the dust
cloud distribution in the atmosphere of the Northern hemisphere
estimated by Bryson and Wendland (1975) from observations of blue
and brown haze, smoke from agricultural burning, and dust storms.
On the basis of our data, and with the scarce information available in
the current literature, it would be difficult to explain this difference
and to identify the sources that contributed to the mineral-matter
content in our ice samples. Elucidation of this needs further study.
CONCLUSIONS

1. In the majority of glaciers studied, the peak concentrations of
uranium in contemporary glacier ice appeared in the same years. This
indicates that the source of uranium in glacier ice has a global
character, rather than a regional or local one.
2. These uranium peaks were concurrent with those of 2 2 6 Ra,
:
' °Pb, and ' 3 7 Cs in the majority of the glaciers. Since 2 ' °Pb and
1 7
' Cs are injected into the atmosphere from two sources different in
type and location from those of uranium and 2 2 6 Ra, we suppose
that there exists a factor common for all four nuclides which
dominates their fallout from the atmosphere. Probably the fluctuations of large-scale atmospheric processes are responsible for this
effect. The patterns of the latitudinal distribution of uranium
concentrations in glacier ice, similar to those of 2 2 6 Ra, 2 ' °Pb, and
' " C s , support this supposition. For example, the high mean
concentrations of all four nuclides in the ice samples from the
Himalayas reflect in part their downward transport from the
stratosphere, supposedly increased in this latitude, in accordance
with the global atmospheric mass circulation. We were unable to find
information on the presence of uranium in the stratospheric air, but
the well-known high concentrations of ' 3 7Cs and 2 ' °Pb in the lower
stratosphere were recently reported to be associated with the 2 2 6 Ra
concentrations, higher in the lower stratosphere than in the upper
troposphere (Jaworowski and Kownacka, 1976).
3. The increase of uranium and 2 2 6 Ra concentrations in contemporary (1950—1977) ice as compared with those in preindustrial ice
was observed in all glaciers with the exception of Spitsbergen and the
Alps. The average global concentrations of uranium and 2 2 6 E a in
contemporary samples were, respectively, about 34% and 15% higher
than in preindustrial ones. Since the volcanic-dust production after
approximately 1900 was apparently lower than in the period
between 1770 and 1900 (Hammer, 1977), it seems that this increase
reflects man-made or man-triggered contributions.
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4. The value of the annual global injection of 2 1 0 Pb into the
atmosphere, estimated from 2 l 0 P b and lilCs concentrations in
glacier ice and from the known injections of ' 3 7 Cs by nuclear tests,
is close to the value estimated from 2 2 2 Rn exhalation. The first
estimation is about 14% higher than the second. This difference
represents probably the uncertainty of both estimates but .nay in
part also reflect additional sources of 2 1 0 P b not included in the
estimation based on 2 2 2 Rn exhalation.
5. The estimates of annual injections of uranium, : 2 " Ra, and
:
' ° Pb based on the glacier-ice concentrations integrate the contributions from all sources, known and unknown. It seems, therefore, that
they are more reliable than other types of estimates. The values of
contemporary atmospheric injections of uranium and 2 2 6 Ra estimated from the glacier-ice concentration are, respectively, 17 and 11
times higher than those calculated from the estimates of global-dust
emissions. This indicates that the global-dust emissions are underestimated or that some of the dust species are much more enriched in
uranium and 2 2 h Ra than we assumed. The former supposition is
more probable in view of the parallel increasing 2 2 h Ra and dust
concentrations in glacier ice observed during the last century.
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DISCUSSION

Silker: Would you comment on the high concentrations in glacial
ice in Nepai. Is this the resultant of an orographic factor?
Jaworowski: This is a local or regional phenomenon, which may
possibly reflect the dust transport from the Tibetan highlands or the
increased leakage of stratospheric dust into the troposphere.
Holtzman: Is there a significant difference between the 815
kCi/year of 2 ' °Pb estimated from the 2 ' °Pb data, compared to that
derived from 2 2 2 Rn exhalation?
Jaworowski: This difference is 14% and probably represents the
error of both estimates.
Wilkening: Did I understand correctly that the global exhalation
of 2 2 2 Rn was 715 kCi/year?
Jaworowski: Yes.
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Wrenn: Was there any difference between the uranium/radon
ratio in preindustrial and contemporary ice, and if so, can this be
used to derive an appreciation at the source of the change?
Jaworowski: No statistically significant difference of this ratio
was found in "global" concentrations.

Use of Lead-210 and Po!onium-210 as Tracers
of Atmospheric Processes

A. NEVISSI and W. R. SCHELL
Laboratory of Radiation Ecology, College of Fisheries,
University of Washington, Seattle, Washington

ABSTRACT
The inputs of 2 1 0 P b and 2 1 0 P o have been measured in two marine
environments to trace atmospheric processes. Precipitation and dry fallout
samples were collected monthly at Seattle, Wash., over a period of 4 yesrs, and
air filter samples were collected biweekly at the ground level on Amchitka
Island, Alaska, over a period of 3 years.
The results for both stations show that 2 1 u P b undergoes seasonal variations
in surface deposition with minimum values in relatively dry months of summer
and maximum values in the fall or winter. The deposition rate of 2 1 Pb for
Seattle is 0.29 10.04 dpm c m " 2 year~'. The 2 Pb concentrations at Amchitka are the lowest values reported for ground-level air.
The seasonal variations of 2 I °Pb are attributed to several factors including:
2I0
P b content of the air masses involved, changes in the meteorological
conditions, and local input of 2 I 0 P b as a result of radon exhalation and soil
resus pension.

Long-lived decay products of radon, namely, 2 l 0 P b , 2 I 0 B i , and
2I0
P o , provide an experimental tool to study long-range air mass
transport as well as atmospheric and oceanic mixing processes. These
isotopes are produced in the atmosphere from the radioactive decay
of 2 2 2 R n (ti4 = 3.8 days) which is a radioactive decay product of
2 2
*Ra (t-4 = 1600 years) in the 2 3 8 U (t% = 4.5 x 10 9 years) decay
chain.
After formation in the lithosphere, radon diffuses into the
atmosphere and is transported to the upper troposphere by advection
and turbulent mixing. The decay products of radon become attached
405
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rapidly to the natural aerosols present in the atmosphere and are
deposited on land and ocean by atmospheric removal processes.
Generally, the radon concentration decreases exponentially with
altitude, i.e., from 100 to 200 dpm/m 3 of air over land and about
4 dpm/m3 of air over the oceans (Israel, 1951). This distribution is
generally valid over all large continental land masses and oceans but
may be altered by two processes (Fontan, 1964):
1. Temperature inversion conditions in the atmosphere near the
ground, where radon concentrations may reach 10,000 dpm/m 3 of
air.
2. Snow cover, frozen ground, or flood conditions, where radon
concentrations may be less than 20 dpm/m 3 of air near the ground.
Seasonal variations of 2 1 0 Pb concentrations measured in
ground-level air at several stations in India show maximum values in
winter and minimum values in summer (Joshi, Rangarajan, and
Gopalakrishnan, 1971). They attributed these variations to the
greater prevalence of atmospheric inversion conditions in winter and
the shift in surface winds from the continental northeast monsoon to
the oceanic southwest monsoon in summer. Styra and Shalaveyus
(1970) reported seasonal variations of 2 ' °Pb in Vilna, USSR, with
an anticorrelation between fallout radionuclides and 2 ' °Pb concentrations in the surface air. The changes in the 2 1 0 Pb concentration
were attributed to a complex set of factors including variations in the
2
' ° Pb concentration in the troposphere, effects of washout layers,
and changes in meteorological elements. Baranov and Vilenskii
(1970) also observed the seasonal variations of 2 : °Pb in the vicinity
of Moscow, USSR, and were able to relate these changes to the
amount of precipitation. The low summer concentrations of 2 1 °Pb
found in surface air at Nurmajjarvi, Finland, Washington, D. C, and
Moosonee, Canada, were attributed to meteorological conditions
which included the period of most-intense vertical mixing (Machta
et al., 1970). Mixing is controlled by the vertical eddy diffusion
coefficient in the troposphere which reaches a maximum in the
summer at 1.2 x 10 s cm2/sec and a minimum in winter at
4.5 x 10 4 cm 2 /sec. Near the tropopause and in the stratosphere a
constant value zf 4 x 10 3 cm2 /sec is found.
METHODS AND MATERIALS
Air filter samples were collected over a period of 3 years
(1970—1973) using high volume air samplers located 1 m above
ground level at Amchitka Island (51°28'N, 179°06'E). The air
samplers were operated continuously using Whatman No. 42 filter
papers that were changed twice per month. The samples were
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measured for gamma radionuclides and then analyzed for 2 1 0 P b .
Details of the sample preparation and gamma counting of the air
filters are given in Held et al. (1973). Monthly precipitation and dry
fallout samples were collected over a period of 4 years (1973—1977)
from the roof of the College of Fisheries building, University of
Washington, Seattle (47°36'N, 122°22'W). The methods used to
analyze 2 ' °Pb and 2 * °Po in the air and precipitation samples have
been reported elsewhere (Nevissi, 1973; Scheli, 1977). The sampling
station locations are shown in Fig. 1.

Fig. 1 Location of sampling stations.
RESULTS

The results of 2 1 0 P b concentrations measured in Amchitka air
filter samples are shown in Fig. 2. For comparison, the 1 3 7 Cs
concentrations from fallout, also collected during the same peuod by
the air filters, are shown (Held et al., 1973). The measurements show
that 2 1 °Pb undergoes seasonal variations with minimum values in the
summer and maximum values in the fall or winter at this^marine
station. The 1 3 7 Cs values show seasonal variations similar to the
2
' °Pb values. Since the source of ! 3 7Cs is from nuclear detonations
that have injected debris unto the upper troposphere/lower stratosphere, it can be concluded that a considerable fraction of the 2 1 °Pb
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TABLE 1
2

' °Pb Activity of Surface Air in Different Areas of the
Northern Hemisphere (Activities in dpm/1000 m 3 of Air)
Sampling site

Mean value

Range of values

Reference

0.02—0.8
3—110
5.5-62

This work
Nevissi (1973)
Rangarajan
etal. (1976)
Rangarajan
etal. (1976)
Rangarajan
etal. (1976)
Rangarajan
etal. (1976)
Rangarajan
etal. (1976)
Rangarajan
etal. (1976)
Rangarajan
etal. (1976)
Rangarajan
etal. (1976)

Amchitka, Alaska (51N, 179E)
Fayetteville, Ark. (36N, 94W)
Moosonee, Canada (51N, 81W)

0.2
32
21

Nurmajjarvi,
Finland (61N, 26E)

15

5.5—33

Toulouse, France (43N, 02E)

29

11—48

Brunswick, Germany (52N, 10E)

22

7-84

Srinagar, India (34N, 75E)

53

9-64

Tromso, Norway (73N, 19E)

10

3-24

Anchorage, Alaska (60N, 150W)

20

11—35

Moscow, USSR (55N, 37E)

18

0.4—64

Franz Josefland,
USSR (80N, 55E)

0.8

0.04—10

Rangarajan
etal. (1976)

which is deposited at this marine station comas from the same
storage reservoir as 1 3 7 Cs, namely, the upper troposphere/lower
stratosphere. The comparisons of the 2* °Pb concentrations measured in Amchitka air filter samples with other locations are shown
in Table 1, where the 2 1 0 P b values are found to be much lower at
Amchitka. This must be due to the large distances between this
station and major land masses as well as the precipitation over the
North Pacific, which would scavenge most of the 2 1 0 P b from the
lower tropospheric air mass before reaching Amchitka.
Measurements of the monthly rainfall and deposition of 2 ' °Pb at
Seattle are shown in Fig. 3. Seasonal variations in the 2 1 0 P b
concentrations are observed with minimum values in the relatively
dry months of summer and maximum values in the fall or winter.
Although Seattle is located some 150 km from the Pacific coast, the
seasonal variations of the 2 1 °Pb at Seattle and Amchitka are similar.
It appears that the mode of 2 x °Pb transportation in the atmosphere
and deposition at both stations are similar.
The 2 1 0 P o concentration was also measured in a few of the
samples. From the analysis of the 2 ' °Po/ 2 ' °Pb concentration ratios,
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Fig. 3 Monthly deposition of 2 1 0 P b and its variation with the
rainfall in Seattle. The I I O P o / 2 I O P b activity ratios and the
calculated age of air masses (day ± error) corresponding to these
ratios are shown for some samples.

the apparent age of air masses has been calculated using Eq. 1
(Lehmann and Sittkus, 1959)
l

R

(TR+l/Xp o )(T R +l/Xpb)

(1)

where T R is the aerosol residence time and Xpo and Xpb are the
radioactive decay constants of 2 1 0 P o and 2 1 0 Pb, respectively. The
high 2 * °Po/ 2 ' °Pb ratios in the summer months reflect the stagna-
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tion of the air masses in this region and the local input of 2 1 °Po and
210
P b from soil resuspension. These stagnant air masses are caused
by the prevailing high-pressure cells over the Pacific Northwest in
summer. Since the radioactivity ratio of 2 ' °Po/ 2 1 °Pb is near unity
in soil, resuspension of the soil gives rise to the high ratios measured
in samples. The residence times calculated of 500 to 1200 days are
unrealistic for the air masses but do reflect the stagnation. Mixing of
air from different origins and the resulting aerosol residence times of
5 to 30 days have been measured at Fayetteville, Ark. (Nevissi, Beck,
and Kuroda, 1974). Approximate global scale equilibrium must exist
between radon atoms injected into the troposphere and the removal
of 2 J °Pb atoms by deposition onto the earth. Deviations from
equilibrium found at any region may be caused by differences in
(1) radon exhalation with season, (2) rates of turbulent mixing,
(3) the origin of air masses, and (4) the rate of 2 1 °Pb removal from
the atmosphere.
The deposition rate of 2 1 0 Pb (3-year average) measured at
Seattle is 0.29 ± 0.04 dpm cm" 2 year" 1 . This value is compared to
the 2 ' °Pb flux measured at the ground over North America which
varies from 0.84 to 1.6dpmcm~ 2 year" 1 (Moore, Poet, and
Martell, 1977) and at Hakodate, Japan, of 2.0 dpm cm""2 year" 1
(Nozaki and Tsunogai, 1973). The low annual 2 ' °Pb flux at Seattle
is due to the predominance of marine air. The 2 ' °Pb flux obtained
from the measurements in precipitation compares with the upper
limit of the regional 2 1 0 P b value of 0.42 dpm cm" 2 year" 1
obtained from dated sediment cores collected from Lake Washington, Seattle (Schell, 1977). Assuming that the 2 1 0 P b input during
the dry months (total precipitation of 1 cm or less per month) is due
to the dry deposition, the upper limit of dry fallout for the period of
measurement is calculated to be 30% of the total 2 1 0 Pb input.
Considering 2 1 0 Pb as a tracer of tropospheric particles, then a
maximum of 30% of the particulate matter is removed annually from
the atmosphere as dry fallout at Seattle.
DISCUSSION

The concentrations of 2 ' °Pb measured in the Amchitka air
samples are representative of marine air. In fact, the 2 1 °Pb concentrations at this station are the lowest values reported for ground-level
air. The source of 2 ' °Pb at Amchitka, and to a great extent also for
Seattle, is the Eurasian Continent. Radon and its decay product
21
°Pb are supplied to the troposphere from this source and are then
transported by the prevailing winds eastward over the North Pacific.
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The mode of 2 l °Pb transportation is fundamental in understanding
large-scale air mass transport in this region. Tsunogai and Nozaki
(1971) measured the 2 I 0 Pb concentrations in surface waters of the
North Pacific and found no longitudinal variations between the
western and eastern North Pacific. They concluded that the rapid
transport of 2 1 °Pb from the Eurasian Continent by the jet stream
and/or by prevailing westerly winds (velocity > 15 m/sec) may be
responsible for the transport of airborne 2 ' °Pb particulars over the
ocean. Transport of 2 ' °Pb in the moist layers where precipitation is
formed and where particulate scavenging occurs would limit particulate transport over the North Pacific since most of the 2 ' °Pb would
be removed before the air masses have crossed the Pacific. The mean
annual precipitation of about 120 cm/year occurs for the isopleth
over the Pacific—Hokkaido Island—Amchitka Island—Vancouver
Island, and the rainfall amounts over the Western Pacific coastal
waters may be one-third to one-half of those at nearby coastal and
land stations (Reed and Elliott, 1973).
Because of these meteorological conditions over the North
Pacific, the 2 J ° Pb that is measured at Amchitka and Seattle must be
transported at altitudes which are above the moist layers. Transport
of aerosols of terrestrial origin over long distances at high altitude has
been documented for other areas of the world. For example, in the
equatorial North Atlantic Ocean, dust originated from the West
African land masses is carried westward by the trade winds and
"auses haze at high altitudes over the Caribbean (Prospero and
Carlson, 1970). High concentrations of radon were associated with
this dust, although the transit time is over 7 days (two half-lives of
radon). The high radon concentration was attributed to vigorous
vertical mixing and "turbulent pumping" of the dry African soils by
the winds in the dust storm region (Prosperb and Carlson, 1970).
Atmospheric aerosols are hygroscopic, and, upon descending into
areas of high relative humidity, the particles will increase severalfold
in diameter. Such particle growth would have significant effects on
the deposition velocity of the aerosol. Krey and Toonkel (1977)
estimated the dry-deposition velocity for 9 0 Sr and related it to the
monthly precipitation at Seattle. Their data show a deposition
velocity of 4 to 5 cm/sec during the rainy months (15 to 20 cm of
rain/month) and 0.2 cm/sec during the dry months (< 2 cm of
rain/month). Similar deposition velocity estimates have been made
for 2 I 0 P b at different locations (Styra, 1970). The low deposition
velocity during the relatively dry season is one of the reasons for the
low 2 I 0 P b values observed in samples collected at both Seattle and
Amchitka.
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The emanation rate of radon from the Eurasian land masses is
probably highest in the summer and early fall due to solar heating of
the land mass and lowest in the winter due to reduced solar heating,
increased soil moisture, and snow coverage of the land. However, this
high emanation rate in summer and low emanation rate in winter are
not reflected in the 2 1 0 P b data from the air filters or the rain
samples collected. Thus the observed variations in the 2 1 0 P b
concentrations must be due primarily to the changes in the
meteorological conditions and mixing of the air masses rather than to
changes at the source. Radon must be transported through the moist
layers and then decays into 2 1 0 P b in the upper troposphere. The
210
P b then accumulates in the upper troposphere and lower
stratosphere in summer and early fall; in the winter and spring
months, 2 1 0 P b descends into the tropospheric washout layers and
deposits with the precipitation.
CONCLUSIONS

The data presented here lead to the following conclusions:
(1) the 2 ' °Pb concentrations measured at Amchitka and Seattle
represent the values present in the marine air masses, (2) the
transport of 2 I 0 P b over the North Pacific occurs above the moist
layers, (3) the source of 2 1 0 P b for these stations is the Eurasian
Continent, and (4) the 2 1 0 P b is stored in the upper troposphere/
lower stratosphere during the summer and early fall months and then
descends into the washout layers during the winter and spring
months.
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ABSTRACT
Data are presented on the concentration (dpm/100 m3 ), specific activity (dpm/g
aerosol), and percent of 2 i 0 P b , 2 I 0 Bi, and 2 ' °Po vs. particle size interval for
ground level air samples. Similar data for 9 0 Sr in air and 2 2 6 Ra and 2 I °Pb in
one soil sample are given. Calculated mean aerosol residence times increase with
increasing particle size interval; however, specific activities and percent of each
isotope decrease with increasing particle size interval. These variations, along
with comparison to soil data, suggest that the distribution of these isotopes
reflects the initial attachment distribution plus a smaller component due to
entrainment of particles from soil and other surfaces. Coagulation into size
intervals greater than 0.3 /im radius appears slow compared to removal processes.
Thus the mean troposphere aerosol residence time for tropospheric aerosol
particles is lweek or less.

The size distribution of radon daughter radioisotopes on aerosol
particles in the troposphere is the result of a combination of
processes including: (1) ion growth of positively charged 2 1 8 P o
recoil nuclei and their attachment to surfaces of the background
aerosol particles; (2) coagulation and growth of the small Aitken
particles on which most of the short-lived radon daughters are
attached; (3) the influence of fog and cloud droplet formation and
evaporation on the aerosol size distribution; (4) the contribution of
dust storms, combustion products, and industrial plumes to the
tropospheric aerosol mixture; and (5) further modification of the
size distribution by various deposition mechanisms, including washout and rainout, large particle sedimentation, and Brownian deposition of very small particles. The final size distribution reflects all
415
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these interdependent processes. To better understand these processes, we have obtained data on 2 2 6 Ra, long-lived 2 2 2 Rn daughters,
and 9 0 Sr vs. particle size interval in surface air samples and on soil
particles. Such data aid in understanding the relative importance of
the previously mentioned processes, especially the rates of removal
processes and the contributions of large particles from various
sources.
Information on the size distribution of both short-lived and
long-lived radioactive daughters of radon also is needed to assess the
deposition ratios and radiation dose distribution for inhaled radon
daughters in respiratory systems.
EXPERIMENTAL PROCEDURES

Chemical-analysis methods used in this study are described
elsewhere (Poet, Moore, and Martell, 1972; Moore, Poet, and Martell,
1972; Moore and Poet, 1976a, 1976b). The impactors used were of
two types. One is described by Gillette, Blifford, and Fenster (1972),
Blifford and Ringer (1969), aaid Chagnon and Junge (1965). This
impactor has an air flow rate of ~0.42 m 3 /min. The second type is
the Weather Measure, Model APS-230 impactor, which has an air
flow rate of ~1.0 m 3 /min. Both impactors have similar particle size
interval cutoffs. However, the smaller impactor has only three stages,
whereas the larger model has four impactor stages. The aerodynamic
size intervals are < 0.3-jum radius, 0.3 to 1 jum, 1 to 5 pm and > 5 //m.
For convenience these size ranges are labeled S, M, L, and G in this
paper.
Samples were collected on the laboratory rooftop or in surface
air nearby at the National Center for Atmospheric Research,
Boulder, Colo. The larger fractions were collected on polyethylene or
weighing papers coated with a thin layer of petroleum jelly. The last
stage is an efficient polystyrene filter (Delbag-Luftfilter No. 99/98,
van Poet, Moore, and Martell, 1972).
Data on the specific activity of 2 2 6 Ra and 2 ' ° Pb were obtained
rrj screening a sample of surface soil from a site near the laboratory
v, produce a size fraction < 22-pm radius. This fraction was then
iftrodynamically sorted by feeding it to the Weather Measure
srf;p3/;t.or in a closed system.
H;jrnplfi weights were obtained for the various size fractions by
.*l!/vwinj{ the weighing papers to equilibrate in the laboratory for
i i hf before they were weighed on an analytical balance. After
, filter weights were obtained with a two-pan analytical
A r:lf:an filter was used as a tare. The use of a filter as a tare
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minimizes weighing errors caused by humidity ..hsnges in the
laboratory, thus resulting in more consistent weights.
Errors for individual measurements are not listed. Counting
errors are approximately 1% of the values listed. Errors in the
volumes of air sampled, estimated to be ±10%, also are not included.
Weighing errors are quite variable, depending on sample sizes, but in
no instance are they larger than corresponding 1 a counting errors.
Atmospheric Dispersion and Attachment

The 2 2 2 R n decay scheme is shown in Fig. 1. The dispersion
pattern of short-lived 2 2 2 R n daughters in the troposphere is
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generally controlled by the distribution of 2 2 2 Rn (Jacobi and Andre,
1963; Moore, Poet, and Martell, 1972). Approximately 25?i of the
218
Po and almost all the 2 1 4 P b are attached to aerosols (Junge,
1963). This implies that attachment must occur within a few
minutes. The attachment of short-lived 2 2 2 Rn daughters to aerosols
in various size ranges has been studied by Lassen and Rau (1960),
Lassen and Weicksel (1961), Soilleux (1970), and Havlovic and Snihs
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(1971) among others. Junge (1963), using the theory of Lassen and
Rau (1960) for attachment of short-lived radon daughters to the
natural aerosol distribution of particles, determined the peak activity
to be on 0.09-jum radius particles. Similar calculations by Brock
(1970) gave the same result for maritime and tropospheric aerosols
generally but indicate that there may not be characteristic maximums for urban aerosols. (Also see Havlovic and Snihs, 1971.)
Junge's distribution indicates that 90% of the short-lived radon
daughter activity is associated with particles <0.3 jum.
COAGULATION OF AEROSOL PARTICLES

The short-lived daughters of 2 2 2 Rn are not always in equilibrium
(Ramu and Vohra, 1969; Reiter, 1969b), and there is indication that
equilibrium is more nearly attained in larger aerosol size ranges for
214
P b and 2 1 4 Bi. Reiter (1969b) indicates this size range is
~0.75-jum radius. This apparently is due to coagulation over periods
of time exceeding 2.4 hr, sufficiently long to attain 2 ' 4 Pb/2 x4 Bi
equilibrium.
Junge (1963) suggested that, based on coagulation theory alone
with a mean tropospheric aerosol residence time, Tr, of 1 month or
longer, r r and the percent long-lived 2 2 7 Rn daughter activity should
increase in the larger size intervals; r r is given by the equations
A Bi (T B i)
Apb — A B i
and
<Po\

- b + (b22a

(2)

where A = nX
r=l/X
a = A Pb — A P o
b = -Ap o (TBi +
c = —Apo(rBi + r P o )
dependent on which pair of isotopes is used to determine Tr (Moore,
Poet, and Martell, 1972).
The data, Tables 1 and 2 and Figs. 1 and 2, appear to confirm
this suggestion. However, coagulation will not account for an
appreciable growth of particles larger than 0.3 jum, if r r is only
1 week or less (Junge, 1969; Burgmeier, Blifford, and Gillette, 1973).
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TABLE 1
2

Concentration of ' °Pb,2 ' °Bi, and 2 1 °Po vs.
Aerosol Size Interval
Concentration (dpm/100 m 3 )
210
2 10p b
2io B i
Po

Date,
month /year

Size*
interval

12/70

L
M
S
AF

0.06 ± 0.01
0.20 ±0.05
1.07 ±0.02
1.54+0.01

Equilibrium
0.06 ± 0.01
0.37 ± 0.02
0.56 ±0.01

0.012 ±0.006
0.030 ± 0.010
0.090 ± 0.014
0.209 ± 0.022

2/71

L
M
S
AF

0.05
0.08
0.92
1.34

± 0.01
±0.01
±0.01
±0.01

Equilibrium
0.03 ±0.01
0.28 ± 0.01
0.42 ± 0.01

0.015 ± 0.005
0.007 ± 0.002
0.041 ± 0.005
0.040 ± 0.005

2/71

L
M
S

0.05 ±0.01
0.08 ±0.01
0.21 ± 0.01

Equilibrium
0.02 ± 0.01
0.11 ±0.01

0.013 ± 0.003
0.009+0.002
0.015 ±0.002

3/71

L
M
S

0.03 ±0.00
0.07 +0.00
0.55 ±0.01

Equilibrium
0.00 ± 0.00
0.41 ± 0.01

0.010 ±0.001
0.005 ± 0.001
0.050 ± 0.004

4/72

L
M
S
AF

0.05
0.04
1.65
1.59

±0.00
± 0.00
±0.03
±0.02

0.02
0.02
0.53
0.59

±0.01
±0.00
±0.01
± 0.01

0.010
0.005
0.079
0.100

4/72

L
M
S
AF

0.04
0.07
1.10
1.16

±0.01
±0.01
±0.02
±0.03

0.02
0.02
0.49
0.47

±0.01
±0.00
± 0.01
+ 0.01

0.004 ±0.001
0.006 ± 0.001
0.034 + 0.004
0.049 ± 0.005

8/72

L
M
S
AF

0.06 ± 0.01
0.06 ±0.01
1.89 ±0.02
1.94+0.01

8/72

L
M
S
AF

0.05
0.03
2.37
2.26

±0.01
±0.01
±0.03
±0.03

Equilibrium
Equilibrium
0.94 ±0.06
0.95 ± 0.02

0.008 ±0.007
0.002 + 0.001
0.080 ± 0.009
0.111 ±0.008

3/73

L
M
S
AF

0.04
0.08
1.26
1.32

±0.01
± 0.00
±0.02
±0.02

0.01
0.05
0.56
0.61

±0.01
±0.01
+ 0.03
± 0.03

0.010 ± 0.001
0.010 ± 0.002
0.068 ± 0.006
0.070 ± 0.008

3/73

L
M
3

0.03 10.01
0.06 ±0.01
0.64 ± 0.02

0.01 ±0.00
0.31 ±0.02

0.009 ± 0.03
0.005 ± 0.002
0.027 ± 0.004

± 0.002
± 0.001
±0.008
± 0.008

0.006 ±0.002
0.008 ±0.002
0.069 ±0.007
0.075 ± 0.006
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TABLE 1 (Continued)

Date,
month/year
11/73

Size*
interval
G
L
M
S

10/74

G
L
M
S

11/74

G
L
M
S

12/74

G
L

M .
S

2/75

8/75

8/75

G
L
M
S
G
L
M
S
G
L
M
S

Concentration (dpm/100 m 3 )
210

Pb

0.09 ±0.00
0.77 ±0.04
0.01 ±0.00
0.06 ±0.00
0.41 ±0.02
2.68 ±0.01
0.01 ±0.00
0.02 ±0.00
0.412 ±0.00
2.15 ±0.02
0.01 ±0.00
0.03 ±0.00
0.24 ±0.00
1.16 ±0.01
0.02 ±0.00
0.187 ±0.01
1.51 ±0.01
1.52 ±0.01
0.03 ±0.00
0.19 ±0.00
0.30 ±0.00
1.77 ±0.02
0.00 ±0.00
0.02 ±0.00
0.09 ±0.00
1.07 ±0.01

2

10 B j

0.05 + 0.01
0.43 ±0.01
Equilibrium
0.04 ± 0.00
0.26 ± 0.01
1.28+0.06
0.01 ± 0.00
0.01 ±0.00
0.18 ± 0.00
1.18 ±0.02
Equilibrium
0.03 ± 0.00
0.15 ±0.00
0.62 ±0.01
0.82 ± 0.01
0.01 ± 0.00
0.21 ±0.01
1.21 ±0.01
Equilibrium
Equilibrium
0.07 ± 0.00
0.64 ± 0.01

210

Po

0.006 ± 0.000
0.008 ± 0.001
0.007 ± 0.000
0.033 ± 0.002
0.002 ± 0.000
0.004 ± 0.006
0.019 ± 0.001
0.084 ± 0.005
0.002 + 0.000
0.003 ±0.000
0.011 ± 0.001
0.069 ± 0.004
0.002 ± 0.000
0.004 ± 0.000
0.014 ± 0.001
0.069 ± 0.004
0.002 ± 0.000
0.010 ± 0.000
0.058 ± 0.003
0.111 ±0.006
0.002 ± 0.000
0.004 ± 0.001
0.013 ± 0.001
0.086 ± 0.008
0.001 ± 0.000
0.002 ± 0.000
0.004 ± 0.001
0.058 ± 0.006

*The size intervals are: G, ~to 5-flm radius; L, 1 to 5 jum; M, 0.3 to
1 pm; S, 0.05 to Q.3 jUm; AF is a whole air sample taken simultaneously
with only the filter. The errors given are 1 a counting errors.
Thus it appears that either r r must be a month or longer or that
there must be two or more independent sources of aerosol particles
with characteristically different radioisotopic composition and size
distributions.
MAJOR SOURCES OF THE TROPOSPHERIC AEROSOLS
Gillette and Blifford (1971) and Gillette, Blifford, and Fenster
(1972) determined the chemical composition and size distribution vs.
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TABLE 2
2

Percent of ' °Pb, 2 * °Bi, 2 ' °Po, and 9 °Sr
vs. Particle Size Interval
Size
interval
G-L
M
S

21

Pb

4.4 + 3.6
12.3 + 10.9
83.3 ± 12.9

Percent ± standard deviation
210
11
°Bi
Po
6.0 ±7.5
8.5 ±5.7
84.8 ±10.1

12.7 ±8.8
13.5 ± 7.4
73.9 ±12.3

90

Sr

8.0 ±6.9
10.7 ±8.8
81.3 ±4.7

Fig. 2 Activity ratios of 2 ' °Bi/2 ' °Pb and apparent mean residence
times vs. particle size interval. The numbers in ( ) indicate the
number of samples with this ratio.

altitude for aerosols in the troposphere over continents and oceans.
They found that the composition of aerosols in the lower troposphere was usually dependent on air-mass origin but at higher levels
was largely independent of air-mass origin and reflected continental
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sources. The same trend was found by Delaney, Pollock, and
Shedlovsky (1973) who concluded that the tropospheric aerosol
consists of 5 to 10% of material of marine origin and 90 to 95% of
continental origin. Gillette, Blifford, and Fenster (1972) pointed out
that the size distribution of aerosols originating from soils bears
strong resemblance to the particle size distribution of the soil itself.
This is especially true for particles below 6-jum radius, and Gillette,
Blifford, and Fenster interpreted this fact as reflecting the prominence of soil dust as a source of tropospheric aerosols.
The investigations just discussed included no explicit examination of aerosols below 0.3-^m radius nor of aerosols containing
ammonia ov sulfate. There is increasing evidence that aerosols in the
submicron range and, particularly, those below 0.5 jum in radius are
composed largely of ammonium sulfates and other ammonium
compounds (Twomey, 1971; Heard and Wiffen, 1969; Charlson
et al., 1973). These aerosols appear to have been formed by reactions
between airborne sulfuric acid and ammonia (Healy et al., 1970).
When formed these particles are of a few hundredths micron radius
or smaller and rapidly grow by coagulation to form particles ranging
up to approximately 0.1-/im radius. Coagulation to larger si^es,
however, is much slower. Also, Esmen and Corn (1971) have shown
that, based on the rate of deposition by sedimentation alone,
particles of 0.3- to 1- and 1- to 5-fim radius should have residence
times of about 12.5 and 5 days, respectively. Rainout and washout
will reduce these residence times considerably. Heard and Wiffen
(1969) experimentally determined a median radius of 0.15 Mm for
ammonium sulfate particles in a tropospheric aerosol sample.
Radium-226 in the atmosphere (Damon and Kuroda, 1953;
Banerji and Chatterji, 1966; Vilensky, 1970; Moore and Poet, 1976a)
indicates that soil dust is a source of tropospheric aerosol. Soil dust
will, of course, contain the long-lived daughters of 2 2 2 R n with
concentration catios differing markedly from that due to 2 2 2 R n
decay in the troposphere (Table 3). The main difference will be
2ioBi/2iopb

a n d

2ioPo/2iopb

aetivity

r a t i o s

o f

u n i t y

m

soil

particles. Thus the distribution of the long-lived daughters of 222 Rn
shown in Table 1 and Figs. 2 and 3 is expected to reflect a mixture
due to 222 Rn decay in the troposphere and soil dust.
The 2 1 0 Pb/ 2 2 6 Ra activity ratios in surface soils are generally
greater than unity (Fisenne, 1969; Moore and Poet, 1976b). Table 4
data show that the 2 I O Pb/ 2 2 6 Ra activity ratio increases with
decreasing particle size range. All the above-mentioned data are
consistent with the idealized circulation pattern shown in Fig. 4. This
model suggests that the long-lived daughters of 2 2 2 Rn should be
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2 26

2

Ra and • ° Pb vs. Soil Particle Size Interval

Radius, jU™

Weight
percent

Ha,
dpm/g

Bulk soil
<22
22-4.1
4.1-i.l
1.1-0.3
<0.3

100
1.17
0.84
0.23
0.08
0.03

4.17 ±0.03
4.26 ±0.13
4.2 + 0.2
8.3 + 0.6
12.0 + 2.0
9.1+3.0

0.5

1

210

Pb,
dpm/g

2 10

Pb/ 226 Ra

14.9 ± 0.2
15.2 ±0.2
17.8 ±0.7
37.0 ± 2.0
83.0 + 7.0
124 ±18

1

i

3.5
3.5
4.2
4.5
7.1
14.3

1

0.4 —

0.3 —
—

»(2)

8
< 0.2 —
cc

•

• (2)

-

• (3)
0.1 —

2^(2)
•

0.0

• (2)

(3)

i

T

1

I

G
48.5

L

M

S
15.7

48.5

23.3

7,, DAYS

Fig. 3 Activity ratios of 2 1 °Po/ 2 ' °Pb and apparent mean residence
time vs. particle size intenal. The numbers in ( ) indicate the number
of samples with this ratio.

423

MOORE, POET, AND MARTELL

424

TABLE 4

Specific Activity of 2 ' ° Pb vs.
Particle Size Interval
Date,
month/year

Size
interval

Weight,
Atg/m3

Specific activity,
dpm/g

4/72

L
M
S

6.1
0.4
3.9

80+8
1100 + 60
4200 ±300

4/72

L
M
S

1.7
0.6
1.24

220 + 80
1170 + 300
8800 ± 200

8/72

L
M
S

3.7
1.8
3.5

154 ±18
320 + 40
5400 + 200

8/72

L
M
S

3.2
1.0
3.9

126 ±17
270 ± 80
6100 + 600

3/73

L
M
S

3.1
1.2
1.8

130 ±16
615 ± 34
4000 ± 400

11/73

M
S

0.7
1.1

1500 ± 80
8600 ± 400

12/73

G
L
M
S

2.8
1.4

0.3
0.9

92 ±6
350 + 10
4100 ± 200
9900 ± 300

1/74

G
L
M
S

13.7
4.0
1.3
0.4

18 ±1
37 + 2
83 ±7
130 + 20

1/74

G
L
M
S

2.5
2.0
0.2
1.7

60 ±2
160 ±9
4000 ± 90
4000 + 30

10/74

G
L
M
S

\0
1.9
4.3

47 ±4
280 ±15
2200 ±110
6180 ± 40

6.6
1.1
1.1
1.0

18 ±3
230 ± 16
3700 ± 50
20600 ±160

11/74

G
L
M
S

2.1
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TABLE 4 (Continued)
Date,
Size
month/year interval
12/74

Weight, Specific activity,
j"g/m3
dpm/g

G

L
M
S
G

2/75

L
M
S
G

8/75

L
M
S
G

8/75

L
M
S

2.1
3.9
1.5
9.1

65 ± 5
140 ± 4
1500 ± 1 5
2000 ± 1 2

3.1
1.6
1.0
6.6

200 ± 1 2
1150 ± 6 5
5000 ± 250
2280 ± 1 1 0

2.3
1.8
2.3
8.2

150 ± 1 1
1080 ± 40
1300 ± 4 0
2140 ± 30

0.4
0.8
0.4
7.5

92 ± 3 0
250 ± 23
1430 ± 1 6 0
1430 ± 20

COAGULATION, DECAY

_

| ATTACHMENT
SOIL PARTICLES
226Ra 2ioPb

222

RAINOUT. WASHOUT,
AND DRY DEPOSITION
GF 226 Ra. J1 °Pb,AND
- S 0 , L PARTICLES

Rn-» SHORT-LIVED DAUGHTERS

E T C

1 GAS

| LEACHING AND
I MIXING OF

Y,,,,
Pb.ETL.

«6RaAND2toPb

I
I

t
Fig. 4 Circulation at 226Ra and its daughters in the atmosphere.
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enriched in the smaller particle size fraction in surface soils and that
particles in these size intervals may be resuspended in the atmosphere
repeatedly.
Further support for the above model comes from a consideration
of the specific activity of 2 1 0 P b [disintegrations per minute (dpm)
per gram aerosol] vs. size interval. If the long-lived daughters of
222
Rn in the larger size ranges were due to coagulation of smaller
particles, they would be expected to have the same specific activity
of 2 ' °Pb as the smaller size of airborne particles.
However, the data in Table 4 and in Fig. 5 show that the specific
activities of all isotopes decrease with increasing size. If it is assumed
that the change in 2* ° Pb content in each size interval compared to
that calculated from the initial attachment process is due to the
admixture of soil particles, 16% of the 2 ' °Pb is due to this source.
Assuming that the 2 1 0 Pb/ 2 1 0 Po activity ratio in soil particles is
unity, all the 2 ' ° Po in the G- and L-size intervals and about 46% of
the 2 ' °Po in the M- and S-size intervals is due to soil particles. This
amounts to 53% overall for the 2 ' °Po, in reasonable agreement r:ith
estimates reported elsewhere (Moore, Poet, and Martell, 1972).
Additional support for the preceding assessment of the aerosol
particles origin is given by the 9 0 Sr data in Fig. 5. The specific

>
>
<

C3
O

L
M
SIZE INTERVAL

Fig. 5 The specific activities of 2 ' °Pb, 2 ' °Bi, 2 ' °Po, and 9 0 Sr vs.
particle size interval for tropospheric air samples and one soil
sample.
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activity of 9 ° Sr in the S- and M-size intervals is much greater than
that in the L-size interval. Most of the 9 0 Sr originates from the
stratosphere where residence times vary from 1 to 2 months, in the
lowest layers to several years and longer at higher levels (Martell and
Moore, 1974). Coagulation and/or dispersal processes appear to
result in particles in the S- and M-size intervals having the same
specific activity. However, the percent 9 0 Sr in the S-size interval is
still above 80^-, indicating that coagulation must be slow in
comparison to the time of transit down from the lower stratosphere.
SUMMARY

The percent isotope distribution vs. particle size interval for the
long-livad 2 2 2 Rn daughters owing to the decay of 2 2 2 R n in the
troposphere reflects the original attachment distribution. Additional
long-lived 2 2 2 Rn daughter contributions come from soil dust, forest
fires, and other pollutant sources. Coagulation rates leading to the
formation of particles > 0.3-Mm radius are slower than the scavenging rates in the larger size intervals. Most of the natural
radioactivity resides in particles < 0.3-jum radius. Such particles have
a mean tropospheric aerosol residence time of 4 to 6 days. Taking
into consideration the relative rates of sedimentation and other
removal mechanisms indicates that this is a maximum residence time
and larger particles must have shorter residence times.
Because 2 ' °Pb and 2 ' °Po are associated partially with particles
appreciably larger than that for the short-lived radon daughters, the
latter will be preferentially deposited in respiratory systems. Such
differences have important implications for radiation dose estimates
for inhaled radon daughter activities.
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DISCUSSION
Wrenn: The increase of 2 ' °Rn with decreasing particle size, with
a maximum in the lowest ranges < 0.5 /n, which is presumably
respirable, is a fascinating result both from the point of view of the
contribution of soil to natural exposure and also because it shows
that there is a natural mechanism for the preferential accumulation
of alpha activity on respirable range particles. How did you
resuspend the soil for measurement by the impactor, and do you
believe the method produces a realistic simulation at what might
occur in nature?
Moore: The soil was first sieved to less than 200 mesh. Then a
closed system was constructed so that the impactor and blower were
connected. The sample was then introduced gradually in front of the
impactor by tapping a sloping metal sheet, thus feeding the sample.

Trends in the Chemical State of
Polonium-210 in the Atmosphere

MICHIKO ABE and SIRO ABE
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Chiba 260, Japan

ABSTRACT
Trends of the chemical state of 2 1 0 P o in airborne dusts at Chiba, Japan,
between 1963 and 1976 are discussed. A sublimation method is used to
determine the chemical state of the 2 ' °Po. The results show that the fraction of
the component volatilizing at low temperature varies yearly in the range between
0 and 50%. If we assume the component comes from an artificial source, it may
be suggested that a large fraction of ' Po in airborne dusts comes from
artificial sources. Additional reference data that show local properties of our
sampling site are presented.

Naturally occurring : ! ° Po in airborne dusts is widespread throughout the earth's atmosphere. The nuclide is the last radioactive
daughter product of 2 2 2 Rn. The main source of the 2 ' ° Po in the
atmosphere is the exhalation of 2 2 2 R n from the ground and its
subsequent decay in the atmosphere. The radioactive decay products
of the gas readily become attached to dust particles in the air. Some
dust near the ground is picked up by rainfall, which will cause some
increase in the deposited activity. The residual fine dust attached to
decay products travels in the atmosphere for some time, and the
active products that are being carried successively decay by way of
2
' °Po. It is thought that the chemical form of 2 ' °Po may change
during its transport.
Polonium-210 from other sources, e.g., coal burning, car exhaust
fumes, burning of some artificial satellites, and nuclear explosions,
may possibly have different chemical forms. A knowledge of the
chemical properties of the nuclide in the atmosphere is useful in
430

TRENDS IN T H E CHEMICAL STATE OF

21

° P o IN THE ATMOSPHERE

431

understanding the behavior, fate, and origin of the nuclide dispersed
in the atmospheric environment.
The concentration of 2 1 0 Po in the atmosphere is about 0.1 to
1 fCi/mJ. Since the quantity of 2 ' °Po in a sample is very slight, it is
difficult to study. However, it is helpful for such a study that its
half-life is long compared to those of most other natural nuclides and
t h a t 2 ' ° Po can be detected at very low concentrations.
Information on the chemical properties of natural polonium in
the dust is not yet available, and for this reason we have studied it
from several aspects. We studied the chemical state of 2 f 0 P o in
airborne dusts with both a sublimation method and a solubility test.
From the experimental results reported previously (Abe, 1969,
1976a, 1976b, 1976c), the chemical state of 2 1 0 Po contained in
airborne dusts involves two chemical species, namely, one species
that volatilizes at low temperature (~200nC) and another at high
temperature (~900°C). It was also reported in the previous work
that the latter species may be polonium dioxide and the former may
be some polonium complex salts with several organic ligands. Such
results may suggest the origin and history of 2 ' ° Po in the
atmosphere.
In this paper we have discussed, with the use of a sublimation
method, studies of tiie trends in the chemical state of 2 ' ° Po in
airborne dusts at Chiba, Japan. Throughout this discussion, we must
know the local features of this sampling site. This information
therefore is also included in the paper.
EXPERIMENTAL METHOD

The brief flow chart for the sublimation experiments is shown in
Fig. 1. At first, dust samples collected on a Millipore AA filter at
Chiba, Japan, are dividod into several pieces of an equal size. Each
piece is then analyzed for 2 ' °Po without any heat treatment (standard
treatment). Some of 1he pieces are heated for 1 hr at 400°C in an
aerial atmosphere in a muffle furnace. The temperature is selected,
taking into account the behavior of volatilization of 2 ' G Po in
airborne dusts as was reported and especially paying attention to the
chemical species volatilizing at low temperature. After heating, the
residual 2 ' ° Po in the sample is leached with hydrochloric acid and
electro chemically deposited on a silver disk in the same way as the
standard treatment (Abe, 1968). The alpha ray from 2 l °Po in the
deposited sample is measured by the use of an alpha-ray spectrometer. Polonium-210 activities in both heated and unheated pieces
are determined. The residual fraction (A) of 2 ' °Po in airborne dusts
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Air sample collected on Millipore A A filter.
Divide into several parts
of equal size

Heat treatment
Transfer to a quartz vessel
Heat in a muffle furnace
at a selected temperature
Leach residual 210p o in the sample
by heating with diluted
hydrochloric acid

Standard treatment
(with concentrated HNO 3 )

210

210

Po analysis
(electrochemical
displacement)

Po analysis
(electrochemical
displacement)

Counting

Counting

Compare the counting rate

Fig. 1 Experimental method of sublimation.

at a given temperature is calculated as the ratio of the residual 2 ' ° Po
quantity in the heated piece to that in the unheated piece according
to the following equation:
Activity remaining after heating
x 100(in%)
A=—
Activity before heating
Therefore (100-A) is equal to the percentage of the chemical species
of 2 ' °Po contained in airborne dusts volatilizing at low temperature.
Dust samples were collected for 24-hr periods during
1963-1976.
RESULTS AND DISCUSSIONS
Yearly variations of the chemical state of 2 ' °Po in airborne dusts
collected at Chiba, Japan, between 1963 and 1976 were studied.
Samples collected during each December were used. In the series of
data, data obtained in years when December samples were very few
were omitted. The results obtained are shown in Table 1 and Fig. 2.
As a hypothesis, we consider, as was shown in our previous reports
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TABLE 1

Yearly Variations of Volatile and Residual Fractions
of 2 l °Po in Airborne Dusts at Low Temperature
(Samples Collected at Chiba, Japan)
Range of data
Sampling date

Residual percentage
A,%

Volatile percentage
100-A, %

December
1963
1964
1965
1966
1967
1968

46—79
86—100
56—100
50—92
50—100
48—63

21—54
0—14
0—44
8—50
0—50
37—52

1974
1975
1976

55—86
79—100
69-75

14—45
0—21
25—31

100
I Range

O
F. 50

T

>

1963

1
1964

1965

1966

1967 1968
YEAR

1974

1975

1976

Fig. 2 Yearly variations of a volatile fraction of 2 ' °Po in airborne dusts at low
temperature. Samples we-° collected at Chiba, Japan.
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on the volatility and solubility of the nuclide in airborne dusts (Abe
and Abe, 1969; Abe, Abe, and Ikeda, 1976a; Abe, Abe, and Ikeda,
1976b; Abe, Abe, and Ikeda, 1976c), that much of the residual
fractions, 2 1 ° Po compounds with high boiling points, are supplied
from natural sources, whereas volatile fractions at low temperature
are derived from artificial sources. This hypothesis, however, is not
completely verified at present. We see in Table 1 and Fig. 2 that the
volatile fractions of 2 1 ° Po in airborne dusts at low temperature are
about 50% at maximum and 0% at minimum during the period. In
other words, residual fractions are higher than 50%. This result seems
to show that the fraction of polonium dioxide in airborne dusts is
higher than about 50%. If we assume that the observed polonium
dioxide travels for a long time, it may be thought that much of the
210
Po in airborne dusts in Japan comes from the neighboring
continent and/or from high altitudes. The fraction of polonium
dioxide occasionally becomes almost 100%. Though some of this
may be produced locally under some meteorological conditions, it
may be considered that the 2 1 ° Po derives from natural sources in
this case.
Yearly ranges of measured volatile fraction of 2 ' ° Po in airborne
dusts are shown in Fig. 2. No sharp changes during the period are
seen in the figure. But in a certain sense, the volatile percentage in
the period between 1974 and 1976 is at lower level in comparison
with those in the period between 1963 and 1967, except for 1964. If
it is assumed that the volatile fraction represents those from artificial
origins, this tendency may be explained as a decrease in the artificial
source. The restriction of lead additives to market gasoline has been
in effect in Japan since April 1973. This action might have
influenced such a decrease, though we cannot quantitatively explain
it at present.
To see this from another point of view, in Fig. 3 residual
fractions at low temperature are plotted against 2 1 ° Po concentrations in air for the two periods. The residual fraction in Fig. 3 seems
to increase as the concentration decreases in the former period,
whereas the fractions in the latter period may not clearly be related
to the concentration and seem to be almost constant and higher
(over a factor of 3 in concentration) than that in the former period.
This consideration indicates the possible existence of the effect of
the restriction of lead addition in the following sense. The cessation
of the variable injection of artificial 2 1 0 P o into the environment
leads to the residual fraction keeping a natural constant level in the
latter period. A decrease of concentration during the earlier period
often involves the decrease of variable artificial 2 ' ° Po in comparison
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1974-1976

10
0
5
Po IN AIR, RELATIVE ACTIVITY

210

Fig. 3 Relationship
between a residual fraction at low temperature and
concentration of 2 Po in the air at different periods.

with the natural concentration, so that the residual fraction tends to
increase in the case of lower concentration.
It has already been said, and it will be shown in the case of Chiba
later, that daily concentrations of 2 l 0 P b and 2 1 0 P o in air vary
considerably. On the other hand, the daily residual fraction measured
at Chiba varies day by day within the range between 50 and 100%.
Selected results are shown in Fig. 4. Though we have only a few
samples every year, the general tendency of its daily variation is
exemplified in Fig. 4. Measured ranges in every year are larger in the
former period compared with that in the latter period. It may be
suggested that the variable artificial component of 2 ' °Po decreased
in the latter period. The yearly ranges of variation in Fig. 4 seem to
be independent of the year within each period.
Several researchers have indicated that 2 I 0 P b ( 2 1 0 Po) in the
atmosphere originates from artificial sources owing to human
activities in addition to natural sources (Marsden, 1964; Martell and
Poet, 1969; Martin et al., 1970; Peirson, Cambray, and Brooks, 1970;
Jaworowski et al., 1972; Marenco and Fontan, 1972; Kauranen and
Miettinen, 1974). Jaworowski et al. (1972) estimated the amount of
natural and artificial sources. In their report, the main sources of
210
P b ( 2 1 0 Po) are given in order of importance as follows:
terrestrial origin, car exhaust origin, and nuclear explosions.
According to Peirson, Cambray, and Brooks (1970), artificial
2l
°Po due to car exhaust fumes comprises not more than 10 to 20c/O
of the amount injected into the atmosphere naturally. Of course the
21
° Po concentration observed in the environment is not always
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dependent on the amount of its source, since it is strongly affected
by the extent and the location of its source. Car exhaust fumes,
therefore, may partly contribute to 2 ' ° Po concentration in the
atmosphere near the earth's surface. Our result may suggest the
previously stated case.
100

50
Q
Lii

1963

1964

1965

1966

1967

1968

1974

1975

1976

YEAR

Fig. 4 Example of daily variations of a residual fraction of 2 ' °Po in airborne
dusts at low temperature.

We must clarify whether or not our results hold generally. Joshi
and Mahadevan (1968), who investigated 2 ' °Pb concentration in the
air at several stations, reported two typical types of seasonal
variation patterns that appeared at Bombay and Sprinagar, India. Our
seasonal pattern resembles Bombay's. Marenco and Fontan (1972),
who observed daily variations of 2 ' ° P b and 2 ' °Po activities in the
air, said that the variations of 2 1 °Po were similar to those of 2 J °Pb.
From Fig. 4 we can see that the daily data vary greatly day by day. A
similar case can be seen in Fig. 5.
Lead-210 and 2 l °Po concentrations in the air at Chiba are also
shown in Fig. 6. Figure 6 shows that the concentrations are similar to
those reported by several researchers.
To make the origin and history of 2 1 0 Po in the atmosphere
clearer, it may be necessary for us to treat more samples systematically.
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Fig. 5 Example of daily variations of
Japan.
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Fig. 6 Lead-210 and ' ° Po concentrations in the air at Chiba, Japan.
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DISCUSSION

Holtzman: Is the volatility a function of the chemical state of the
P o in the dust, or does the heating change this, as might be
shown by using a 2 ' °Po spike?
Abe: The tendency of the chemical state of 2 ' °Po in airborne
dusts has already been reported in references (Abe, 1969; 1976a;
1976b; 1976c) of the text.
Moore:! made a calculation of the amount of 2 1 0 Po due to
gasoline and found that this cannot be a large source of 2 ' °Po, with
the possible exception of local pollution. On the other hand, plants
may be a source; radon daughters are deposited on plants and then
appear to be resuspended in the atmosphere as waxy emissions from
plant surfaces.
210

Contamination of Air by Lead-210
and Polonium-210 in Territories
with High Natural Radioactivity

O. N. POPOVA and A. I. TASKAEV
Biological Institute, Komi Branch, USSR Academy of Sciences,
Syktyvkar, USSR

ABSTRACT
Intensive pollution with airborne 2 l 0 P o and 2 l 0 P b has been observed on
aboveground parts of plants grown in soil cultures in a model experiment
imitating areas with naturally occurring high background radioactivity. Root
systems of plants grown in a water culture appear to be polluted with these
radionuclides also.

It is generally accepted that radioecological conditions in areas with
high natural radioactivity cannot be described just by indicating the
contents of radioelements in the soil and water. Radioactive
emanations and their radioactive daughter elements in the air also
contribute significantly to the population dose. Little attention has
been given to the control of such elements in the air, however. This
paper reports preliminary data concerning such control in model
experiments. The source of radon emanation is uranium—radium ore,
and the 2 ' °Po and 2 ' °Pb contents of the air of the experimental
space are reflected in the levels of these elements in plants growing
there.
MATERIALS AND METHODS
Experiments were carried out on a plot containing uraniumradium ore imitating an area of high natural background radiation.
The amount of 2 2 6 Ra in the ore reached 2 to 7 x 10~' ° g per gram
of ore. The radium was a constant source of 2 2 2 Rn pollution in the
440
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experimental zone. Radon concentrations in the ground-level air
were 1.4 to 2.2 x 1(T~9 Ci/liter and, in the air just above the ore,
1.7 x 10""' ' Ci/liter. The radon generation power of the ore was 65
to 85%.
Barley plants were used to investigate the accumulation of 2 ' °Po
and 2 1 0 P b from the air. They were grown in vessels in Knop's
nutrient solution. The interlayer separating the aerial tissues of the
plants from the roots was a perforated veneer cover, which covered
the nutrient solution and tightly closed the vessel.
As controls, some vessels containing plants were placed a distance
away from the zone of higher radioactivity. The 2 2 2 Rn contents of
the ground-level air surrounding the aerial tissues of the control
plants were 2 to 6 x 10~' 2 Ci/liter. A generally accepted radiochemical technique was used to determine 2 1 0 P o and 2 1 0 Pb in
different parts of ihe plants (Stepanov, 1959).
RESULTS

The data in Table 1 show a distinct trend toward accumulation
of 2 1 °Po and 2 ' °Pb in all parts of the plants in the process of their
vegetation. We also found clear signs of increasing differences in
radionuclide contents as a function of time of exposure between the
two plant groups grown under different 2 2 2 Rn contents in groundlevel air. In the experimental zone, by the end of the season
(Aug. 17) polonium and lead concentrations in the lower leaves of
barley appeared to be 14 to 17 times higher than in those in the
control zone. In the spikes of the same plants, concentrations were
12 to 22 times higher and, in the roots, 18 to 25 times higher than in
control plants.
TABLE 1

Accumulation of 2 ' °Po and 2 ' °Pb by Barley Plants Grown
in a Water Culture (pCi/g dry weight)
2 22

July 27
Plant organ
Lower leaves
Upper leaves
Spikes
Roots

2l0

Po

0.32
0.29
0.09
0.90

2l0

222

Rn in air,
Aug. 17

Pb

0.25
0.32
0.12
0.40

210

Po

2l

°Pb

1.10

0.80

0.35
1.52

0.20
0.62

Rn in air,

July 27
2 1 0

Po

2.3
1.8
0.3
2.2

21

Aug. 17
°Pb

1.87
1.20
0.44
1.45

2 10 Po

2 10p b

15 .1

14.0

4 .1
27 .5

15.3

4.5
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TABLE 2
2

' ° Po Contents of Aerial Tissues of Barley
(pCi/g dry weight)

Plant part

Leaves
1st circle
2nd circle
3rd circle
4th circle
5th circle
6th circle
Lower leaves of side
shoots
Apical shoots
Side shoot together
with the leaves
Spikes
Grains

July 3

July 13

July 24

Aug. 4

1.37
0.70
0.40y

1.63
0.60

2.65
0.94

"7 U 1

0.44

0.76

1.72

/

0.25

0.47

0.81

0.11

0.15

0.32

1.93
0.46

2.78
0.64

0.55
0.29

Aug. 11

/.ol

5.96

0.42

0.48
0.08

These data give evidence for contamination of ground-level air in
the experimental zone by the decay products of 2 2 2 Rn and indicate
that this air is the source of contamination of plants grown there.
In our previous publications (Popova, Taskaev, and Testov, 1974;
Popova and Taskaev, 1977), we showed that contamination of aerial
tissues of plants by 2 1 0 Po and 2 1 0 P b depends on the size and
peculiarities of the plant surfaces, the duration of exposure to air
containing radioactive aerosols, and the contamination level of the
air mass that has access to vegetating plant parts and organs
(Table 2). As a rule the leaves contained more 2 ' °Po than did other
plant parts; barley grains were only slightly contaminated. The data
obtained suggest that radionuclide contamination of living plants from
the air is not similar to contamination of stagnant bodies. The aerial
barley tissues killed by magnesium chlorate contained much more
2
' °Po than did living plants in the same habitat.
All these results were obtained from plants growing in the
experimental zone in soil with dark content of 2 2 6 Ra and its decay
products brought here. Experiments on beans showed that there is
no contamination of root systems by 2 ' °Po and 2 ' °Pb from the air
although the aerial tissues still have higher radionuclide contents than
other plant parts (Table 3). Evidently the soil absorbs aerosols and
serves as a barrier in the radionuclide path to the root systems of the
plants.
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TABLE 3
2

" P o and 2 1 °Pb Contents of Beans
2 22

Plant part
Upper leaves
Lower leaves
Roots

Rn contents of air, Ci/liter

2-7 xlO-12
210
2,0pb
Po

0.76

0.46
0.74

0 .6-2 x 10"
21

°Po

2.74
3.15
1.22

10

2l0

Pb

1.74
1.55
0.64

*Not determined.

The situation is different for plants grown in a water culture.
Table 1 shows that barley roots appeared to be one of the most
(perhaps the most) contaminated parts of the plant. We anticipated
that experimental plants grown in closed vessels, where direct
contamination of nutrient solution by radon daughters from the air
was excluded, would be no different from control plants with respect
to 2 ! °Po and 2 ' °Pb contents of their roots. In this case the higher
radionuclide concentrations found in the roots of the experimental
plants could be explained by translocation from the contaminated
aerial tissues.
However, we realiz jd that, for 2 ' °Po and 2 ' °Pb to accumulate
in the roots of barley, the presence of aerial green mass is not
necessary. Analysis of barley roots in the vegetative vessels kept in
the experimental zone after the aboveground plant parts were cut off
showed the highest radionuclide contents found (41.2 and 31.3
pCi/g, respectively). In other words, the well-developed dead roots
kept in their accustomed habitat, although of an unnatural white
color and slimy to touch, appeared to be most contaminated by
210
Poand210Pb.
The fact that the roots of water-cultured barley plants accumulate radionuclides even though they have no aerial parts and are not
in direct contact with tne surrounding air suggests that the primary
trap of 2 2 2 Rn and its daughters in this case is the nutrient solution.
The air of the experimental zone, which is polluted by radionuclides,
diffuses into this solution, and the 2 1 °Po and 2 ' °Pb dissolved in it
actively deposit on the plant roots because of their enormous size.
Evidently 2 1 °Po and 2 1 °Pb thus deposited can be involved in a new
biological cycle, moving to the aerial tissues of the plants when these
are present.
Thus the ground-level air of the experimental zone is the source
of ?10Po and 2 ' °Pb contamination of the water substrates of the
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nutrient solution and the source of radionuclide accumulation from
these substrates by the plant roots. On the other hand, when plants
are grown in soil, the soil accumulates radioactive aerosols deposited
on its upper layer and serves as a screen for plant roots, preventing
their contamination by 2 i °Po and 2 ' °Pb.
Our investigations confirm that there is great local contamination
of ground-level air by 2 ' °Po and 2 1 °Pb in areas with high contents
of parent radionuclides and also point out the necessity of taking
this phenomenon into consideration when interpreting data on
radiobiological effects observed.
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Lead-210 in the Atmosphere

J. SANAK, C. LAMBERT, and B. ARDOUIN, Centre des Faibles
Radioactivite's, Laboratoire mixte CNRS—CEA, Gif-sur-Yvette, France

ABSTRACT
Lead-210 is a 20-year half-life decay product of 2 2 2 R n . This paper reviews much
new data that have been published since the first Natural Radiation Environment
symposium in 1964 and provides original unpublished data for the North
Atlantic Ocean and the Southern Hemisphere, including the antarctic and
subantarctic areas.
The 2 1 0 P b concentration in the lower atmosphere above the continents
(typically 10 fCi/m 3 ) is directly produced by disintegration of 2 2 2 En. A seasonal
maximum observed in the autumn or early in the winter is attributed to higher
atmospheric stability. Owing to the vertical diffusion of the air and to th="washout of aerosols, the 2 Pb concentration is only of the order of 5 fCi/m3
above the mid-North Atlantic, 1 fCi/m in the mid-Pacific and Indian oceans,
and as low as 0.2 to 0.5 fCi/m3 in the subantarctic areas. Concentrations of the
order of 1 to 15 fCi/m3 STP have been measured in the stratosphere. The
dispersion of the concentration obtained makes difficult any study of the
stratospheric reservoir.
It is not clear whether the stratospheric 2 ' °Pb aerosols are transported from
the troposphere or whether they are produced in the stratosphere by disintegration
of stratospheric 2 2 Rn. In some antarctic stations (Dumont d'Urville and South
Pole), concentrations between 0.5 and 1.4 fCi/m3 are mostly higher than in the
forties and fifties and present a clear summer maximum simultaneously with
222
R n and artificial radioactive debris maximums. This summer maximum has
been attributed tentatively to a stratosphere—troposphere exchange in polar
latitudes.
Finally, our results suggest that the transport of 2' °Pb aerosols is affected
by solar activity. Lead-210 aerosol measurements made daily at Dumont
d'Urville (Antarctica) during a 10-year period show maximum concentrations of
this nuclide, which are correlated with maximum solar activity. Similar
measurements made in ice cores taken at different places in Antarctica seem to
confirm that these correlations are observed for more than seven solar cycles.
445
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It is well known that the main source of the 20-year half-life isotope
210
Pb is the decay of atmospheric radon, 2 2 2 Rn, according to the
following scheme:
daughters
3.8 days

>2l0Pb^210Bi^20 years

5 days

2I0

Po

138 days

Stable

The reactive, charged daughters produced in the air by disintegration of 2 2 2 Rn are immediately captured by aerosols.
As will be shown later, the concentration of 2 1 0 Pb in the
troposphere is of the order of 10~ 1 4 Ci/m 3 , i.e., about
3 x 10 s atoms/m 3 . Since the number of aerosol particles in the
lower troposphere is of the order of 109 particles/m3, only one
particle in 10" bears an atom of 2 1 0 Pb. Thus the atmospheric
bahavior of 2 ' °Pb is not different from that of the aerosols.
The 2 2 2 Rn flux from the surface of the earth and of the ocean
has been estimated by different methods and in different places.
Originally the commonly used mean value for the continental flux
was 0.7 atom cm""2 sec" 1 (Israel, 1951). A careful analysis of
222
R n and 2 ' °Pb data throughout the world leads Turekian,
Nozaki, and Benninger (1977) to a mean value of
1.2 atom cm" 2 sec" 1 . The ocean flux is estimated to be far less than
0.001 in the North Atlantic Ocean and 0.013 atom cm" 2 sec" 1 in
the southern oceans (Hoang and Servant, 1972).
All the atmospheric 2 ' ° Pb is assumed to be in equilibrium with
respect to its production by atmospheric radon disintegration and its
disappearance by disintegration, washout, and dry deposition. The
21
°Pb balance has been studied by Lambert and Nezami (1965) and
Turekian, Nozaki and Benninger (1977). The study of 2 1 0 Pb
concentration and its variations of concentration in the atmosphere
should therefore give information about atmospheric phenomena as
well as the possible transfer between the different atmospheric
reservoirs.
CONTINENTAL TROPOSPHERE
The highest 2 1 0 Pb concentrations are obviously observed above
the continents, although 2 l °Pb is far from being in equilibrium with
222
R n . This is because the aerosol residence time is too short to
allow radioactive equilibrium to be reached.
Daily measurements have been made by Marenco (1974) at
Toulouse (France) from 19G5 to 1969. They show a strong
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variability from one sample to the next, which is attributed tc local
meteorological events. This shows that short and discontinuous
measurements are of little use.
Continuous and systematic monitoring is rare. Patterson and
Lockhart (1964) began the first monitoring of 2 1 °Pb along the 80th
meridian (west) in 1961—1962. The stations used at that time are
now managed by the Environmental Measurements Laboratory
(EML) of the U.S. Department of Energy (DOE) and have given
monthly measurements since 1974.
As shown in Table 1, most of the stations in continental places
show a clear seasonal maximum in the autumn, which possibiy
continues into the winter (Toulouse, Rocky Flats, and Chacaltaya).
This observation is valid for coastal stations as long as winds are
blowing mainly from the continent (New York, Richmond, Santiago,
and Punta Arenas). The maximum can be attributed to a lower
atmospheric turbulence during the cold season. However, in the
winter this fact can be cancelled by the low 222Rn emission from a
frozen soil.
On the other hand, Miami, like other oceanic stations, shows an
almost constant 2 ' °Pb concentration.
OCEANIC TROPOSPHERE

Above the oceans, there are even fewer continuous series of data.
Lead-210 concentration has been monitored on board meteorological
ships France I and France II at points A, J, and K between 1960 and
1961, as shown in Table 2.
A few oceanic stations, also shown in Table 2, have been
established on islands, i.e., Samoa, Easter, Hawaii, and Kerguelen,
and in the Antarctic Peninsula. In genpt"! no clear variation can be
observed, except possibly at Hawaii where the station is situated near
the top of an active volcano, which, according to Lambert, Bristeau,
and Polian (1976), could be a source of 2 * °Pb.
Using the ship France during 10 traverses between Le Havre
(France) and New York (USA) from May to October 1970, we
measured the atmospheric 2 I 0 P b concentration in the North
Atlantic Ocean. As expected, and probably due to the atmospheric
transport hazards, large variations were observed from sample to
sample. However, it is possible to calculate a mean value characterizing a longitude band (Fig. 1).
From west to east, 2 ' °Pb concentrations show high values near
New York slowly decrease from 10 fCi/m3 to about 3.6 fCi/m3 in
the mid ocean and quickly increase again near the French coast. The

TABLE 1

Jan.
Toulouse, France*
New York, N. Y.f

Hocky Flats, Colo.f
Richmond, Calif, t
Miami, Fla.f
Balboa, Panamaf
Chacaltaya, Boliviat
Santiago, Chilet
Punta Arenas, Chile"!1
*Marenco(1974).
fEML(1978).

°Pb Concentration in Continental Stations (fCi/m3)

Feb. Mar. Apr. May

June July

Northetn Hemisphere
13.2 10.3 11.3 10.9 10.0 12.1 15.7
21.0 15.7 12.8 13.6 12.0 11.6 12.8
12.1 18.8 17.1 14.6 12.9 13.0 18.5
4.1
5.9
4.2
6.0
3.0
19.2 5.1
9.8 10.2 10.8 13.2 11.8
9.6
9.5

Sept. Oct. Nov. Dec.

>
75

16.2
18.3
18.2

18.2 22.0 15.0 9.6
16.0 19.6 15.0 19.0
23.1 19.3 16.2 13.9

3.4

9.8

8.8

5.6

8.0
6.4

7.1
3.8

9.8
2.5

Southern Hemisphere
9.8 13.7 14.1
8.9
13.3 21.1 13.0 19.5

11.1
11.0

10.3
10.2

9.8
8.1
0.3

4.2

2.7

7.0

5.0
4.5

5.3
7.4
0.4

6.7
9.4
0.5

0.4

Aug.

8.3

1.0

7.1

2.4

7.4

0.9

0.8

JVS

Mean Monthly

21

0.4

0.6

9.4

9.5

10.0 12.1
2.3

1.8

9.9
3.1
0.3

7.2
5.7
0.3

r
>
CO

m

3
Z
o
>
33
o
o
c

TABLE 2
2

Mean Monthly ' °Pb Concentration in Oceanic Stations (fCi/m3)
Jan.
Point A*
Point J*
Point K*
Mauna Loa, Hawaiif
Tutuila, Samoaf
Easter Islandst
Kerguelen*

Feb. Mar.
5.1

5.8

2.8

5.9

8.6

1.1
0.3

0.9
0.3

Apr. May

June

July

£

Aug. Sept. Oct. Nov.

3.1

Dec.

°
o
=

2.4

1.5

8.5
„ ,0.7
0.6
0.2

6.8
~n

8.0
„6.4
,

4.1
6.4
„,

i
m

1,0
0.3

0.9
0.2

0.9
0.3

eg

4.8
6.1 8.9
10.8 15.4 17.1
0.2
0.3
0.7
0.6
0.8
0.3
0.2
0.2

12.0„
0.6
0.8
0.5

5.9
„9.0
„
0.6
0.7
0.4

9 .1
~
,
1 .0
0 .6
0.2

i

*This work. Point A, 62° N, 33° W; point J, 52°30' N, 20° W; and point K, 45° N, 16° W.
tEML (1978).
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40
30
LONGITUDE. °W

Fig. 1 Atmospheric 2 ' ° Pb concentration in the North Atlantic
Ocean between New York and Le Havre.

mean value of 15 fCi/m3 seen during the same months of 1974 and
1975 at New York (EML), and the mean value of 6.5 fCi/m3
measured at point K (45° N, 16° W) on board meteorological
ships in 1961 agree with this distribution. Such a pattern can be
attributed to the well-known predominant westerly winds.
Lead-210 has also been monitored at Balboa, Panama (see
Table 1). Concentrations are typically 5 to 7 fCi/m3 , with a clear
minimum in November and December of about 2 fCi/m3.
Some 2 ' ° Pb measurements have also been made during scientific
cruises along the West Africa coast by Wilgain (1970), who found
large variations of concentration between 1 and 100 fCi/m3, which is
in agreement with our own measurements of around 30 fCi/m 3 . We
also measured concentrations generally between 3 and 10 fCi/m3 in
April 1974 during an oceanic campaign between Cape Verde and
Azores islands.
In the mid-tropical Atlantic during five voyages of the polar ship
Thaladan in the winter months between 1963 and 1970, we obtained
the 2 1 °Pb longitudinal distribution shown in Fig. 2. Concentrations
are of the order of 5 fCi/m3, i.e.. intermediate between both sides of
the ocean. As before, all these results are consistent with the
existence of dominant easterly winds in these latitudes.
Therefore, as mentioned above, the 2 1 0 Pb distribution gives a
good indication of the continental aerosol distribution over the
North Atlantic Ocean.
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Fig. 2 Longitudinal
Atlantic Ocean.

distribution
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210

Pb

in the mid-tropical

HIGH TROPOSPHERE AND STRATOSPHERE

The study of the vertical distribution of fission products arising
from nuclear tests has shown the existence in the lower stratosphere
(20-km height) of a reservoir of artificial radioactive aerosols. An
identical reservoir is expected to exist in the case of the 2 1 0 P b
aerosols and could be produced either by injection into the
stratosphere of tropospheric 2* ° Pb aerosols or by disintegration of
stratospheric 2 2 2 Rn, whose presence at these altitudes has been
mentioned by several authors (Wexler etal., 1956; Machta and
Lucas, 1962; Moore, Poet, and Martell, 1973).
A few dozen measurements and profiles have been made by
airborne or balloon flight experiments and are shown in Figs. 3, 4,
and 5. It can be pointed out in these figures that the dispersion of
the concentration profiles measured at any given place is about one
order of magnitude. Moreover, the profiles obtained by different
authors are not comparable. It is not clear if the differences really
exist or if they can be attributed to poor calibration. In effect, each
method of sampling and measurement of 2 1 ° Pb in the stratosphere
presents its own difficulties, i.e., measurement of the filtered air
volume, chsmical treatment and counting yields, possible contamination of the sampios at the soil level, etc.
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Fig. 3 Tropospheric and stratospheric 2 l ° Pb concentrations over
the United States. (Moore, Poet, and Martell, 1973; Feely and
Toonkel, 1978; Leifer and Toonkel, 1978.)

7.6
ALTITUDE, kn

Fig. 4 Tropospheric and lower stratospheric 2 ' ° Pb concentrations
over the United Kingdom (Peirson, Cambray, and Spicer, 1966).
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20

Fig. 5 Tropospheric and stratospheric l2'u1 0 . Pb concentrations, x,
Burton and Stewart (1960); • , Rama and Honda (1961); *, Nazarov
et al. (1970); +, this work. See also Bhandari, Lai, and Rama (1966);
Feely and Seitz (1970); Jaworowski and Kownacka (1976); Feelyand
Toonkel (1978); and Leifer and Toonkel (1978).

SUBANTARCTIC AND ANTARCTIC AREAS
In the Southern Hemisphere the proportion of continental areas
is small. Moving south from a latitude of 35° south, one finds that
Antarctica is the only important land area. This continent is covered
by ice and is consequently a negligible source of 2 2 2 Rn, as is the case
for the sea surface.
The latitudinal distribution of 2 ' °Pb has been studied on board
polar ships by Wilgain (1970) along the West Africa coast up to Roi
Baudouin (Antarctica) and by Lambert et al. (1966) along traverses
of the Pacific Ocean from Panama to Hobart and Dumont d'Urville.
Lead-210 concentrations are compared in Fig. 6 with 2 2 2 Rn and
artificial gross beta activity. It appears that, as far as the Southern
Hemisphere is concerned, the variations in 2 1 °Pb concentrations are
similar to those of fission products. Taking into account the dates
and places of the nuclear tests, it can be concluded that these two
kinds of aerosol have essentially a stratospheric origin.
It is interesting to point out that concentrations of both 2 1 0 P b
and nuclear debris increase close to the Antarctic coast, which could
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Fig. 6 Latitudinal distribution over the ocean of (a) artificial gross
beta radioactivity ( 1 0 - 1 5 Ci/m3 ); (b) 2 1 0 P b (10"~' 4 Ci/m 3 ); and
(c) 2 2 2 R n (10"~ l s Ci/m 3 ). (Polar ship Thaladan di'ring NovemberDecember 1963 between Papeete and Dumont d'Urville.)

i i i i l 11

1

1

l.»

a

2 -

<

210p b

L

. . . . • •
.

[

1 -

I I I I I I I I I ! i

1 1

•• *
1
1

_

i

.

•<

.

—

..-•

2

F=
0.5

222 Rn
==

t>

Ua t e = J

-

1

J

3

Gross beta „

i

i i i

|

F M A M J

1 1 1 I I
J
A S O N O
(a )
|

n

L.

"L-_r

_r-T
I |

I
F M A M J

i

J A S O N D
(b)

Fig. 7 Monthly mean values, (a) At Dumont d'Urville between
1959 and 1975: (1) 2 1 0 P b ( 1 0 - 1 s Ci/2m 3 ); (2) 2 2 2 R n ( 1 0 ~ 1 2
Ci/m 3 ); and (3) gross beta radioactivity (10 — 1 ' Ci/m 3 ). (b) At
Mawson in 1975: 2 ' °Pb (fC)/m3 ).

be attributed to the existence of stratospheric injections at polar
latitudes.
Lead-210 has been monitored at Dumont d'Urville for 15 years,
since 1960. Figure 7 gives the monthly mean values showing a clear
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Fig. 8 Mean annual 2 1 0 Pb concentration at, (a) Dumont d'Urville
and (b) solar spot number (W).

maximum in December and January, simultaneously with all the
other atmospheric tracers (2 2 2 Rn and nuclear debris).
Lead-210 was also monitored at Mawson during 1975 (Fig. 7)
with the same seasonal distribution. The same observations can be
made of monitoring carried out at Roi Baudouin (Wilgain, 1970) and
the South Pole (Feely and Toonkel, 1978; Leifer and Toonkel,
1978), where the concentrations are comparable to the other
antarctic stations.
In Fig. 8, the mean annual 2 1 0 Pb concentration at Dumont
d'Urville shows a long-term variation that seems to be correlated with
the solar spot number.
Measurements of 2 1 0 Pb concentrations in ice core samples in
Terre Adelie (Antarctica) and at the South Pole have allowed the
calculation of the concentration of this nuclide in the fresh snow at
the moment of its deposition. As shown in Fig. 9, a rather good
correlation seems to exist between this concentration and the solar
activity during the last century. Such a correlation could be
explained by a possible relationship between the solar activity and
the general atmospheric circulation in the Southern Hemisphere.
CONCLUSION

Since the paper by Patterson and Lockhart (1964), a large
amount of new data has been obtained, which gives a good idea of
the 2 1 °Pb distribution at low altitude.
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1970

1890

Fig. 9 2' °Pb concentrations in the snow at South Pole as measured
in an ice core, with the smoothed curve and the mean annual solar
spot number.

Over the oceans of the Northern Hemisphere, this nuclide is a
good tracer of the continental aerosols. Unfortunately the 2 1 0 P b
deposition flux is still poorly known.
Lead-210 should also be a good tracer of the air exchanges
between stratosphere and troposphere and vice versa. However,
stratospheric measurements are still difficult to make and are too
seldom carried out.
In any case, with the end of atmospheric nuclear tests, 2 ' °Pb,
possibly associated with its daughters 2 1 0 Bi and 2 1 0 Po, should be
the main medium-half-life radioactive atmospheric and oceanic tracer
for the near future.
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The Distribution of Radon and Radium
in the Ocean and Its Bearing on
Some Oceanographic Problems

YASUO MIYAKE, YUKIO SUGIMURA, and KATSUKO SARUHASHI
Meteorological Research Institute, Tokyo, Japan

ABSTRACT
Radon and radium contents in seawater near the ocean floor and in the surface
layer of the ocean were studied. The results showed a fairly large amount of
excess of radon over radium (1520 to 315%) near the ocean floor. The vertical
eddy-diffusion coefficient, D, near the seabed was calculated from a vertical
distribution of the f-xcess amount of radon. The D value was small at the layer
just above the sea floor (0.02 to 0.2 cm 2 /sec) and increased rapidly with
distance from the bottom (25 to 30 cm2 /sec at 50 m above the bottom). In the
surface layer of the ocean, a remarkable deficiency of radon with respect to
radium (50 to 70%) was observed, and below the pycnocline the ratio increased,
reaching 100%. The mass balance of radium in the mixed layer was considered
using a box model. The results showed that the residence time of radon in the
mixed layer was about 8 days.

The radioactive equilibrium between radon and radium in seawater
should hold because of the short half-life of radon (3.83 days). In
early studies of radon and radium in the ocean, they were considered
to be in equilibrium in the surface layer (Evans, Kip, and Moberg,
1938), but recent investigations (Broecker, 1965; Broecker and
Kaufman, 1970; Broecker and Peng, 1971) have confirmed that
radon content in the mixed layer of the ocean is much less than the
equilibrium amount relative to che existing radium in the same layer.
The deficiency of radon with respect to radium is considered to be
caused by the escape of radon from the ocean surface to the
overlying'atmosphere (Broecker, Cromwell, and Li, 1968; Broecker
and Peng, 1974; Peng, Takahashi, and Broecker, 1972; Wilkening and
Clements, 1975).
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It has also been clarified by recent studies that the radon content
in bottom water lying very close to the ocean floor is much higher
than the equilibrium amount relative to the radium content in the
same layer (Broecker, Li, and Cromwell, 1967; Broecker, Cromwell,
and Li, 1968; Broecker and Kaufman, 1970; Chung and Craig, 1972;
Sarmiento et al., 1976). The excess of radon with respect bo radium
is explained by the release of radon from the sediment into the
overlying water layer.
This paper presents the results of a study of the distribution of
radon and radium in the western North Pacific. On the basis of our
observations, we discuss such oceanographic problems as the vertical
eddy-diffusion coefficient near the sea bottom and the residence
time of radon in the mixed layer.
SAMPLES AND METHODS OF DETERMINATION

Water samples were collected with a nonmetallic 30-liter sampler
from 1973 to 1977 during cruises on board the R. V. Ryofu-maru, a
1599-ton ship belonging to Japan Meteorological Agency. Sampling
locations are shown in Fig. 1.
The radon content in seawater was determined by the scintillation-counting method after the radon was extracted from the sample.
The same method was used to determine radium after radioactive
equilibrium between radon and radium was attained. A schematic
diagram of the apparatus for extracting radon from seawater is
shown in Fig. 2.
Immediately after the sampling, about 20 liters of seawater was
transferred from a sampler directly to a large glass bottle that had
been evacuated in advance. A stream of helium was circulated
through the sample for 90 min to expel the radon from seawater.
The escaping radon was caught in a trap cooled with liquid nitrogen.
To remove the carbon dioxide and water, which were released
simultaneously with the radon, we warmed the sample to melt the
ice and then circulated through the columns gases containing ascarite
and magnesium perchlorate.
The radon thus purified was transferred to a scintillation cell
(Johnston Laboratories, Inc., Model LAC-2). The water sample from
which the radon was expelled was sealed and stored for at least
7 days, and then radon was extracted again.
The radioactivity of radon was measured with a scintillationcounter system consisting of a photomultiplier 2 in. in diameter, an
amplifier, a high-voltage power supply, and a counter. The counter
was calibrated by using a standard solution of radium
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Fig. 1 Location of water sampling stations, o, water near the bottom. • , mixed layer
water.
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(4.5 x 10~ 1 2 g/liter). Results showed that the average counting
efficiency was 65 ± 3%.

REMOVE
H2O. CO2

FLOW
METER

Fig. 2 Radon extraction apparatus.
RE3ULTSAND DISCUSSION
Distribution of Radium in the Western North Pacific

The results of radium ( 2 2 6 Ra) determinations in seawater
collected in the western North Pacific are suramarized in Table 1. An
example of the vertical profiles of radium in seawater is shown in
Fig. 3, along with water temperature, salinity, and dissolved oxygen
content. As seen in Table 1, the radium content of seawater in the
surface layer ranged from 3 to 5 x 10 — 1 4 Ci/liter. Values increased
to 15 x 10~ 1 4 Ci/liter at a depth of 6000 m. Note that near the
ocean bottom a sudden increase in radium was observed.
Distribution of Radon and Radium Near the Ocean Bottom

The results of determinations of radon and radium in seawater
lying very near the • xan bottom in the western North Pacific are
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TABLE 1

Radium-226 Content in the Western
North Pacific
Depth,
m

Water temperature,
°C

Salinity,
°/oo

226
Ra,
14

10~"

Cifliter

Station 1 (29 53 N, 147 43 E, 6205
0
20
40
60
80
VOO
150
200
596

1055
1984
2913
3836
4795
6127
6157
6189
6197
6202
6205
5
25
50
100
300
500
739
964

1193
1674
2165
3115
4197
5087
5566
5596
5626
5646
5661
5664
5666

27.3
27.2
27.2
27.2
19.6
17.9
15.8
14.7
5.35
3.22
1.95
1.61
1.52
1.52

34.36
34.54
34.54
34.54
34.66
34.63
34.68
34.62
34.04
34.34
34.59
34.66
34.68
34.69
34.70
34.70
34.65
34.66
34.69
34.73

Station 2 (25° 02'N, 153°46'E, 5666 m )
25.2
35.01
23.28
35.13
21.51
34.99
19.25
34.83
15.50
34.73
10.45
34.35
5.81
34.09
4.08
34.30
3.41
34.46
2.20
34.56
1.80
34.67
1.52
34.66
1.46
34.67
1.53
34.68
1.53
34.69
1.54
34.67
1.55
34.67
1.56
34.69
1.56
34.69
34.67
34.65

4.80
4.85
4.85
4.86
4.17
5.64
6.90
10.0
12.0
14.9
15.2
15.2
14.4
12.9
14.5
20.8
28.3
147

3.80
3.80
3.60
3.60
4.10
4.80
7.70
7.82
9.45
8.45
12.6
12.6
14.2
14.4
17.2
27.2
26.5
23.9
40.5
39.6
54.2
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TABLE 1 (Continued)
Depth,

Water temperature,

m

°C

0
25
50
75
100
200
300
400
430

1174
1860
2575
3299
4035
5610
5660
5675
5687
5690

Salinity,
/oo

226
Ra,
10~ 1 4 Ci/liter

Station 5 (29°50'N, 159°55'E, 5690 m)
17.20
34.74
17.20
34.73
17.16
34.72
17.10
34.72
17.00
34.71
16.50
34.70
16.37
34.63
13.40
34.47
13.30
34.44
3.30
34.26
2.10
34.58
1.65
34.65
1.51
34.67
1.50
34.67
34.67
34.68
34.69
34.69
34.69

3.16
3.50
3.74
3.65
4.71
4.P0
4.50
5.06
5.00
9.19
9.67
12.2
12.1
13.6
14.2
14.4
14.6
15.1
15.5

summarized in Table 2. Vertical profiles of these radionuclides near
the bottom are shown in Fig. 4. A large excess of radon over radium
in seawater near the ocean bottom was observed at sampling
stations 1 and 2 [Fig. 4(a) and 4(b)]. At the sea floor, the activity
ratio of radon to radium reached as high as 1520% at station 1 and
315% at station 2. The degree of excess of radon diminishes rapidly
with distance from the bottom, however.
At sampling stations 3, 4, and 5 (two of which were located
along the Japan Trench and one, south of the Shatsky Rise), only a
small excess (103 to 114%) of radon was observed [Fig. 4(c)]. This
suggests that at these stations seawater can mix rather quickly even
in the layer closest to the bottom.
When eddy diffusion in the vertical direction is taken into
account as a cause of mixing of the water, the steady-state vertical
profile of the excess amount of radon in seawater near the ocean
bottom can be expressed as
9fRn ex ]
a2(D-Rnex)
3t
~
3Z2

'HI:tnexJ ~ u

MIYAKE. SUGIMURA, AND SARUHASHI

464

Q

1
0

WATER TEMPERATURE (
10

I

). "C
20

30

I

RADIUM (O--O), 10"
10

14

Ci/liter
20

I
30

35.0

O2 CONTENT i

). ml/liter

Fig. 3 Vertical distribution of radium, water temperature, and
salinity and content of dissolved oxygen at 29°53'N, 147°43'E and a
depth of 6205 m.
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TABLE 2
Radon-222 and Radium-226 Contents and Activity
Ratio of Radon to Radium near the Sea Floor
Distance from
sea bottom,
m

222

iLCI " 1 4

Rn,
Ci/liter

226
Ra,
1 0 ~ 1 4 Ci/liter

Rn/Ra,
%

Station 1 (29°54'N, 147C 0 3 ' E, 6205 m)
0
3
8
16
28
48
78

2240
58.7
40.2
29.7
24.5
17.9
15.8

147

28.3
20.9
16.5
15.3
13.0
14.4

1523
207
192
180
160
138
110

Station 2 (25°02'N, 153C'46' E,5666 m)
0
2
5
20
40
70
100

54.2
40.5
39.6
27.2
26.5
23.9
17.3

17.2
15.6
15.8
14.7
14.8
15.1
14.7

315
259
250
185
179
158
117

Station 3 (30°00'N, 143'3 14' E, 6130 m)
3
8
17
35
70
105

18.6
16.9
16.7
16.6
16.5
16.1
Station 4 (27°44'N, 144'

2
7
15
30
50
80

16.7
16.6
16.5
16.5
16.0
16.0

16.3
16.3
16.3
16.4
16.3
16.0

114
104
103
101
101
101

'E, 6210 m)
16.2
16.1
16.0
16.0
15.8
15.8

103
103
103
103
101
101

Station 5 (29°50'N, 159'3 5 5 'E, 5690 m)
0
3
15
30
80

16.3
16.0
15.0
14.5
14.:

15.5
15.1
14.6
14.4
14.2

105
106
103
101
101
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where Rn ex = excess amount of radon (pCi/cm3)
D = vertical eddy-diffusion coefficient (cm2 /sec)
X = radioactive decay constant of radon (2.9 x 10~ 6
sec" 1 )
t = time (sec)
z = distance from the bottom (cm)
Values of D at different depths were calculated from the values
observed at stations 1 and 2, where the large excess of radon occurred
near the seabed.
Table 3 shows the results of the calculations. Very small values of
the vertical eddy-diffusion coefficient were obtained at 2 m above
the bottom (0.01 and 0.2 cm 2 /sec), but the coefficients rapidly
increased to 25 and 30 cm2 /sec at a height of 50 m above the
bottom at stations 1 and 2, respectively.
TABLE 3

The Vertical Eddy-Diffusion Coefficient
near the Sea Floor
Distance from bottom,
m

10

20

30

50

0.01

2

6

15

25

0.2

1

6

17

30

2

D at 29°54'N, 147°03' E,
6205 m, cm 2 /sec
D at 25°02'N,, 153° 46' E,
5666 m, cm 2 /sec

Distribution of Radon and Radium in the Surface Layer

In the surface layer of the ocean, a remarkable deficiency of
radon with respect to radium was observed (Table 4). An example of
the vertical distribution of the activity ratio of radon to radium
(Rn/Ra) in the mixed layer of the ocean is shown in Fig. 5, along
with water temperature and density in situ. The ratio of radon to
radium in the surface layer ranged from 50 to 70%, but below the
pycnocline the ratio increased to 100%.
Using the box model shown in Fig. 6, we can express the mass
balance of radon in the mixed layer as
^ = ka[Rn]air-k1CmWm-k2CmWm
+ X[Ra] m ^ -A'C m W m + k 3 C d W d = 0
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TABLE 4

Radon-222 and Radium-226 Contents and Radon-to-Radium
Activity Ratios in Mixed Layer

Location
27°0?'N,
143°14'E

35°02'N,
139°10'E

Water
tempera222
226
Depth, ture, Salinity,
Rn,
Ra,
Rn/Ra,
m
°C
°/oo
1 0 - 1 4 Ci/liter 10 ~ ' 4 Ci/liter
%
0
25
50
75
100
150
200

30°00'N,
146° 56' E

55
45
52
70
99
93
88

2.64
2.60
4.37
4.84
5.40
5.45
5.40
5.45

5.50
5.50
5.50
5.50
5.50
5.50
5.50
5.50

48
47

300

8.7

34.09
33.00
34.12
34.53
34.17
34.38
34.53

0.88
1.93
2.85
3.21
3.55
4.45
4.32

5.02
5.02
5.02
4.82
4.82
4.82
4.81

17.5
38

200

26.5
25.9
24.3
18.0
16.7
11.6

0
20
40
60

27.3
27.2
27.2
27.2
19.6
17.9
15.8
14.7

34.56
34.54
34.54
34.54
34.66
34.63
34.68
34.67

2.67
2.55
2.35
2.77
3.27
4.58
4.76
5.18

4.80
4.85
4.85
4.85
4.85
4.58
4.76
5.64

55
53
57
67
100
100
92

17.20
17.20
17.16
17.10
17.00
16.50
15.37
13.40
13.30

34.74
34.73
34.72
34.72
34.71
34.70
34.63
34.47
34.44

2.00
1.80
2.43
2.63
2.75
2.85
3.03
3.45
3.55

3.16
3.50
3.74
3.65
3.71
4.60
4.50
5.06
5.00

63
51
65
72
74
62
67
78
79

0
10
30
60
100

100

150
200

159°55'E

4.49
4.83
4.72
4.78
4.86
4.85
5.09

32.72
32.56
33.07
33.12
33.83
34.25
34.43
34.51

5

80

29°50'N,

2.46
2.20
2.48
3.35
4.84
4.52
4.49

25.7
25.21
24.98
24.18
23.32
20.00
18.04
16.45

0
10
15
20
30
40
50

34°43'N,
140°0l'E

23.6
23.6
23.4
21.9
20.3
18.7
18.2

0
25
50

75
100

200
300
400

430

79.5
87
98
99
98
99

57

67
74
92
90

49
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TABLE 4 (Continued)

Location
25°15.5'N,
153°29.5'E

Water
tempera222
226
Depth, ture, Salinity,
Rn,
Ra,
Rn/Ra,
—I 4
10
Ci/liter
%
m
°C
10~' 4 Ci/liter
/oo
5
25
50
100
300
500
739

25.6
23.23
21.54
19.70
15.41
9.81
5.51

2.61
2.55
2.94
2.31
3.11
3.36
7.70

35.01
35.13
34.99
34.83
34.73
34.35
34.09

3.80
3.80
3.60
3.60
4.40
4.80
7.70

68
67
82
64
71
70
100

WATER TEMPERATURE (A—A), °C
10
20

22

23

DENSITY (
24

I

)
25

Rn/Ra RATIO (O—O). %
50

26

100

200

Fig. 5 Vertical profiles of Rn/Ra activity ratio, water temperature,
and density in situ in the mixed layer, 30 OO'N, 146°56'E.
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Atmosphere

k.

k

i

1

1
k2

Mixed layer

1

Deep layer

H

Fig. 6 Mass balance of radon at mixed layer. (See text for
explanation of symbols and discussion of calculations.)

where k a , k,, k 2 , and k 3 are mean rates of exchange of radon among
the atmosphere, the mixed layer, and the deep layer as shown in
Fig. 6. These constants are reciprocals of the residence times of
radon in the atmosphere and in different layers of the ocean. In the
equation, C m and C& are concentrations of radon in the mixed layer
and the deep layer of the ocean, respectively (C m = 3 x 1 0 " 1 7 Ci/
cm3 and C d = 12 x 10" 1 7 Ci/cm 3 ); Wm and Wd are the amounts of
seawater in the mixed layer at a depth of 100 m
(Wm = 1 x 10 4 cm3 /cm 2 ) and in the deep layer at 6000 m
(Wd = 6 x 10 5 cm 3 /cm 2 ); [ R n ] a i r is the amount of radon in the
atmosphere (3 X 1 0 " 1 2 Ci/cm 2 ) (Moore, Poet, and Martell, 1977);
[Ra] m is the amount of radium in the mixed layer (50 x 1 0 ~ ' 4 Ci/
cm 2 ); and X and X' are the radioactive decay constants of radium and
radon, respectively (X = 4.27 x 10~ 4 year" 1 and X' = 6.61 year" 1 ).
If we assume that k a , k 2 , and k 3 are Vi0 year" 1 , % 0 year" 1 and
Y60Q year" 1 , respectively, we can calculate kj by the equation.
Using the observed data at location 30°00'N, 146°56'E (Table 4), we
estimated k, to be about 45 year" 1 . Therefore the residence time of
radon in the mixed layer would be about 8 days.
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DISCUSSION

Guinasso, Jr.: In a previous paper, Larson and Bressan pointed
out that 2 2 2 Rn often reaches surprisingly high concentrations over
the open ocean. Have you, in the course of your work, measured
atmospheric 2 2 2 Rn? What influence does the presence of 2 2 2 R n in
the marine atmosphere have on the results of your air—sea gas
exchange model?
Saruhashi: We have carried out the same determination of radon
in air over the ocean as was seen in another paper (this volume).
However, in our model, only small influence is caused by the
presence of radon in air over the ocean.
Pomansky: What is the coefficient of radon extraction as a
function of the radium contamination? Did you use radium sources
with a known amount of radium for calibration?
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Saruhashi: The chemical yield of extraction of radon is 65 ± 3%.
We made a calibration by means of standard solution of 2 2 6 Ra.
Nevissi: I would like to know if you have measured radium in the
sediments, and if so, what values did you obtain?
Saruhashi: The concentrations of radium in the sediments are 1
t o l O x 1 0 ~ 1 2 g/g.
Tanner: Are the sites of your investigations in any places where
turbidity currents could result in nonuniform horizontal distribution
of the radon's source radium?
Saruhashi: We assumed that the horizontal distribution of radium
content in seawater is homogeneous around the sea area where the
deep-water sampling was done, and the eddy diffusion on the vertical
direction is taken into account as a cause of water mixing. There is
no evidence of turbidity currents in the sediment around the site of
observation.
Key: What are your glass bottle blanks? These are known to be
high and variable. How do you explain the large radium gradient in
the near-bottom water? To maintain such a gradient, the water
would have to be stagnant on the order of thousands of years or the
world ocean supply would be supplied from that one station. Is there
a nepheloid layer in that area?
1 have measured radium at ~50 stations in the Atlantic Ocean,
Caribbean Sea, and Gulf of Mexico, with the bottom sample being 1
to 2 m off the seafloor, and have never seen such a gradient.
Measurements I have made of radon and radium in near-surface
sediments (Kirk Cochran at Yale has also made measurements) in the
Atlantic and Pacific oceans would not support such a gradient in
dissolved radium.
Saruhashi: We observed a large gradient of radium content and
also a large excess of radon in seawater lying just above the seabed in
the western North Pacific. The activity ratio of radon to radium
reaches as high as 1520%. It suggests that the seawater overlying the
area just above the seafloor is stagnant, and the vertical eddy
diffusion constant D there is very small.

Lead-210 and Polonium-210 as Marine
Geochemical Tracers: Review
and Discussion of Results
from the Labrador Sea

MICHAEL P. BACON, DEREK W. SPENCER, and PETER G. BREWER
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts

ABSTRACT
Because of their suitable half-lives and their accurately measurable rates of
supply to the oceans by decay of parent radionuclides, 2 1 °Pb and 2 ' °Po have
become increasingly important as tracers in the study of marine geochemical
processes. Short removal times characterize the behavior of both nuclides in the
biologically productive surface layers of the sea. Release from particles at depth
is efficient for 2 1 0 P o but does not appear to be significant for 2 I 0 P b .
Scavenging processes in the deep sea are revealed by 2 1 o P b / Z 2 6 R a and
210
P o / 2 Pb disequilibriums. Adsorption by particles sinking in the water
column and reaction at the seafloor both appear to be important removal
mechanisms. Data from the Cariaco Trench, an anoxic basin, give evidence of
2
' °Pb transport in both sulfide and oxide phases forming in the water column.
Results from four stations in the Labrador Sea are shown to be consistent with
many earlier observations. Significant 2 1 0 P b depletions, however, are found
only at depths greater than 1500 m. Much of the 2 1 0 P b inventory in Labrador
Sea water may be maintained by spreading of recently overturned surface water
at depth. Below 1500 m, 2 l 0 P b / 2 2 6 R a ratios decrease steadily with depth to
very low values in the Iceland—Scotland Overflow and Denmark Straits Overflow
waters. The intense interaction of these water masses with the seafloor may
account for this trend.

Departures from secular equilibrium among members of the natural
radioactive decay series occur in the oceans because of differences in
geochemical behavior between parent and daughter radionuclides.
When daughter activity differs measurably from parent activity in
seawater, studies of radioactive disequilibrium can yield valuable
information on the rates and mechanisms of geochemical supply and
removal processes operating in the oceans. The special advantages
473
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gained by studying this group of tracers are (1) contamination
problems that beset trace-element investigations are largely avoided,
and (2) supply rates can often be known accurately from distributions of the parent radionuclides. Because of the particularly
favorable half-lives of 2 ' °Pb (22.3 years) and 2 ' °Po (138 days), the
226
Ra— 2 1 0 ?b and 2 1 0 Pb— 2 1 0 Po parent—daughter pairs are increasingly important in marine chemistry.
In this paper we review past studies of the marine geochemistry
of 2 ' ° P b and 2 ' °Po, giving attention primarily to their behavior in
the oceanic water column. Applications of 2 1 0 P b to sediment
chronology are discussed in a number of recent reviews (Goldberg
and Bruland, 1974; Ku, 1976; Robbins, 1978; Turekian and
Cochran, 1978). In addition, we present results of studies of the
distribution of 2 ' °Pb and 2 ' °Po in the Labrador Sea.
REVIEW OF THE MARINE GEOCHEMISTRY OF 2 ' °Pb AND 2 ' °Po
Sources of 2 ' °Pb and 2 ' °Po in the Ocean

Two principal modes of supply of 2 ' ° Pb to the oceans should be
considered: deposition from the atmosphere and production within
the water column following decay of 2 2 6 Ra. Supply of 2 ' ° Pb by
rivers is thought to be unimportant because of rapid scavenging of
2
' ° Pb by riverine sediment particles and efficient trapping of the
sediment in estuaries (Rama, Koide, and Goldberg, 1961; Goldberg,
1963; Benninger, Lewis, and Turekian, 1975; Benninger, 1976;
Lewis, 1977). A detailed discussion of the transport of 2 ' °Pb from
the land to the sea is given by Benninger, Lewis, and Turekian, who
emphasize the strong tendency of 2 l ° Pb to be removed by particles
at every stage of its journey.
Measurements of the 2 1 0 P b flux from the atmosphere to the
earth's surface were reviewed by Turekian, Nozaki, and Benninger
(1977). They criticized the earlier global estimates of Lambert and
Nezami (1965) and proposed a model for 2 2 2 R n and its long-lived
daughters which is based on large-scale atmospheric circulation and
aerosol residence times and is intended to apply in the latitude band
15 to 55°. The model considers one-dimensional transport by the
westerlies, supply of 2 2 2 Rn to the atmosphere from the land surface,
radioactive decay in the atmosphere, and removal of 2 ' ° Pb from the
atmosphere on aerosol particles. Latitudinal variations within the 15
to 55° band are not considered. The model predicts significant
longitudinal variations in the 2 ' °Pb flux, which result from the large
differences in 2 2 2 Rn flux between continents and oceans. For the
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Northern Hemisphere, a best fit of the model to the available data on
2
' ° Pb flux was obtained for a continental 2 2 - Rn emission rate of
1.2 atones cm" 2 sec" 1 . This value is considerably higher than values
suggested by earlier investigators (Israel, 1951; Wilkening, Clements,
and Stanley, 1975). Turekian, Nozaki, and Benninger (1977) believe
the earlier values to be underestimated.
The model of Turekian and coworkers indicates that atmospheric
2
' °Pb fluxes to the sea surface pjre highest over the western sides of
the oceans, where the air masses are enriched with land-derived
222
Rn. Presumably a reversed trend would exist in the trade-wind
belt. The maximum flux indicated for the North Pacific is
2.0 dpm cm~ 2 year"', decreasing eastward to 0.7 dpm cm~ 2
year"' off the western coast of North America. The flux over the
North Atlantic is shown to vary from 1.1 to 0.7 dpm cm" 2 year" 1 .
Because of the smaller landmass, the predicted fluxes for the
Southern Hemisphere are lower, ranging from 0.2 to
0.6 dpm cm" 2 year" 1 .
In addition to being supplied from the atmosphere at the sea
surface, 2 1 ° Pb is also produced throughout the oceanic water
column from decay of 2 2 5 Ra. The rate of supply from this source
can be estimated accurately from knowledge of the 2 2 6 Ra distribution, which is available in increasing detail for the world's oceans
from Geoc. emical Ocean Sections (GEOSECS) results (Broecker,
Goddard, and Sarmiento, 1976; Ku and Lin, 1976; Chung, 1976).
Exact inventories must also consider 2 2 2 Rn/2 2 6 Ra disequilibriums
that occur near the upper and lower boundaries of the ocean
(Broecker, Li, and Cromwell, 1967; Broecker, Cromwell, and Li,
1968). When only the surface layer of the sea is considered, the
in situ production of 2 ' ° Pb is usually insignificant in comparison
with the atmospheric flux, but it becomes a major item in the 2 I °Pb
budget for the entire water column.
For 2 ! ° Po, it is usually sufficient to consider only production
in situ following decay of 2 ' °Pb. Supply of 2 ! °Po by rivers is likely
to be insignificant for reasons similar to those given for 2 1 0 P b .
Atmospheric 2 J °Po deposition is only about 10% (in activity units)
of the 2 ' °Pb flux because of the low 2 ' °Po/ 2 1 °Pb activity ratios in
air and rainwater (Burton and Stewart, 1960; Lambert and Nezami,
1965; Poet, Moore, and Martell, 1972) and can be neglected in
considering oceanic budgets for this nuclide. Moreover, Turekian,
Kharkar, and Thomson (1974) suggested that polonium-rich particles
may be released from the sea surface, and this would partially
counteract the atmospheric contribution. Support for this hypothesis
was given by Lambert, Sanak, and Ardouin (1974), who measured
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2

' °Po/ 2 ' °Pb activity ratios occasionally exceeding 1.0 in air samples
from Antarctica. High ratios were observed most frequently when
the ice shelf was the narrowest, i.e., when their sampling station was
closest to the presumed marine source.
Removal o f 2 ' ° Pb a n d 2 ' ° Po from Surface Waters

The first investigation of 2 ' ° Pb in the oceans was made by
Rama, Koide, and Goldberg (1961), who measured 2 * °Pb concentrations in surface seawater from the northwest Pacific. They assumed
the annual flux to the sea surface to be 0.5 dpm/cm 2 and, by a
simple box-model calculation, estimated a 2-year residence time for
210
P b in the 100-m mixed layer. Subsequent investigations (Shannon, Cherry, and Orren, 1970; Nozaki and Tsunogai, 1973; Bacon,
Spencer, and Brewer, 1976; Nozaki, Thomson, and Turekian, 1976;
Noaak5 and Tsunogai, 1976) yielded estimates of similar magnitude,
ranging from 0.5 to 5 years. The longer residence times calculated by
Turekian, Kharkar, and Thomson (1974) are now thought to be
incorrect (Kharkar et al., 1976). Coastal waters often contain much
lower 2 1 0 P b concentrations than open-ocean surface waters (Bruland, Koide, and Goldberg, 1974; Krishnaswami, Somayajulu, and
Chung, 1975; Schell, 1977; Matsumoto and Wong, 1977); this
indicates shorter residence tinges, which ar". believed to result from
the higher concentrations of particulate matter in these waters.
Shannon, Cherry, and Orren (1970) found an average 2 ' °Po/ 2 * °Pb
activity ratio of 0.5 in surface seawater samples collected off
southwest Africa and, using a box model, calculated a 0.6-year
residence time for 2 1 0 Po. This result was substantiated for openocean surface waters by later studies (Tsunogai and Nozaki, 1971;
Turekian, Kharkar, and Thomson, 1974; Bacon, Spencer, and
Brewer, 1976; Nozaki, Thomson, and Turekian, 1976; Nozaki and
Tsunogai, 1976).
Most of these estimates of removal time were based on analyses
of 2 1 °Pb and 2 1 °Po in unfiltered water samples and therefore refer
to the sum of steps needed to remove the nuclides from the upper
layer of the sea. However, Bacon, Spencer, and Brewer (1976)
determined 2 ' °Pb and 2 1 °Po in both dissolved and particulate form,
the distinction between the two forms being made by filtration at
0.4-jtm pore size. The nuclides were considered to be removed in two
distinct steps: (1) transfer from the dissolved form in which they
occur initially to the particulate form, either by adsorption or pctive
uptake by living organisms, and (2) removal of the particulate matter
from the water mass by sinking. Data for a series of stations in the
tropical Atlantic Ocean show that 2 l 0 P b and 2 1 0 P o occur princi-
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pally in the dissolved (< QA-fxm) phase and that the residence times
calculated for both elements characterize their transfer from the
dissolved to the particulate phase. Subsequent removal of the
particles from the mixed layer occurs in a relatively short time
(about 0.1 year for the tropical Atlantic).
Most investigators agree that the rapid removal of 2 ' ° Pb and
2
' °Po from the surface ocean results in some way from biological
activity, but the exact mechanism is not clear. Analyses of
phytoplankton by Shannon, Cherry, and Orren (1970) gave average
concentration factors (grams of seawater equivalent to 1 g of wet
plankton) of 890 for 2 ' °Pb and 5400 for 2 ' °Po; the corresponding
factors for zooplankton were 870 and 20,000. The greater enrichment of 2 1 °Po relative to 2 ' °Pb in plankton may partly explain the
more rapid turnover of the former nuclide in surface seawater
(Shannon, Cherry, and Orren, 1970; Turekian, Kharkar, and
Thomson, 1974). However, Shannon and coworkers also pointed out
that unreasonably short turnover times for the plankton biomass
would be required if sinking of plankton alone was responsible for
the inferred flux out of the mixed layer. Similarly, Nozaki and
Tsunogai (1976), using estimates of primary productivity (KoblentzMishke and Volkovinsky, 1970) and 2 1 0 Pb data for plankton
(Kharkar etal., 1976), calculated an uptake flux of 2 I 0 P b by
plankton and found it to be only a small fraction of the vertical flux
needed to balance deposition of atmospheric 21 °Pb at their stations
in the North Pacific. Using measurements of 2 1 Q Po/ 21 °Pb ratios in
Caribbean zooplankton and material balance considerations, Kharkar
and coworkers concluded that unmodified zooplankton debris
cannot be a major agent for transporting 2 1 °Pb and 2 1 °Po from the
mixed layer to depth.
From the studies cited, it appears that the major process
responsible for converting 2 1 0 P b and 2 1 0 P o from dissolved to
particulate form in the surface ocean does not directly involve the
activity of living plankton. Concentrations in plankton are too low,
and, at least in the case of zooplankton, the 2 ' °Po/ 2 1 °Pb ratio is
too high. It could be that the role of plankton is indirect. Most of the
concentration of 2 1 0 P b and 2 I 0 P o occurs by adsorption involving
particles that are nonliving, although they are of biological origin.
This view was expressed by Nozaki, Thomson, and Turekian (1976)
and is supported by the observation of Bishop et al. (1977) that both
2
' °Pb and 2 ' °Po are much more highly concentrated in the total
particulate matter than in plankton.
After adsorption, the second stage in the removal process is the
sinking of the particles containing 2 I 0 P b and 2 J 0 P o out of the
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surface layer. There is growing evidence that this process may be
greatly accelerated by the grazing activities of zooplankton, which
package smaller particles in rapidly sinking fecal pellets (Honjo,
1975; McCave, 1975; Bishop etal., 1977). Transport of 2 1 0 Po in
euphausiid fecal pellets has been considered specifically in detailed
studies (Cherry et al., 1975; Heyraud et al., 1976) which show that,
for Meganyctiphanes norvegica, fecal pellets constitute the principal
elimination route for 2 ' °Po.* Such a transport via large aggregates
may well be more important in removing materials from the surface
of the ocean than sinking in individual small particles.
Regeneration Processes

Because of chemical scavenging processes that influence the
distribution of heavy metals in the deep sea, the fate of 2 ' ° Pb and
21
° Po leaving the surface ocean is difficult to determine. In the
tropical Atlantic Ocean, however, conditions are such that a
subsurface layer containing unsupported 2 1 0 Po is maintained at
depths of 100 to 300 m (Bacon, Spencer, and Brewer, 1976). A
typical profile illustrating this is shown in Fig. 1. Bacon and
coworkers concluded that the excess 2 ' °Po is maintained by release
from particles leaving the surface layer, and box-model calculations
showed that the efficiency of this recycling is greater than 50%. On
the other hand, similar calculations for 2 1 0 Pb yielded insignificant
recycling rates, and it was suggested that 2 ' °Pb may be transported
rapidly from the sea surface to the bottom without any significant
release in the water column. Direct observations of 2 1 0 P o release
from marine particulate matter were made by Heyraud et al. (1976).
In their experiments 41% of the 2 1 0 Po in euphausiid fecal pellets
was released in 5 days.
Deep-Sea Scavenging

In their pioneering study of 2 ' °Pb in the oceans, Rama, Koide,
and Goldberg (1961) concluded that 2 I 0 P b concentrations in the
deep ocean were essentially in secular equilibrium with 2 2 6 Ra
concentrations that had been reported at that time. Later measurements by Craig, Krishnaswami, and Somayajulu (1973), however,
demonstrated that 2 1 0 Pb and 2 2 6 R a generally are not in equilibrium. Relative 2 1 0 Pb deficiencies of 20 to 75% were found in
deep water in both the Atlantic and Pacific oceans. These observations have since been confirmed by many measurements (Nozaki,
*See also Hlggo et al., this volume.
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°Po (o - - - o) in the tropical Atlantic Ocean. Data are from F/S
Meteor, cruise 32, station 23 (Bacon, 1977).

Tsunogai, and Nishimura, 1973; Tsunogai, Nozaki, and Minagawa,
1974; Applequist, 1975; Somayajulu and Craig, 1976; Bacon,
Spencer, and Brewer, 1976; Thomson and Turekia \, 1976; Nozaki
and Tsunogai, 1976; Bacon, 1977). A typical case is shown in the
sample profile in Fig. 1.
Subequilibrium concentrations of 2 ' ° Pb imply the existence of a
deep-sea sink at which 2 ' ° Pb is removed in times comparable to its
radioactive mean life (32 years). It is generally presumed that 2 1 °Pb
is "scavenged" in the deep ocean by suspended particulate matter
and is subsequently eliminated from the water column by sinking.
This was the view of Craig, Krishnaswami, and Somayajulu (1973),
who used a vertical advection—diffusion model to calculate the
deep-water 2 ' °Pb flux in the Pacific Ocean. Their calculation yielded
a 54-year residence time for2 1 °Pb in the deep sea. It was assumed
that a minor fraction of the 2 1 °Pb occurs in particulate phases and
that the residence time characterizes the transfer of 2 1 0 P b from
dissolved to particuiate form. On the other hand, Tsunogai, Nozaki,
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and Minagawa (1974) assumed that most of the 2 ' °Pb is paniculate
and suggested a slow sinking rate of ~30 m/year, in contrast to the
much more rapid settling implied by Craig and coworkers.
Bacon, Spencer, and Brewer (1976) made an extensive set of
measurements of 2 ' °Pb in both dissolved (< 0.4 //m) and participate
(> 0.4 jum) form and verified the assumption of Craig, Krishnaswami,
and Somayajulu (1973) that only a small fraction of the 2 I 0 P b is
contained in sinking particles. However, Bacon and coworkers
believed that, because of the low concentration of 2 ' ° Pb in the
particles, the particle sinking rates required to maintain the deepwater 2 l °Pb flux were unreasonably high. They suggested that much
of the 2 ' ° Pb removal must occur at the seafloor. Distributions of
-1 opb would be controlled largely by this boundary sink and the
processes of ocean mixing and circulation. This hypothesis is
consistent with the vertical gradients often observed, which show
2
* °Pb decreasing toward the seafloor (Fig. 1). Bacon and coworkers
also showed that similar decreases occur as the seafloor is approached
along horizontal planes.
The relative importance of the two transport processes for 2 ' ° Pb
in the deep sea is not yet known. Attempts to obtain more direct
measurements of the particulate 2 ' °Pb flux by determining 2 1 °Pb
inventories in the sediment column (Nozaki, Cochran, and Turekian,
1977) or by collecting material in deep-sea sediment traps (Spencer
et al., 1978) have so far produced equivocal evidence.
Thomson and Turekian (1976) and Bacon, Spencer, and Brewer
(1976) measured 2 ! °Po in the deep ocean. For depths greater than
1400 m in the eastern South Pacific, Thomson and Turekian found
an average 2 1 0 P o / 2 1 0 P b activity ratio of 0.75 in unfiltered water
samples. This implies that both the conversion of 2 ! ° Po from
dissolved to particulate form and the loss of the particles from the
water mass occur in less than 2 years. The results of Bacon, Spencer,
and Brewer from the tropical Atlantic do not show a 2 ' °Po/ 2 : °Pb
disequilibrium for whole water samples, but they i o show a 2 ! °Po
deficiency in filtered water, with a corresponding excess of 2 ' ° Po in
the particulate matter. It was concluded that adsorption oi 2 ' ° Po in
the deep sea is relatively rapid but that the particles do not sink
rapidly enough to maintain a 2 ' ° Po deficit for the water mass as a
whole. Further work is needed to determine whether the differences
between the two areas are the result of geographical variability.
Anoxic Basins

The fate of 2 I 0 P b and 2 I 0 P o under anoxic conditions was
investigated by Bacon et al. (1979) in the Cariaco Trench, an isolated
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basin located on the Continental Shelf north of Venezuela. Because
of restricted circulation and high surface productivity, water below
300 m in this basin is devoid of dissolved oxygen and contains
significant quantities of hydrogen sulfide (Richards and Vaccaro,
1956). Profiles of 2 2 6 Ra, 21 °Pb, and 2 l 0 Po activity are shown in
Fig. 2. A pronounced depletion of 2 1 0 P b , much larger than any
observed in the open ocean, occurs in the deep anoxic water. The
average 2 1 0 P b / 2 2 6 R a activity ratio, —0.05, indicates a residence
time of dissolved 2 ' ° Pb in the anoxic zone of less than 2 years.
Particulate 2 1 0 P b shows a maximum just below the O2—H2S
interface; this suggests that 2 1 0 P b here is being scavenged in the
water column, presumably by precipitation in a sulfide phase.
Low concentrations of 2 ' ° Pb are not confined to the anoxic
zone. Just above the O2—H2S interface, dissolved 2 1 0 P b activities
reach values as low as those found in the deep water. A corresponding particulate 2 ' ° Pb maximum is also found. It is known that
manganese and iron oxides precipitate in this zone (Spencer and
Brewer, 1971), and these phases appear to be effective carriers for
2I0
P b . Although anoxic conditk.\s are rare in the oceanic water
column, they are common in marine sediments, and, in the
hemipelagic sediments typical of continental margins, the O2—H2S
interface lies close to the sediment surface. Perhaps the formation of
oxide phases at the seafloor is an important factor in the boundary
scavenging postulated by Bacon, Spencer, and Brewer (1976).
A striking feature of the 2 ' ° Po distribution is the large excess
present in the upper 300 m of the water column. Recycling of 2 ' °Po
removed at the surface, which was suggested for the open Atlantic
(Bacon, Spencer, and Brewer, 1976), is not an adequate supply
mechanism in this case because the surface depletion is not large
enough. Possibly there is an additional input of 2 ' °Po from the
Continental Shelf sediments. Similar excesses of 2 1 0 P o have been
reported by Schell (1977) for the Washington coast area and are
shown by our unpublished data for the Gulf of Maine and the North
Sea. This phenomenon may prove to be common in coastal waters.
SOME RECENT RESULTS FROM THE LABRADOR SEA
Oceanographic Setting

The Labrador Sea lies in the region 45 to 60° N and 30 to 55° W
in the North Atlantic Ocean (Fig. 3). Worthington (1976) outlined
the general circulation of this area, and the principal hydrographic
features are illustrated in Fig. 4.
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The deep water of this area is relatively young and originates
from three major sources. Winter cooling of surface water in the
Labrador Sea leads to convective overturn, with the water sinking to
depths as great as 1500 m. At depth, the overturned water forms the
characteristic Labrador Sea water core, which is recognizable in the
vertical profiles (Pig. 4) by minimum salinity and silicate values and a
dissolved oxygen maximum. Deep water below the Labrador Sea
water originates in the Norwegian Sea and is supplied by overflows
across the Iceland—Scotland sill and the Denmark Straits sill.
Iceland—Scotland Overflow water is shown most clearly in Fig. 4 by
its high salinity and low oxygen content. Below this core, the bottom
water consists largely of Denmark Straits Overflow water.
Iceland—Scotland Overflow water is less dense than that from the
Denmark Straits because of mixing with the saltier but much warmer
intermediate waters of the eastern North Atlantic, which have
significant components of Mediterranean water. It crosses the
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Mid-Atlantic Ridge and enters the Labrador Basin through the
Charlie—Gibbs Fracture Zone, located at 53°N.
Sampling and Analysis

During cruise 51 of R/V Knorr in June 1975, seawater samples
were collected for 2 1 °Pb and 2 1 °Po analysis at four stations in the
Labrador Sea (Fig. 3). The samples were obtained with Bodman
bottles and, shortly after their arrival on deck, were filtered by
pumping through Millipore filters (142 mm in diameter, 0.4 fzm pore
size). Approximately 30 to 40 liters of water were filtered to yield
sufficient quantities of particulate matter for analysis, and 20-liter
portions of the filtered water were saved for determination of
dissolved I 1 0 P b and 2 1 0 P o . Subsequent processing of the samples
followed the procedures of Bacon (1976).
Hydro graphic data were obtained by standard methods, and total
suspended-matter concentrations were determined gravimetrically
with Nuclepore filters (Brewer et al., 1976).
Results and Discussion

Results for 2 ' °Pb and 2 ! °Po are listed in Table 1 and shown in
Figs. 5 and 6. Total suspended-matter concentration profiles are
given in Fig. 7. From the GEOSECS data of Broecker, Goddard, and
Sarmiento (1976), 2 2 6 R a concentrations are assumed to be: 7 to
8 dpm/100 kg in surface water, 8 to 9 dpm/100 kg in the Labrador
Sea water, 11 to 12 dpm/100 kg in the Iceland—Scotland Overflow
water, and 9.5 to 10.5 dpm/100 kg in the Denmark Straits Overflow
water. The small contrast between surface and deep radium
concentrations reflects the recent age of the deep-water masses in
this region.
In surface water, the dissolved 2 1 0 P b profiles show the typical
excess relative to 2 2 6 R a which results from deposition of atmospheric 2 1 0 Pb. Labrador Sea water is characterized by a fairly
uniform 2 ' °Pb activity, nearly equal to that of 2 2 6 Ra, to a depth of
about 1500m. In the overflow waters below this depth, 2 1 0 P b
decreases rather steadily toward the bottom and shows an increasing
departure from secular equilibrium with 2 2 6 Ra. The absence of any
2
' °Pb deficiency to depths as great as 1500 m is unusual. Results
from most other areas show a crossing of 2 2 6 Ra and 2 ' °Pb profiles
at a well-defined depth—usually about 500 m. Either the removal of
2
' °Pb is very much slower in the Labrador Sea water than in most
other deep-water masses or renewal of Labrador Sea ;vater supplies
210
P b from the surface rapidly enough to maintain a near-
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TABLE 1
2

Results for ' °Pb and 2 ' °Po in the
Labrador Sea, Cruise 51 of the Research Vessel Knorr
210

Depth, m

Pb,""dpm/lOOkg

Dissolved

Participate

210

Po,*dpm/100kg

Dissolved Particulate

Station 665, 51° 10.5'N, 43°40.0'W (June 19, 1975)
91
287
350
700

1050
1534
1771
2813
3850

10.2
9.2
9.0
8.6
9.7
8.7
8.6
5.2
3.8

0.59
0.44
0.43
0.43
0.45
0.46
0.65
0.51
0.45

6.9
8.3
7.1
7.0
7.0
7.2
6.9
4.2
2.4

0.9
1.2
1.4
1.6
1.8
1.5
1.4
1.0
0.8

Station 670, 53° 40.0'N, 40°00.8' W (June 23, 1975)
1
93
320
460
710
890

1082
1493
1976
2495
3010
3324

9.5

10.5
11.0
9.0
9.0
9.1
8.8
6.7
7.7
4.8
3.7
3.1

0.94
0.46
0.37
0.43
0.41
0.44
0.37
0.43
0.32
0.36
0.38
0.47

3.J

6.8
7.3
6.2
6.0
7.3
7.3
5.8
4.1
4.1
3.1
2.4

5.0
1.2
1.8
2.6
2.5
1.9
1.8
1.8
1.4
1.1
1.0
1.0

Station 677, 52''41.7'N, 35° 28.3'W (June 26 , 1975)
1
91
293
502
705
991

1482
1990
2490
2978

3279
3561
3698
3718

10.9
12.5
9.3
9.1
8.3
8.1
6.5
4.5
3.3
2.8
3.6
2.5
2.7
2.7

0.84
0.18
0.24
0.22
0.20
0.38
0.29
0.86
0.73
0.73
0.52
0.77
0.94
1 30

2.6
9.4
6.7
7.0
7.2
7.1
4.7
3.4
2.7
2.3
2.1
2.7
2.0
2.1

4.4
1.0
1.9
1.8
1.6
1.5
1.3
1.0
1.1
0.9
0.8
1.1
1.2
1.4

(Table continues on the next page.)
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TABLE 1 (Continued)
2

Depth, m

' °Pb,* dpm/100 kg

Dissolved

Participate

2

' °Po,* dpm/100 kg

Dissolved

Particulate

Station 681, 47°45.5'N, 35°47.O'\V (June 30, 1975)
1
98
295
442
588
685
996
1479
1995
3007
3965
4210
4476

13.4
11.5

7.8
7.4
8.2
8.1
8.3
7.9
6.5
S.6
3.0
2.4
2.2

0.64
0.21
0.26
0.27
0.25
0.25
0.48
0.33
0.43
0.32
0.66
0.55
0.79

0.8
9.8
6.5
5.7
5.7
5.5
7.1
4.5
3.S
4.3
1.6
2.6
1.5

3.4
0.8
1.2
1.0
1.4
1.5
1.8
1.6
1.4
0.9
0.9
0.9
0.8

•Concentrations are in disintegrations per minute per
100 kg of seawater (1 dpm/100 kg = 4.50 fCi/kg). Counting
errors are about 3 to 5% for dissolved 2 l 0 P b , 4 to 8% for
dissolved 2 1 0 P o , and 5 to 10% for particuiate 2 1 0 P b and
210
Po.

equilibrium concentration. This question is examined in the boxmodel calculations in the following section.
Particulate 2 ' ° Pb results show the low values typical of most
Atlantic stations (Bacon, Spencer, and Brewer, 1976), with surface
values being somewhat higher than those at depth. There is also a
tendency for the overflow waters to have higher concentrations than
the Labrador Sea water, especially at stations 677 and 681.
Dissolved 2 ' °Po is strongly depleted relative to 2 ' °Pb in surface
water, as is typically observed, and a pronounced particulate 2 ' °Po
enrichment is present in the three surface samples. An abrupt
increase in dissolved 2 I 0 Po occurs in the upper 50 m, but, in
contrast to the tropical Atlantic (Bacon, Spencer, and Brewer, 1976),
subsurface 2 ' °Po/ 2 ' °Pb ratios in the Labrador Sea do not exceed
1.0. The effects of 2 ' °Po recycling may be masked by more rapid
vertical mixing in the Labrador Sea. Only in the highly stratified
tropical water column are the effects of in situ production preserved
well enough to produce a 2 ' °Po excess.
Throughout the deep water of the Labrador Sea, dissolved 2 ' °Po
shows a systematic depletion, as it does elsewhere, and particulate
210
Po shows an enrichment; this indicates that 2 I 0 P o is rapidly
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associated with suspended particles after being produced by 2 ' ° Pb
decay. A striking feature of the particulate 2 1 0 Po profiles is the
tendency to approach equilibrium with 2 1 0 Pb as the bottom is
approached. This reflects in part the admixture of older sediment
resuspended from the bottom, as evidenced by the total suspendedmatter profiles (Fig. 7). At station 677 the approach to equilibrium
occurs far off the bottom, at about 2000 m. This station is located at
the western end of the Charlie—Gibbs fracture zone, and the particle
distribution (Fig. 7) suggests resuspension of sediment from the sides
of the fracture zone, as well as an input from the bottom. Further
illustration of this phenomenon is given by Brewer et al. (1976).
Fluxes o f 2 ' n Pb and 2 ' ° Po in the Labrador Sea

Bacon, Spencer, and Brewer (1976) used a steady-state box
model to calculate fluxes of dissolved and particulate 2 ' ° Pb and
210
Po in the upper regions of the tropical Atlantic Ocean. In this
discussion we apply a similar model to estimate these fluxes in the
Labrador Sea. We assumed that three layers of the water column
were well-mixed reservoirs: (l)a 50-m surface layer, (2) a 1500-m
Labrador Sea water layer, and (3) a 2000-m Iceland—Scotland
Overflow water layer. In each layer we considered the steady-state
material balance for 2 1 0 Pb and 2 I 0 P o . The model is shown
schematically in Fig. 8.
In this model we neglected vertical diffusive fluxes but allowed
r replacement of the Labrador Sea water by sinking of surface
water. Worthington (1976) suggested that Labrador Sea water may
form at a rate of 2 to 4 x 106 m3 /sec. If the volume of Labrador Sea
water is 5.8 x 10 1 5 m3 (Wright and Worthington, 1970), then
1.6 ± 0.5% of the volume is replaced annually. This fraction
represents 49 ± 16% of the 50-m surface layer, which must be
contributed annually to the Labrador Sea water layer.
Considering the material balance for dissolved 2 ' ° Po in the
surface layer, we have
f,Po«>(0) + X Po Pb d (l) = f, Pod(l) + X Po Po d (l) + J P o ( l )

(1)

The first term in Eq. 1 represents supply of 2 1 0 Po by horizontal
advection in the surface layer to replace the water that sinks, where
f, is the fraction of surface water replaced (0.49 ± 0.16/year) and
Pod(0) is the dissolved 2 l 0 P o content in a 50-m column of the
replacement water. Production by decay of dissolved 2 1 0 P b in the
surface layer is given by the second term in the equation. Removal
terms, on the right-hand side of Eq. i , include loss by sinking of the
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CURRENT
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34%
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WATER
0
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WATER
X Pb Ra(1) - X Pb Pb d <1)

1 ftPWO)

f 2 Ptf>(2)

LABRADOR
SEA WATER
X Pb Ra(2l - >>PbP!>d(2)

ICELAND-SCOTLAND
OVERFLOW WATER
A Pb Ra(3) - A P b Pb d (3)

Fig. 8 Box model used to calculate 2 ' °Pb and 2 ' °Po fluxes in the
Labrador Sea. Dissolved 2 ' °Pb material balances, as given in Eqs. 5,
7, and 9, are shown for illustration.

water, radioactive decay, and transfer from dissolved to particulate
form[J P o (l)].
In Eq. 1 both Jp o (l) and Po d (0) are unknowns. If, however, we
assume that surface water sinking in the Labrador Sea, with a salinity
of 34.5%0 , is a mixture of surface water with the characteristics of
that at station 681 (salinity, 35.8% o) and East Greenland water
(salinity, 32% 0 , and very low 2 1 0 P b and 2 1 0 Po contents),we can
calculate a value for Pod(0) consistent with the salinity balance.
Table 2 gives inventories of 2 2 6 Ra, 2 ' ° ?b, and2 x ° Po in each of
the water masses of interest which were calculated by averaging all
data within each of the layers. The uncertainties shown were
determined from standard deviations of the means and are carried
through the algebraic computations to give a rough idea of the
uncertainty in the derived results.
Substituting numerical values into Eq. 1 gives Jp o (l) = 0.8 ± 0.1
dpm cm" 2 year" 1 . The residence time characterizing transfer of

LEAD-210 AND POLONIUM-210 AS MARINE GEOCHEMICAL TRACERS

493

TABLE 2
2

Inventories (dpm/cra ) of 2.2 6 Ra, 2 ' °Pb, and 2 1 °Po Based
on Mean Concentrations in Each Water Mass for All Four
Labrador Sea Stations*

Element
226

Replacement
watert

Ra

Surface
water
(0—50 m)
0.38 ± 0.02

Labrador Sea Iceland—Scotland
water
Overflow water
(50—1550 m) (1550—3550 m)
12.8

+

0.8

23

Dissolved 0.37 ±0.04 0.56 ± 0.06 13.4 + 0.4
Particulate 0.026 ± 0.003 0.040 ± 0.004 0.54 + 0.03
Total
0.40 ± 0.04 0.60 ± 0.06 14.0 + 0.4
Dissolved 0.08 ±0.03
Particulate 0.14 ± 0.01
Total
0.22 ±0.03

0.12 ± 0.04
0.21 ± 0.02
0.33 ± 0.05

±1

10 ±1
1.0 ±0.i
11 ±1
7.2 ± 0.8
2.2 ± 0.1
9.4 ±0.8

+ 0.3
2.3 ± 0.1
12.6 + 0.3

10.2

•Uncertainties are based on standard deviations of the means.
tSee text for discussion.

210

P o from dissolved to particuJate form is given by
Td.0(l) = Po d (l)/J P o (l) = 0.15 ±0.06 year. This result is smaller
than the value of 0.6 year found for the tropical Atlantic (Bacon,
Spencer, and Brewer, 1976). It could well be, however, that
concentrations of 2 I 0 P o , because of the short half-life, respond to
seasonal changes in surface productivity in the Labrador Sea. Our
data for June may give a residence time shorter than the year-long
average.
The material balance for particulate 2 ' ° Po is given by
f i PoP(0) + X Po PbP(l) +

= f i PoP(l)
+ Pp o (l)

(2)

Here Jp o (l) becomes a source term, and Pp o (l) is the downward
flux of particulate 2 ' ° Po out of the surface layer. The rest of the
notation follows that in Eq. 1. Substituting from Table 2 gives
P P o (l) = 0.44 + 0.15 dpm cm" 2 year" 1 . The residence time of
particulate 2 1 0 P o in the mixed layer is 0.5 ± 0.2 year, which is
longer than the value of 0.1 year calculated by Bacon, Spencer, and
Brewer (1976).
To estimate the particulate 2 ' °Pb flux leaving the surface layer,
we assumed that the suspended matter collected by filtration in the
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surface water is representative of the material that is sinking. The
2
' ° Pb flux is then given simply by
Pb p (l)
Ppo(l)

(3)

Substitution yields P P b (l) = 0.08 ± 0.03 dpm cm" 2 year" 1 . Knowing Pp b (l), we can determine J P b ( l ) , the rate at which dissolved
21
°Pb is incorporated in participate phases, from
f,PbP(0) + J P b (l) - f. Pb p (l) + XPbPbP(l) + P P b ( l )

(4)

The resulting Jp b (l) is 0.09 ± 0.03 dpm cm" 2 year" 1 , and the
residence time of dissolved 2 1 0 P b [ip b (l)] is 6 ± 2 years. This
residence time is somewhat longer than but similar in magnitude to
the value of 2.5 years given for the tropical Atlantic (Bacon, Spencer,
and Brewer, 1976).
Finally we can estimate the flux of atmospheric 2 ' ° Pb in the
Labrador Sea area by considering the dissolved 2 ' ° Pb material
balance:
+ X Pb Ra(l) + I P b = f, Pbd(l) + X Pb Pbd(l) + J p b ( l )

(5)

Here we assumed that the atmospheric 2 1 0 Pb flux (Ip b ) occurs
mostly in soluble form (Koide, Griffin, and Goldberg, 1975). A flux
of 0.2 ± 0.1 dpm cm" 2 year" 1 results from numerical substitution.
This result is much lower than the value of about 1.0 dpm cm" 2
year" 1 suggested for this longitude by the model of Turekian,
Nozaki, and Bennii ger (1977). Lower fluxes might be expected at
the higher northern latitudes under the influence of Arctic air
masses, however, because of lower quantities of continentally derived
222
Rn. Deposition rates of 2 1 0 P b in Greenland glaciers are
~0.1 dpm cm" 2 year" 1 (Crozaz and Langway, 1966; Windom,
1969).
Let us consider the relative rates of removal of dissolved 2 1 °Pb
and 2 ' °Po in Labrador Sea water and Iceland—Scotland Overflow
water. In the Labrador Sea water layer, the dissolved 2 ' °Po balance
is given by
f, Pod(l) + XPoPbd(2) = f2Pod(2) + XPoPod(2) + J P o (2)

(6)

where f2 is the fraction of Labrador Sea water replaced per unit time
(0.016 ± 0.005/year). All the terms in this equation are analogous to
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those in Eq. 1. The 2 l 0 P o removal flux [Jp o (2)] obtained by
substitution in Eq. 6 is 5.8 ± 0.9 dpm cm" 2 year" 1 , yielding a
residence time of 1.8 ± 0.3 years for dissolved 2 1 0 P o in the
Labrador Sea water. The material balance equation for dissolved
210
P b is analogous to Eq. 5 except that the atmospheric 2 1 0 P b
input term is omitted:
f, Pb d (l) + XPbRa(2) = f 2 Pb d (2) + X Pb Pb d (2) + J P b (2)

(7)

which yields a 2 1 0 P b flux [J P b (2)] of 0.04+ 0.10 dpm cm" 2
year"'. Because of the large error in this quantity, we can say only
that the 2 ' °Pb residence time is greater than about 80 years.
For the Iceland—Scotland Overflow water, crude estimates of
residence times can be obtained by assuming that 2 1 ° Pb and 2 ' ° Po
material balances are not significantly influenced by replacement of
the water mass. The appropriate equations are, for 2 l °Po,
Po

Jp o (3)

(8)

= X P b Pb d (3)+J P b (3)

(9)

and, f o r 2 1 0 P b ,

Estimated residence times are 1.4 ± 0.7 years for 2 I 0 P o and
24±3yearsfor210Pb.
The quantities derived in these calculations are summarized in
Table 3. Residence times for dissolved 2 1 ° Pb and 2 ' ° Po are shortest
in the surface layer; this indicates the importance of biological
activity in providing a removal pathway for these two elements. In
the two deep-water masses, the residence times of dissolved 2 1 0 P o
are similar. We believe this result is consistent with the hypothesis
that dissolved 2 ' ° Po is removed principally by in situ scavenging on
suspended particles, because both water masses have about the same
total suspended-matter concentrations (Fig. 7). The residence time
for 2 ' °Pb, which we believe is removed predominantly by processes
operating at the seafloor, is much longer in the Labrador Sea water
than in the Iceland—Scotland Overflow water. This could well reflect
the more extensive contact of the latter water mass with the bottom.
As pointed out earlier, a distinguishing feature of Labrador Sea
water, in comparison with other deep-water masses, is its lack of any
measurable 2 ! ° Pb depletion. Our calculations suggest that this
characteristic is explained by an unusually long residence time for
2l0
P b in Labrador Sea water. An alternative explanation is sug-
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TABLE 3

Results of Box-Model Calculations
Reservoir
f, = 0.49 or
f2 = 0.016
Surface
Labrador Sea
water
Iceland—Scotland
Overflow water
f, = 1.50 or
f2 = 0.050
Surface
Labrador Sea
water
Tropical Atlantic
surface water*

Ipb.
dptncm 2 year '

r j b , year

T*o, year

i? o . year

0.2 ± 0.1

6±2

0.15 ± 0.06

0.5 ± 0.2

>80

1.8 ±0.3

24 ±3

1.4 + 0.7

7±2

0.16 ±0.06

~90

1.8 ±0.3

1.4-2.3

0.27-0.61

0.4 ±0.1

0.51-0.61

0.6 ± 0.3

0.08—0.11

•Data from Bacon, Spencer, and Brewer, 1976.

gested, however, by 3H—3He water-mass ages reported by Jenkins
and Clarke (1976), who tentatively proposed 2.2 years as the elapsed
time during advection of Labrador Sea water from the area of
formation to 57°N. Since our stations lie somewhat farther south, a
longer time may apply, but this result does indicate that our choice
for the replacement rate (f2 in Eqs. 6 and 7) may be too low. Such
ai'. error would not seriously affect our calculation for 21 °Po but
could lead to an overestimated residence time for 2 * °Pb.
This effect is illustrated in Fig. 9, which shows the dependence of
the 2 ' °Pb residence time on the assumed value of the turnover time
for Labrador Sea water ( T L S W = l / f 2 ) . As shown by the dashed
curves, the relationship depends strongly on the dissolved 2 ' ° Pb
concentration difference between the sinking surface water and the
resident Labrador Sea water. Because the difference is small and
because the measured surface concentrations are variable (Table 1), a
large uncertainty is involved in estimating one residence time from
knowledge of the other. Results from the tropical Atlantic (Bacon,
Spencer, and Brewer, 1976) suggest that a reasonable residence time
for 2 ' °Pb in deep water that is not in close communication with the
seafloor might be on the order of 80 to 100 years. Given this range
for r P b (2), a range of 8 to 34 years in T L S W is allowed by the
uncertainty in the 2 ! °Pb concentration difference. This is closer in
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Fig. 9 Dissolved "' " Pb residence time as a function of Labrador
Sea water residence time for three different values of the surface
water—deep water concentration difference (see text). Differences,
A, are in dpm/100 kg. Bars are explained in the text.

magnitude to the iH—3He age estimate than is the time of
~60 years, which was suggested by Worthington's (1976) production-rate estimate. We should recognize that Worthington's estimate
is an average for the water mass as a whole, and this mass includes
appreciable amounts of water not contained within the Labrador
Basin. The shorter residence time based on 3H—3He data and
referring to the immediate Labrador Sea area may be more applicable
to our results.
Any revision in f2 also affects f, and hence the material balance
for the surface layer. Results calculated for f2 = 0.050/year, which
corresponds with r L S W = 20 years and Tpb(2) * 90 years, are given
in Table 3 to illustrate the effects. The most significant effect of
increasing the turnover rate of Labrador Sea water is to increase the
atmospheric 2 I 0 P b flux (I Pb ) required to maintain the observed
concentrations of 2 ' °Pb in surface water. As r L sw becomes much
iess than 20 years, the turnover rate for the surface water becomes so
rapid that material-balance calculations are dominated by the large
uncertainty in composition difference between the sinking surface
water and the horizontally advecting replacement water.
It appears, then, that the 2 1 o P b / 2 2 6 R a ratios observed in
Labrador Sea water are maintained by a balance between two major
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processes other than radioactive decay; these are supply of 2 ' °Pb by
spreading of newly formed deep water and removal of 2 ' ° Pb by
scavenging either on particles in situ or on the bottom, where the
water mass impinges on the seafloor. In the region of our
observations, the 2 l 0 P b / 2 2 6 R a ratio happens to be near the
equilibrium value. We would expect this ratio to be smaller at points
farther from the source. It may be significant t h a t 2 ' ° Pb concentrations in Labrador Sea water are lower at Station 681, the station
farthest to the southeast, than at the other stations.
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ABSTRACT
This paper gives the results of research to explain the role played hy marine
plankton metabolism in the vertical oceanic transport of the alpha-emitting
nuclides. The common Mediterranean euphausiid, Meganyctiphanes norvegica,
was selected as the typical zooplanktonic species that is the focus of this work.
Measurements of 2 3 9 > 2 4 0 p U i 2 3 8 U , 2 3 2 T h , and I I 0 P o are reported in whole
euphausiids and in euphausiid fecal pellets and molts. The resulting data are
inserted into a simple model that describes the flux of an element through a
zooplanktonic animal. Concentrations of the nuclides concerned are high in fecal
pellets, at levels which are typical of geological rather than biological material. It
is suggested that zooplanktonic fecal pellets play a significant role in the vertical
oceanic transport of plutonium, thorium, and polonium.

This paper gives the results of research to explain the role played by
zooplankton metabolism in the vertical oceanic transport of the
alpha-emitting nuclides. Data for 2 J °Po and 2 3 9 ' z 4 °Hi have already
been published (Cherry et al., 1975; Heyraud et al., 1976; Higgo
etal., 1977; Beasley etal., 1978); these will be updated here and
supplemented by data for 2 3 8 U and 2 3 2 Th. The common Mediterranean euphausiid, Meganyctiphanes norvegica, has been selected as
the typical zooplanktonic species that is the focus of this work.
Species similar to M. norvegica are widely distributed in the oceans,
are significant in the overall marine biomass, and form an important
link in the pelagic food chain on an ocean-wide basis. Furthermore,
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the quantitative biological data that are needed for a study such as
the present one are available for this species (Fowler, Benayoun, and
Small, 1971; Small, Fowler, and Keckes, 1973).
MGDEL

The model used to describe the flux of an alpha-emitting nuclide
through M. norvegica is based on a simple linear model used
previously for other elements (Small and Fowler, 1973; Small,
Fowler, and Keckes, 1973; Fowler et al., 1973) in the same species.
In brief, the model is generated from the basic equation
Ke=Me

+

*e

(1)

i.e., the nuclide taken up (Ke) must equal the nuclide released (Xe)
plus that actually accumulated in or on tissues (jue)- All quantities in
the equation are expressed as nuclide concentration per unit dry
mass of euphausiid per unit time. The /ue term is equivalent to Q g p g ,
where Qg is the nuclide concentration in whole euphausiids and p g is
the growth rate of nonlarval individuals. The elimination term Xe can
be written as
K = QfPf + QmPm + QxPx + QgPe

(2)

The Q values Qf, Q m , Q x , and Qg are the nuclide concentrations
per unit dry mass in feces, molts, eggs, and whole euphausiids,
respectively. The p terms pf, p m , and p x are the respective rates of
production of the particulate products in dry mass produced per
gram dry animal per unit time. The p e term accounts for excretion of
the dissolved, nonparticulate nuclide from whole animals and is
expressed as the fraction of the animals' total nuclide concentration
which is excreted per unit time. The value of Ke is difficult to
measure directly because the nuclide can be accumulated from both
food and water. However, if we assume as a first approximation that
uptake is by food only, then Ke is equal to Qjpj, where Qj is the
nuclide concentration in the ingested food and p\ is the rate of food
ingestion. Comparison of the measured Qjpj with the sum Xe + /ue
then gives some insight as to the relative importance of food and
water as a potential source of the nuclide for M. norvegica.
The value of Xe can be used to estimate the contribution rrr. -'e
by living zooplankton to the total removal time of the nuclide from
the upper mixed layer of the ocean. This total removal time is the
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reciprocal of the rate constant R, where R is the probability per unit
time of a nuclide being removed by any process other than
radioactive decay. The rate constant R can be regarded as the sum of
separate probability terms whose reciprocals represent removal times
by the various possible routes. We then have R = 2R;, where the
subscript i designates a particular route and where the summation is
over all possible i. We are interested here in the contribution of living
zooplankton to the total R, and we designate this contribution by
R z . If we assume that Xe for M. norvegica is typical of Ae for a
significant portion of the total zooplankton biomass, then we can
calculate R z from the equation
(3)

where C is the concentration of the nuclide in the upper mixed layer
and W is the zooplankton biomass in the same volume. Also, C is
expressed as nuclide concentration per unit volume and W as dry
mass per unit volume; R^"1 has the dimension of time, and can be
called the "zooplankton metabolic activity removal time." The
removal time, R 7 ' , is of course greater than the total removal time
R ~ l . However, if it is only slightly greater than R ~ ' , it implies that
removal by zooplankton metabolic activity is a route of major
importance for the nuclide concerned.
EXPERIMENTAL TECHNIQUES AND RESULTS

To use the previously described model, we need to know the
quantities Q f , Q m , Q x , Q g , p f , pm, px, and p e - The quantities p f ,
p m , and p x had been determined previously (Small, Fowler, and
Keckes, 1973; Fowler, Benayoun, and Small, 1971; Fowler, Small,
and Keckes, 1971) in laboratory experiments with M. norvegica. The
remaining p quantity, p e , was determined by performing soluble
excretion experiments of a type similar to those described previously
for other elements (Small, Fowler, and Keckes, 1973). Living
euphausiids were labeled by maintaining them in individual bottles
filled with seawater spiked with the nu elide concerned, while the
euphausiids were fed on artemia that had been spiked with the same
nuclide. After about 2 weeks of uptake, the animals were transferred
to bottles containing unlabeled seawater where they were fed with
unlabeled artemia. The loss of the nuclide from the labeled animals
was then followed for several weeks. For the alpha-emitting nuclide
experiments reported here, this was done by sacrificing animals at
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regular intervals and determining the nuclide content of the whole
animal by the total alpha-counting technique (Turner, Radley, and
Mayneord, 1958; Cherry, 1964). The logarithm of the nuclide
concentration was plotted vs. time. In the case of a single (or a
dominant) soluble excretion pathway, the slope of this curve was
equal to —pe. Five such experiments were performed, one for each of
the five elements studied, and the results are given in Table 1.
TABLE 1

Fractional Dissolved Releases per Eay, p e
Nuclide
236

Pu
U
23O
Th
2I0
Po

23 2

Releases (p e ) per day
0.08
0.65
0.58
0.123

+ 0.02
±0.09
± 0.05
±0.013

The four Q terms in Eq. 2 required that the concentrate r:r, r . nuclid.es of interest be measured at natural levels in whoit .ujjuausiids and their participate excretion products. These measurements
were simple for the nuclide 2 ' c Po, which is present at relatively high
levels in most marine biological materials (Cherry and Shannon,
1974) and for which the experimental procedures are very straightforward (Hallden and Harley, 1960; Millard, 1963; Flynn, 1968).
The other alpha-emitting nuclides are present at much lower levels,
and their determination was much more tedious. Collection of
sufficient sample material was the primary problem; this achieved,
samples were oven-dried at 100°C, wet ashed., and when necessary
treated with hydrofluoric acid to dissolve silica. The alpha emitters
were then isolated by ion-exchange and solvent-extraction procedures
based on the methods described by Woag (1971) and Ku (1965).
Spikes of 2 3 6 Pu, 2 3 2 U , and 2 3 0 Th were used for the determination
of chemical yields. The fact that the samples already contained some
230
T h at natural levels was a complicating factor which necessitated
that each sample be split into two, the one half being spiked and the
other not. Thin sources were prepared and counted alpha spectrometrically. Exacting chemistry was necessary to achieve consistently
low "blank" counting rates, and long counting times were commonplace.
The results for Qg and Q m are given in Table 2. Whole
euphausiids were easy to collect, and tho Qg data quoted represent
the weighted means and standard deviations of three or four
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determinations. It was, on the other hand, very tedious indeed to
collect molts in sufficient quantity, and the Q m data represent one
single determination only, together with its associated experimental
error. Also given in Table 2 are the nuclide concentrations in
euphausiid exoskeletal material. This was obtained by dissecting
some 300 whole euphausiids, and once again the data represent a
single determination. These exoskeletal concentrations are not of
TABLE 2

Nuclide Concentrations (pCi/kg dry) in Whole
Euphausiids, Molts, and Exoskeletal Material

Nuclide
239,240p u
2 3 8

U

232Th
210

Po

Whole
euphausiids,

Molts,

Qe

Qm

0.41 ± 0.14
21 ± 2
0.35 ± 0.13
1100±100

4.8
245
2.6
360

± 0.6
± 50
±0.8
± 40

Exoskeletal
material
1.2 ± 0.4
25+3
0.8 ± 0.4
1040 ± 70

direct relevance to the present work, but it is nonetheless interesting
to compare them with the molt concentrations in the adjacent
column in Table 2.
Fecal pellets were the most important of our samples, and a
major effort was devoted to devising a collection system that
provided us with adequate quantities of this material. The system has
been described elsewhere (La Rosa, 1976). With the system, 750-mg
wet weight of fecal material of excellent consistency can be
recovered from about 1000 euphausiids within 12 hr of shipboard
collection of the animals. The wet/dry ratio for euphausiid fecal
pellets was about 4.4, and 100-mg dry weight was a typical sample
size. The results for Qf are given in Table 3. It is seen immediately
that, whereas the Qg and Q m data of Table 2 are typical of
concentrations generally observed in marine organisms (Cherry and
Shannon, 1974), the concentrations of the alpha emitters in fecal
pellets are considerably higher—as indeed are the concentrations of
many trace elements in this material (Fowler, 1977). Indeed it is no
exaggeration to say that the concentrations of plutonium, uranium,
and thorium in dried fecal pellets are typical of geological rather than
biological materials; 2 1 0 P o concentrations an: even higher than in
most geological samples, but they are comparable with the elevated
levels found in certain marine hepatopancrea.
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TABLE 3

Nuclide Concentrations in Fecal Pellets, Qf
Nuclide

Individual Qf values, pCi/kg dry

39,24opu
238
U
232
Th

24 ± 5;73 ± 14;310 ± 50;76± 8;39 ± 14;65 + 13
450 ± 50; 770 ±70; 330 ±40
230 ±40; 160 ±40; 210 ±40; 360 ±30; 400 ± 50;
170 ±30
20,000 ± 2000; 24,000 ± 2500; 28,000 ±1400;
26,000 ± 6000

210

Po

Mean Qf,
pCi/kg dry
98
520
250
24,500

One quantity in Eq. 2 remains undetermined, namely, Q x .
Euphausiid eggs are extremely difficult to collect in quantity, and of
the nuclides of interest we were able to make a Q x determination for
2
' °Po only. For 2 l °Po, Q x was found to be 800 ± 400 pCi/kg dry.
Fortunately the egg production rate p x is much lower than pf, p m ,
and p g (Heyraud et al., 1976); moreover, Q x values are much less
than Qf values for most trace elements (Fowler, 1977). It is very
unlikely that the Q x p x term will make a significant contribution to
Xe for the alpha-emitting nuclides.
DISCUSSION
From Small, Fowler, and Keckes (1973) we have p f = 0.038 g
dry feces/g dry animal/day and p m = 0.009 g dry molt/g dry
animal/day. Values of p e are given in Table 1. These p values
multiplied by the appropriate values of Q, from Tables 2 and 3, give
the individual flux terms on the right-hand side of Eq. 2. These
fluxes and their sum, \ e * are given in Table 4. The flux, due to egg
release, is assumed to be negligible. The importance of the fecal
pellet term is again obvious. Fecal pellet deposition accounts for
more than 97% of the 2 3 9 - 2 * o P u m(i 2 3 2 T h e i i m m a t i o n ) f o r m o r e
than 87% of the 2 1 0 P o elimination, and for about 55% of the
uranium elimination. Molt release provides a negligible contribution
for all four nuclides, and even the soluble excretion term provides
serious competition for the fecal pellet route only in the case of
uranium.
Equation 3 can now be used to calculate the zooplankton
metabolic activity removal time R^T1. Values of Xe are taken from
Table 4, and typical oceanic values of C from Cherry and Shannon
(1974). The value of W is more difficult to establish. Parsons (1972)
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TABLE 4

Flux Rates in pCi/kg dry/day for Various Transfer Modes of
Alpha-Emitting Nuclides Through Living Euphausiids
23 2 T h

239,240p u

238JJ

Fecal deposition, QfPf
Molt release, Q m p m
Soluble excretion, Q g p c

3.7
0.04
0.03

19.8
2.2
13.7

9.5
0.02
0.20

930
3
135

Total elimination flux, Ae

3.77

35.7

9.72

1068

Accumulation flux, Qg/Og

0.006

Term

0.3

0.005

210

Po

17

suggested that a figure of 0.15 g dry mass/m3 could be regarded as an
"average" zooplankton concentration. He pointed out that this
figure was 15 times higher than the value used earlier by Jackson
(1954), but presented convincing evidence in favor of the higher
value. We shall arbitrarily choose W to be 0.10 g dry mass/m3. The
R^"1 which result from these calculations are given, to one significant
figure, in Table 5, and they must be compared with R""1, the total
upper mixed layer removal times for the element concerned. We start
TABLE 5

Nuclide Concentrations in Seawater, C, and
Zooplankton Metabolic Activity Removal Times,
Nuclide

C, pCi/m3

R^ 1 . years

239,240p u
23 8
U
232
Th
210
Po

Q7

5

1.1 X 10 3
0.1
25

800
0.3
0.6

with uranium; we are not aware of any estimates oi the upper mixed
layer removal time for uranium, but it cannot be more than the
residence time of water itself in the upper mixed layer, namely,
about 80 years (Broecker, 1974). Therefore R 7 1 is at least an order
of magnitude higher than R ~ ' , which suggests that zooplankton
metabolic activity makes only a small contribution to the removal of
uranium from the upper mixed layer. For the other three nuclides,
estimates of R~~' are of the order of a year for plutonium (Noshkin
and Bowen, 1973; Folsom, 1975), between 0.1 and 0.7 years for
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thorium (Broecker, Kaufman, and Trier, 1973; Bhat et al., 1969) and
0.6 to 0.7 years for 2 ' °Po (Beasley et al., 1978). Our R^ 1 estimates
are close enough to these values to suggest that zooplankton
metabolic activity might be a significant route for the removal of
these three elements from the ocean surface layer. Moreover, the
dominance of the QfPf term in Xe enables us to replace zooplankton metabolic activity in the previous sentence by zooplankton fecal
pellets with only small loss of accuracy. Zooplankton fecal pellets
sink fairly rapidly (Fowler and Small, 1972; Wiebe, Boyd, and
Winget, 1976; Bishop et al., 1977) at rates ranging from 50 to about
950 m/day, and they decompose relatively slowly. It seems clear that
these pellets have the potential to reach the sea bottom in most
areas, and they have indeed been identified in sedimentation traps
placed at depth in the ocean (Wiebe, Boyd, and Winget, 1976). If our
data for euphausiid fecal pellets are representative of the zooplankton biomass as a whole and if the value of W which we have used for
this biomass is reasonable, then it seems likely that zooplankton
fecal-pellet deposition plays a significant role in the vertical oceanic
transport of plutonium, thorium, and polonium.
Finally, we return to Eq. 1. The accumulation flux jue is
calculated by multiplying Qg from Table 2 by the p g value from
Small and Fowler (1973), i.e., 0.015 g of dry mass increase per gram
dry animal per day. The values that result are given in the last line of
Table 4 and are seen to be two or three orders of magnitude below
the elimination flux Xe in all four cases. The elimination of these
nuclides from the organism is, clearly, highly efficient. Adding jue
and Xe gives us the input flux Ke. If we also assume that the input is
due to food only, then dividing Ke by the food ingestion rate p\
enables us to predict Qj, the nuclide concentration in the ingested
food. For M. norvegica, p\ ranges from 0.113 to 0.320 g food/g
euphausiid/day (Small, Fowler, and KeckSs (1973), and use of
these values gives rise to the predicted ranges for Qj given in Table 6.
Also in Table 6 are listed the nuclide concentrations in samples of
microplankton, which were principally small Crustacea, phytoplankton, and detritus collected with a 65-jmi-mesh plankton net along
with the euphausiids. These microplankton can be considered to be a
first approximation to the euphausiid food. We can see that the
agreement with the predicted Qi values is satisfactory for 2 ' °Po and
238
U and not unreasonable for the other two elements. Additional
measurements of nuclide concentrations in more precisely described
microplankton samples are needed before flux values can be
considered sufficiently reliable to enable the relative importance of
food and water routes to the input flux to be assessed. Such data are
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TABLE 6

Comparison of the Predicted Range of Q;, the Nuclide
Concentration in Ingested M. norvegica Food, with the Nuclide
Concentration in Microplankton (all values in pCi/kg dry)
Nuclide
239,240p u
238
U
232
Th
210

Po

Predicted
Q ; range

Concentration in
microplankton

12-34
110-320
31-86
3300—9500

4 ±1
340 ± 3 0
17 ± 2

3400 ±600

to some extent available for the nuclide
discussed elsewhere (Heyraud et al., 1976).

210

P o and have been
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DISCUSSION

Bacon: Have you measured 2 ' °Pb in your experiments?
Higgo: Only in fecal pellets, which is why 2 1 0 P b is not
mentioned in this paper. If you calculate the removal time due to
fecal pellets alone, you get 4.3 years, which, when compared with
your estimate of 2 years, would indicate that fecal pellet deposition
is an important removal route for 2 ' °Pb as well.
Schink: (Comment in response to remarks uy Mike Bacon) I have
been impressed by the work of S. Honjo. His observations suggest
that many fecal pellets break up at mid-depths in the ocean. It seems
probable that particulates from these broken pellets would disperse
and scavenge such elements as 2 l 0 P b and 2 i 0 P o . Then mid-ocean
dwellers can collect these materials again into fecal pellets and send
them again toward the seafloor. This mechanism would provide
scavenging surfaces at all depths in the sea but would not require
removal by the very slow small particle settling.
Higgo: Yes, he identified two types: the green are first generation
fecal pellets and the red are second generation fecal pellets. But I
don't think Honjo suggests that the green fecal pellets, break up. I
think the idea is that they are consumed whole. The organic carbon
is used as food, and the red fecal pellets contain much less carbon. It
would be interesting to analyze the two types for trace elements.
Nevissi: Can you distinguish between the active or metabolic
uptake of radionuclides and the passive mechanism, i.e., sorption of
radionuclides on the surface?
Higgo: We have found that dead and living phytoplankton absorb
nuclides at the same rate. The relatively high plutonium, thorium,
and uranium concentrations in 1 month's samples indicate that
absorption does occur. However, M. norvegica are large animals, the
surface to volume ratio is small, and metabolic uptake is probably
much more important. You have been working with phytoplankton
when the situation is quite different: large surface areas and
completely different feeding mechanisms.
McLean: Were your organisms cultured or collected? If collected,
what assurance did you have that the sample was monospecific, i.e.,
what contribution to the fecal sample could be attributed to other
zooplanktons?
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Higgo: M. norvegica are relatively large animals, and they swarm.
We trawled using coarse nets that did not retain copepods, etc. Any
obvious intruders were removed by hand, and the contribution by
other zooplankton must have been negligible. Of course, this can be
taken as a criticism of our experiments; we would like our fecal
pellets to be representative of the whole zooplankton biomass.
Collecting material in traps set at different depths may be the
answer, and we plan to do this in the near future. But you also have
the problem that your samples will contain nonfecal matter.
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Geological Sciences, Columbia University, Palisades, New York, and
tEnvironmental Protection Agency, Narragansett, Rhode Island

ABSTRACT
Experiments designed to determine the removal rates and mechanisms of various
radioactive trace metals from the water of Narragansett Bay were performed in
the spring and early summer in 150-liter microcosms simulating the bay. Overall
removal rates were first order for all elements studied in the spring ( s 4 Mn, s 8 C o ,
S9
Fe, 5 5 Zn, ' ' 5 m C d ) and most elements studied in the summer ( 5 8 Co, 6 5 Zn,
59
Fe, 1 3 4 Cs, 2 1 0 P o , 2 Z 8 T h ) . For those elements studied in both seasons,
removal was slower in the summer than in the spring. During the summer
experiment 5 4 Mn, 5 ' Cr, and 7 S Se showed rapid first order removal in the initial
i. to 2 weeks followed by much slower removal. Initial removal rates of each
metal in identical tanks of the summe- experiment replicated well. The removal
rate of each metal can be related to chemical speciation as determined from an
operationally defined separation schei le. The seasonal differences appear to be
the result of the association of the metals with low molecular weight organic
compounds present only during the summer. These compounds mobilize the
metals and slow removal. Mass balance shows that the major removal reservoirs
during the spring were the tank walls, suspended sediment, and the upper layers
of the sediment. Tank walls were found to remove the metals from further
interaction with the rest of the system and thus could be accounted for in
calculating removal rates to suspended matter and the sediment. In the summer
these reservoirs accumulated lower percentages of the initial input than in the
spring. The seasonal behavior of the metals in the tanks was qualitatively similar
to that of some radionuelides and stable metals studied in the bay.

The pathways and rates of removal of trace metals from aquatic
systems are poorly understood. The use of radiotracers is an ideal
technique for studying these processes without disturbing the
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ecosystem. In most instances, however, such studies can only be
carried out in microcosms designed to model the natural system as
closely as possible. Such experiments have been carried out in
artificial ecosystems representing Narragansett Bay, R. I. The overall
purposes of these experiments are:
1. To test the suitability of microcosms as a tool for understanding the marine environment.
2. To achieve an understanding of the pathways of various trace
metals through the marine environment.
3. To test the use of naturally occurring and fallout radionuclides
found in marine systems as analogs to other metals that may be
added by man.
EXPERIMENTAL PROCEDURE

The microcosms used in these experiments are set up at the
Environmental Protection Agency Laboratory in Narragansett, R. I.
(Oviatt., Perez, and Nixon, 1977; Perez et al., 1977). A schematic of
the tank is shown in Fig. 1. Each tank holds about 150 liters of
water. Three times each week 10 liters of water are removed and
replaced with 10 liters of freshly collected bay water to give a water
removal rate similar to that of the bay. Bay temperatures are
maintained by a continuous flow of bay water around the experimental tanks. Suspended in each tank is a closed opaque box
containing a box core from Narragansett Bay. Circulation of water
over the sediments in the box is produced by pumping water into the
box in pulses at an average rate of 0.7 liter/min. The sediment
surface area is 169 cm2 giving a water volume to sediment surface
area ratio of 9 m, which is close to the average depth of Narragansett
Bay. Turbulence in the tank is produced by the rotation of a plastic
paddle. Fluorescent light is delivered with an intensity adjusted to
the average daily intensity falling on the bay during the time of the
experiment.
One artifact of this system results from the fact that particles are
suspended within the sediment box and pumped out of the box,
removing them from further contact with the sediment. These
particles later settle to the bottom of the tank. This differs from the
bay where particles suspended from the bottom would return to the
sediment on settling. The rates of suspension of particles from the
sediment box ranged from 9 to 23 kg m~"2 year" 1 in the tanks used
in the experiments. These are within a factor of 2 of the resuspension
rate of ~18 kg m~ 2 year" 1 in the bay (Oviatt and Nixon, 1975).
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Fig. 1 A schematic of the experimental setup, simulating temperature, light, residence time, and mean depth of the water, turbulence,
and sedimum resuspension of Narragansett Bay.

Two sets of metal experiments were run in these tanks. In each
set two tanks were used. The first set of experiments was carried out
in the spring of 1977 (March 17 to April 20). The tanks were
identical except that the sediment box in tank B contained no
sediments, whereas tank A included sediments. The experiment was designed (1) to determine the importance of sediment
contact and resuspension in the removal of the metals and (2)- to
determine the importance of adsorption of metals on tank walls and
other parts of the system. The temperature during most of the
experimental period was 4 ± 1°C, except during the last week when
it rose to 10°C. The nuclides used in these experiments were s 4 Mn,
58
Co, 5 9 F e , 6 5 Zn, and ' ' 5mCd, all of which were added in ionic
form ( s 4 Mn as Mn2+ and 5 9 Fe as Fe 3 + ).
The summer experiment was carried out from May 27 to
August 4 of 1077. Both tanks contained sediment and were
essentially identical until some biological manipulations, were per-
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formed in the last month of the experiment. The purposes of this set
c f experiments were:
1. To test the replication between tanks that were treated
identically.
2. To test the seasonal variation of uptake rates and chemical
speciation of the metals that had also been studied in the spring
experiment.
3. To compare the behavior of natural nuclides that were added
to the tanks in levels higher than in the bay water to the behavior of
the other trace metals in the experiment.
4. To test the importance of biological uptake and biological
effects on chemical apeciation of the metals.
The raaionuclides used in the summer experiment were those
used in the spring experiment plus 7 S Se, ' 34 Cs, 2 ' °Po, 2 2 6 R a , and
: 2«rp^ j j l e t e m p e r a t u r e during the second set of experiments ranged
from 13 to 16°C in the first month to 23 ± TCinthe last month.
During the last month of the experiment, 1.5 g sodium azide and 1.5
liters of an antibiotic mixture (containing penicillin, streptomycin,
and a fungicide) were added to tank D and tank C, respectively. In
the last week of the experiment, the sediments of tank D were
removed, quickly frozen in liquid nitrogen, and subsequently returned to the tank after thawing in order to kill organisms in the
sediments. These manipulations were performed in order to understand the biological effects on uptake and chemical speciation of the
metals.
Several types of samples were routinely collected for gamma
counting. A 100-ml acidified bulk sample was collected three times
each week. Less frequently, 500-ml samples were collected and were
passed through a chemical speciation process. The fractions produced
in this process were:
1. 0.45 fim Millipore filter for particulate matter.
2. Activated charcoal carrying metals associated with large
organics and colloids.
3. Chelex resin that would contain cations.
4. The water that passed through the filter—charcoal—chelex
system (effluent) which would contain anions and low molecular
weight organic forms of the metals.
The particulate matter that accumulated at the bottom of the
tanks was sampled at the end of each experiment. Sediments were
sampled by coring three times in the spring and by sectioning the
entire sediment box cores at the end of the summer experiments.
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Samples of wall material and other tank parts, as well as leachates
from these, were counted at the end of each experiment to establish
a mass balance which included adsorption on the tank walls.
RESULTS AND DISCUSSION

This discussion focuses on the seasonal variability of residence
times and chemical speciation of metals in the tanks and the
correlation of the metals with natural radionuclides in the bay. The
results for S 4 Mn and 5 8 Co are discussed since these elements are
representative of two different types of behavior in the tanks. The
natural radionuclides discussed are 2 1 0 Po and 2 2 8 T h , which were
studied both in the tanks and in the bay.
The change of total S8 Co concentration in the water column
(Fig. 2) is typical of the qualitative behavior of all the metals in the
spring experiment and most of the metals in the summer experiment.
An exponential decrease in metal concentration with tim? is
observed, indicating that the sum of all removal processes is first
order. The overall rate of removal is more rapid in the spring,
however, than in the summer.
The seasonal difference of the removal rates can be explained on
the basis of the chemical speciation. In general, the speciation of
each metal is established rapidly after spiking and remains fairly
constant. During the spring all the metals are taken up completely by
the filter—charcoal—chelex system with very little passing through.
This indicates that very little of any of the metals is in an anionic
form or associated with low molecular weight organic matter that
can pass through the speciation system.
During the summer, however, a significant fraction of all metals
passed through the speciation system (see the bottom of Fig. 2 for
58
Co). After irradiation of a sample with ultraviolet light, all metals
in that sample were taken up by the filter—charcoal—chelex system
with none in the effluent. Thus we feel that the metals in the
effluent fraction are organically bound. The organics would have to
be of low molecular weight to pass through the speciation system.
They also pass through a dialysis membrane of 12,000 molecular
weight cutoff.
The association of metals with a low molecular weight organic
fraction slows the removal of metals from the water column to the
sediment, settled particles, and tank walls. Thus the seasonal change
in overall removal rates for some of the metals can be attributed to
the change in speciation.
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Fig. 2 A plot of 5 8 Co activities in the summer experimental tank D
(corrected to the first day of the experiment) and the percent in the
pariiculate (X).45 fim) charcoal, chelex, and effluent fractions as a
function of time. SA indicates additions of sodium azide; FS,
introduction of sediments frozen to kill organisms.

The summer behavior of s 4Mn (Fig. 3 j , s ' Cr, and 7 5 Se contrasts
strongly with that of the other metals. These three metals showed a
1- to 2-week period of rapid removal during the summer followed by
a steady-state condition during which the only loss was due to
dilution. We suggest that after the first 1 to 2 weeks enough of these
metals accumulated in the uptake reservoirs so that back diffusion
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Fig. 3 A plot of s 4 Mn activities in the summer experimental tank D
(corrected to the first day of the experiment) and the percent in the
participate (sSO.45 Mm) charcoal, chelex, and effluent fractions as a
function of time. SA indicates additions of sodium azide; FS,
introduction of sediments frozen to kill organisms.

from the reservoirs became significant enough to balance loss from
the water column to the reservoirs. Thus a steady-state condition was
achieved.
A change in chemical speciation of s 'Mn can be seen in the first
2 weeks of the summer experiment. Initially almost none of the
54
Mn was found in the effluent of the filter—charcoal—chelex
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extraction system. During the time of rapid removal, the low
molecular weight organic fraction of s 4 Mn grew in importance. This
change could explain the initially rapid removal and later steady-state
condition for s 4 Mn in the summer.
The behavior of 54 Mn varies with season. During the spring it
showed a constant rate of removal as did all the other metals. The
54
Mn and s 8 Co appeared to be strongly coupled and showed similar
removal rates in the spring. In the summer, however, s 4Mn no longer
showed the constant removal rate it had in the spring but was
removed rapidly until the rate of back diffusion balanced the rate of
removal. The behavior of S4 Mn was not similar to that of s 8 Co
during the summer.
TABLE 1

Mass Balance, Percent in Each Reservoir
Nuelide
and
season

Wall
Settled
Sediments particles adsorption Outflow Water
(exp.)
(exp.)
(exp.)
(exp.) (exp.) Total

s8

Co
Spring
Summer
54
Mn
Spring
Summer

12
1

24
11

37
18

20
64

4
6

97
100

6
1

30
44

30
37

20
6

2
<1

88
88

A mass balance (Table 1) shows the relative importance of the
various reservoirs to the uptake of 5 8 Co and S4 Mn in each season.
The reservoirs sampled at the end of the experiments were (1) the
sediment contained in the sediment box, (2) particles that had been
suspended in the water column and finally had settled to the bottom
of the tank, (3) samples of tank wall material and other parts of the
tanks and leachates from those, and (4) the concentration remaining
in the water column at the end of the experiment. The percentage
going to the outflow was determined by summing up the activities in
the water removed from the tanks (10 liters three times per week).
The seasonal comparison of the mass balances is consistent with
the pattern observed for the total removal rates discussed previously.
In the spring the main reservoirs for 5 4 Mn and S 8 Co are the tank
walls and the settled particles that had been suspended in the water
column. Leaching experiments indicate that the metals that are
adsorbed to the walls and other tank parts are removed from further
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interaction with the system and thus can be totally accounted for.
The mass balance indicates that the most important agent for
removal of metals from the water column in the natural system is
suspended matter. Direct uptake by bottom sediments is of
secondary importance. If the sediment and the settled particles are
considered together as a single reservoir, then the distribution of
s4
Mn and s 8 Co in the various reservoirs is seen to be very similar.
This is consistent with the identical removal rates found for the two
metals and again indicates their strong coupling in the spring.
The summer budget of 5 8 Co contrasts with the spring budget in
that a much lower percentage of the nuclide was found in each of the
removal reservoirs in the tank (sediment, settled particles, and wall
adsorption). This indicates that the decrease in the overall removal
rate in the summer is caused by a reduction in the uptake rates of all
three of those reservoirs. Again this is probably due to the
association of much of the s 8 Co with low molecular weight organics.
As in the spring, the major agent of removal in the natural
environment is suspended matter.
A much higher percentage of 54 Mn was taken up by the
suspended particles that later settled to the tank bottom and by the
walls in the summer relative to 5 4 Mn in the spring and 5 8 Co in the
summer. In the first 1 to 2 weeks of the summer experiment, the
54
Mn was probably very rapidly removed to the particles and to the
walls. Uptake of S4 Mn by the sediment, however, appeared to be
greatly reduced in the summer relative to the spring.
To compare the results in the tanks to metal behavior in the
natural environment, we must separate the effects of wall adsorption
from the uptake by the sediment and resuspended particles. The
mass balance was used to calculate removal rates to the reservoirs of
the sediments and the settled particles. This was done by multiplying
the total removal rate of each metal by the fraction of the metal
found in the sediment and settled particles. The removal rates to the
two reservoirs were used to calculate the half times of removal onto
sediment and settled particles shown in Table 2.
The elements in Table 2 are grouped according to similar
behavior during the summer. The 5 9 Fe, 2 l 0 P o , and 2 2 8 Th show
similar half times of removal during the summer of about 3 weeks.
The 5 8 Co, 6 s Zn, l l s m C d , 1 3 4 Cs, and 2 2 6 R a show removal half
times of hundreds of days. The four metals from the two groups for
which seasonal comparisons are possible ( 5 9 Fe, 5 8 Co, 6 5 Zn, and
l i s m ^ j j a jj show longer residence times in the summer than in the
spring, probably owing to the seasonal change in chemical speciation.
The third group is the metals that showed a 1- to 2-week period of
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TABLE 2

Half Times for Removal
onto Sediments and
Settled Particles, Days
Nuclide
2•"Fe
28
Th
210

Po
Co
6S
Zn
11Sm
Cd
226
Ra
s4
Mn
sl
Cr
7S
Se
s8

Spring

Summer

8

19
—20
~24

13
56

~110

135
313
424

13

~650
2-5*
4—11*
14—100*

* Limits during first 1 to 2
weeks, after which there was
no net removal.

rapid removal followed by a steady-state period. The range of values
is given because of uncertainties in using a final mass balance to
calculate uptake rates observed at the beginning of the experiment.
The seasonal comparison for 54 Mn was previously discussed in detail.
Comparisons with the Bay

Figures 4 and 5 show the seasonal variability of concentrations of
P o and 2 2 8 T h in the water column in Narragansett Bay. The
seasonal trends observed in these nuclides are consistent with the
seasonal behavior of most metals observed in the tanks. Both 2 ' °Po
and 2 2 8 Th showed higher concentrations in the summer and lower
concentrations in the winter. Concentrations increased during the
spring. Such a pattern would result if the nuclides were solubilized in
the summer by association with low molecular weight organics. The
seasonal variability of residence times calculated for 2 2 8 T h also
qualitatively agrees with changes in residence times from spring to
summer for several metals observed in the tanks.
Such trends were also observed for chelex-extractable cadmium
and manganese in Narragansett Bay water (Fig. 6). The chelexextractable concentrations were measured on filtered water and
include only the large organics and cationic forms of the metals,
since any low molecular weight organics pass through the system. If
chemical equilibrium exists between the different fractions in the
2I0
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water column, then a similar seasonal trend would be expected for
the metals associated with the low molecular weight organic fraction.
Further study of this fraction in the bay is needed. Figure a also
shows indicators of benthic activity (O2 consumption and NH3 flux)
which peak in the summer. This may indicate the importance of
benthic processes to metal behavior, but further study is required.
More detailed results are presented in Santschi et al., in press.
CONCLUSIONS
The rate of removal of most of the metals was much greater in
the spring than in the summer. This appears to be due to the
association of a large fraction of all the metals with low molecular
weight organics in the water column which solubilize the metals
during early summer. Three of the metals— 54 Mn, s l Cr, and
7s
Se—were removed rapidly during the first 1 to 2 weeks of the
summer experiment but later achieved a steady-state condition
possibly owing to a balance between the rate of removal and the rate
of back diffusion from sediment and particle reservoirs.
In both spring and summer, the major pathway for removal of
metals from the water column in the natural system appears to be
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sediments, and ammonia flux from sediments (Oviatt and Nixon, 1975) as a function of
time.

RADIOACTIVE AND STABLE TRACE METALS

527

suspended particles. The large fraction that was adsorbed to tank
walls was effectively removed from further interaction with the rest
of the system.
The qualitative seasonal variations of removal rates observed in
the tanks are consistent with seasonal trends of concentrations and
residence times of : ' °Po, 2 2 8 Th, Cd, and Mn in Narragansett Bay.
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DISCUSSION

Tanner: Although I did not note it in your presentation, did your
experiments evaluate the effects of biological activity in the system?
Carson: The addition of poison in the summer experiment gives
some indication of the importance of biological activity. Sodium
azide, a respiratory inhibitor, was added to one tank and showed no
effect on the uptake rates of any of the metals. Thus we feel that
direct uptake by organisms in the water column was not a significant
mechanism of removal of metals from the water column. This does
not, however, indicate anything about the importance of biological
activity to the formation of the low molecular weight organic phase.
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This fraction was found to be very stable and thus could have been
produced biologically before the poison was added. More study is
needed on this question.
Landa: Some workers have shown microbially induced volatilization of selenium and cadmium in marine and nonmarine systems.
Were mass balances also run for 1l5mCd and 7 5 Se, and was there
any evidence of such volatile loss in your systems?
Carson: In our mass balance at the end of each experiment, we
were able to account for 75 to 100% of all the metals added. The
mass balances for cadmium and selenium ranged from 84 to 90%.
Thus we have no strong evidence one way or the other about
whether volatilization of cadmium or selenium occurred.
Sugimum: Results of our recent study show most of the iron,
cobalt, and cadmium dissolved in seawater is in organic form. In your
study the isotopes are spiked in ionic form. This is completely
different from actual conditions of a marine environment. The
results of your study should be strictly limited to the phenomena of
the coastal environment.
Carson: These experiments are only the beginning of a series in
which we wish to test such things as the effects of adding metals in
various chemical forms. We feel that adding metals in the ionic form
is reasonable since pollution metal may be added in that form. Also,
chemical speciation was established very rapidly and remained fairly
constant in most cases. Thus it appears that equilibration of the
radioactive metals with the natural forms occurred very rapidly. I
fully agree that the results of our experiments apply only to coastal
marine and estuarine systems.

Investigation of Natural Levels of Radon-222
in Groundwater in Maine for Assessment
of Related Health Effects

C. T. HESS,* R. E. CASPARIUS, S. A. NORTON, and W. F. BRUTSAERT
•University of Maine, Orono, Maine

ABSTRACT
We have used an inexpensive radon ( 2 2 2 R n ) measurement method using liquid
scintillation counting (Gesell and Prichard, 1977; Prichard and Gesell, 1977) to
remeasure potable water from 10 sites near Raymond, Maine, to determine the
accuracy and reproducibility of earlier measurements (Smith et al., 1961).
Duplication or triplication of samples shows a hi^h degree of reproducibility for
the liquid scintillation method. Comparison with earlier measurements shows
good agreement. We have also measured, in duplication, water from 150 new
sites from several counties in Maine: York, Aroostook, Penobscot, Cumberland,
Waldo, Lincoln, and Hancock. The sites were characterized in the field for rock
and overburden types, well and casing depths, and water temperature; water
samples were collected for water chemistry and 2 2 Rn measurement.
A hypothesis emerged from analysis of the measured values of 2 2 2 R n near
Raymond, Maine, that high values (50,000 to 200,000 pCi/liter) are associated
with granite. This was shown to be correct for several large areas of granite such
as the Sebago, Lucern, Waldo, and Waldoboro granites. The presence of high
222
R n concentrations in granite areas hundreds of kilometers from the
Raymond area shows that the high 2 2 2 R n levels in water are a statewide and
perhaps a regional problem rather than a western Maine problem. The
groundwater with highest concentrations seems to be in the granites and
adjacent metasedimentary rocks lying in the highest grade metamorphic terrain.
Nongranitic areas with low-grade metamorphic rocks, as in most of Aroostook
County, show low values of 2 2 2 R n (200 to 2000 pCi/liter).

The effort to study 2 2 2 Rn and 2 2 6 R a in potable water supplies
began with measurements by Thompson (1902) when he discovered
radon in the water supply at Cambridge University in England.
Recent measurements in the United States show values ranging up to
529
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30,000 pCi/liter excluding Maine and New Hampshire but ranging up
to 300,000 pCiAiter in granitic areas of Maine and New Hampshire
(Duncan, Gesell, and Johnson, 1976).
The major emphasis for measurements of enhanced natural
radiation due to radon has been in areas such as underground mining,
strip mining, and wells for gas or water. Exposures to radon from
uranium tailings (Gesell and Cook, 1975) and liquefied petroleum gas
as well as from reclaimed phosphate land (U. S. Environmental
Protection Agency, 1975a, 1975b) have been presented.
Research on radon in groundwater in Maine and New Hampshire
has been done by Grune, Higgins, and Smith (1960), Smith et al.
(1961), Hoxie and Church (1966), Hoxie (1966), and Hess et al.
(1973). The values seem to be highest in granitic areas and in areas
that have large amounts of pegmatite.
Other areas of the United States with high values of radon in
water supplies include North Carolina (Aldrich, Sasser, and Conners,
1975), the western United States (O'Connell and Kautmann, 1976),
Hot Springs, Ark. (Kuroda, Damon, and Hyde, 1954), Great Salt
Lake, Utah (Tanner, 1964), and South Texas (Gesell and Cook,
1975).
THEORY OF DISTRIBUTION OF 2 2 2 Rn
The concentration of 2 2 2 Rn in groundwater depends on the
concentration of its parent, 2 2 6 Ra, in the underlying rock. The short
half-life of 2 2 2 Rn (3.82 days) (Fig. 1) together with the slow rate of
migration of groundwater allows the 2 2 2 R n in solution to be in
approximate secular equilibrium with the 2 2 6 Ra in the local rock.
Assuming a rock porosity of less than 1%, perhaps as small as 0.01%,
an effective formation thickness of about 20 to 30 m, and one mean
life of 2 2 2 Rn of 5.5 days, we expect that the concentration of
226
R a in the rock (or dissolved in the water) within 35 m of a well
pumped for domestic usage controls the amount of 2 2 2 Rn found in
the water supply. Radon concentration in water has been known to
be high in most granites and in high-grade metamorphic rocks,
whereas less metamorphosed rocks have somewhat less 2 2 6 R a
(Curie, 1910). The degree of metamorphism for the state of Maine is
shown in Fig. 2 (Doyle, 1967). Radon is associated with metamorphism in Maine; the highest 2 2 6 R a / 2 2 2 R n levels in groundwater
are found in granites, sillimanite- or sillimanite/orthoclase-grade
rocks; the lowest levels are found in chlorite- to staurolite-grade
rocks.

MEASUREMENT OF

222

Rn IN GROUNDWATER IN MAINE

214pb
26.8 min
0.72

218Po
3.05 min
6.00

531

226

3.83 days
5.49

Ra
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4.79

214

Bi
19.7 min
1.65

210pb
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0.029

164 psec
7.68

210Bi
5.0 days
1.17

4
206pb
Stable

210Po
138 days
5.30

,
Fig. 1 Decay of• 2 2 6 Ra
and its daughters. Data within box include
radionuclide, half-life, and energy of decay (MeV).

PATHWAYS OF 2 2 2 Rn FROM WATER TO HUMANS

Radon is partitioned between air and water in the ratio 3.9 : 1.0
at 20°C. Thus air in contact with 222Rr>-rich water will be enriched
with 2 2 2 Rn from the water. An inhalation exposure may result when
the 2 2 2 Rn partitions into air from the domestic water supply (Gesell
and Prichard, 1975). Assuming the radon and radon daughters
coming from 500 pCi/liter (2 2 2 Rn) water with the daughters 2 ' 8 Po,
214
Pb, 2 1 4 Bi, 2 1 4 Po, and 2 i 0 P b in ratios of 1 : 0.9 : 'J.5 : 0.35,
respectively, and using an air exchange of one volume per hour, we
estimate an exposure of 4 rems/year to the fifth generation bronchus
(Gesell and Prichard, 1977). The assumptions leading to this
calculated exposure are dependent on the air-exchange time, which
varies with the types of housing, the time of year, and the contact
time of the water with the air. A description of the radiation dose for
a population exposed to 2 2 2 Rn-rich water will depend on geological
and architectural factors as well as health physics factors. High levels
of 2 2 2 Rn in water supplies are also sources of radiation dose to the
gastrointestinal tract. The several decays of 2 2 2 Rn and its daughters
(2

1 8p O ) 2 1 4 p b > 2 1 4 B i ) 2 1 4 p Q ) ^

2 10 p b )

result m

^fa

partides

with energies of 5.49, 6.00, and 7.68 MeV and beta rays with
energies of 0.72 and 1.65 MeV (see Fig. 1). Because the water may
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Igneous rocks undivided
Zones of Regional Metamorphism
JHIHIIJIIJj Sillimanite plus orthoclase
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|.- ••
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-| Garnet
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(Contact metamorphic zones are not shown)

Fig. 2 Geologic map of Maine showing the distribution of igneous
rocks (primarily granite) and metasedimentary rocks of various
metamorphic grades. [Adapted from R. E. Doyle (Ed.), Preliminary
Geologic Map of Maine, Maine Geological Survey, 1S67.]

be mixed with food that will absorb radiations, the net
dose to the stomach is estimated to be 0.24 and 0.44 mrem/nCi
ingested (Q.F. = 10), depending on whether the stomach is full or
empty at the time of ingestion (Suomela and Kahlos, 1972).
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METHODS
To delineate geological areas for high 2 2 2 R n in potable water
supplies, we sampled potable water supplies in York, Aroostook,
Penobscot, Cumberland, Waldo, Lincoln, and Hancock counties of
Maine with special emphasis on granite and pegmatite areas. Areas of
known high cancer rate were also tested (e.g., Cumberland County,
Maine). The sampling grid was formed with the advice of the State of
Maine Department of Health Engineering in Augusta, Maine.
To determine the airborne pathway for 2 2 2 Rn from 2 2 2 Rn-rich
water used inside houses and buildings, we placed airborne
222
R n / 2 2 2 R n daughter measurement equipment in several houses
which had different amounts of 2 2 2 R n in the water supplies. We
used equipment supplied by R. E. Larson of the Naval Research
Laboratory, who has been measuring levels of radon daughters in air
for weather studies. Larson's method (1973) for radon daughters
involved the quantitative filtration of radon daughters from
1000 liters of air on filters using a Staplex high-volume air sampler
and fiiter and counting in a standard geometry with a beta-ray
scintillation detector, using a Canberra 835 amplifier and counter
sealer. The beta count determines the radon daughters retained in the
house following releases of radon during water usage such as bathing,
showering, and flushing toilets. The values obtained can be used to
calculate airborne dose to lungs, bronchial epithelium, etc., and thus
to estimate cancer rates due to degassing of 2 2 2 Rn from water.
TABLE 1

Method for Sampling Wells for 2 2 2 Rn
Obtain information on well type, depth, rock type, and overburden
Connect hose and funnel to faucet for sampling
Run water for 10 min or until temperature of water is about 9 to 11°C
Take a 100-ml sample of water for chemical analysis
Remove 10 ml of water from the funnel with a 15-ml syringe
Inject the 10 ml of water below the scintillation fluor (5 ml) in the vial
Cap vial and shake; record time and date of collection

As shown in Table 1, the method for field sampling from wells
for 2 2 2 R n involves a procedure adopted from Gesell (personal
communications, 1977). The use of the funnel and syringe prevents
the loss of 2 2 2 Rn into the air and the entrainment of air bubbles.
Running the water for 10 min avoids the measurement of old water
that has lost 2 2 2 Rn by decay or outgassing into the water storage
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tank. A water sample of 100 ml is also collected for chemical analysis
to determine what elements are associated with the 2 2 2 Rn and to
help characterize the bedrock aquifer. The 20-ml vials with polyethylene caps were purchased from New England Nuclear, Boston,
Mass. Since it is essential to cap the liquid scintillation vial tightly to
prevent loss of 2 2 2 R n , polyethylene caps seem more reliable than
foil caps.
TABLE 2

Method Used to Count Samples
Equipment: Liquid scintillation counter (Packard model 2450) linked to a
teletype
Standard 20-ml glass liquid scintillation vials with polyethylene caps
1. Load the vials with 5 ml of scintillation fluid prepared by diluting 40 ml of
Liquifluor (New England Nuclear) with 1 liter of toluene prior to sample
collection (Liquifluor is composed of 100 g of PPO and 1.25 g of POPOP in a
toluene solution)
2. Set the adjustable discriminators to obtain the greatest number of alpha and
beta counts from
Rn
3. Place each sample in the scintillation counter and count fov 40 min

Table 2 gives the counting procedure, which used the methods of
Prichard and GeseU (1977). Standards of 2 2 6 R a (SRM-4950-C) from
the National Bureau of Standards were used for calibration. A
Packard model 2450 liquid scintillation counter has proved to be
accurate, and it automatically changes the sample, a feature that is
essential because of the number of samples processed. The fluor is a
toluene-based liquid scintillation fluor which has no emulsifier; so
the water and toluene separate into two transparent phases after
shaking. The 2 2 2 R n partitions in water, air, and toluene at 20°C as
1 : 3.92 : 49.8, respectively; therefore about 86% of the 2 2 2 R n that
was initially in the water will be in the toluene, whereas 11.9% will
be in the air. This provides a count rate of 9.75 cpm/pCi (Prichard
and GeseU, 1977).
RESULTS
Typical data and 2 2 2 R n measurements from wells are given in
Table 3, which gives the locations, types, and depths of wells
sampled and the 2 2 2 Rn concentrations for paired samples taken in
August 1977. Equality of pairs within counting statistics indicates
that the sample was collected, capped, and counted correctly. When
a sample is lower than statistics would allow, the error is usually
cau^d by loss of 2 2 2 R n from the vial or by failure to remove
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TABLE 3

Sites Sampled for
County and town

222

Rn
222

Activity of
Rn,
pCi/liter (paired samples)

Type of
well*

Depth of
well, ft

Drl.
Drl.
Drl.

60
50
100

711
477
477

778
441
346

Drl.

110

1,250

1,080

45
75

1,670
3,030
5,450
1,940

1,620
2,990
5,470
1,840

Aroostook
Caribou
1
2
3

Chapman
4

Hodgedon
5
6
7
8
9
10

Drl.
Drl.
Sprg.
Sprg.
Dug
Drl.

30
95

760

988

1,520

1,420

58
441

58
558

1,320
1,150
1,530
1,670
1,300

1,060
1,130
1,520
1,770
1,020
1,440

80
145
95
45
125
310

1,740
1,220

1,660
1,240

832

954

1,650
1,530
1,190
1,210

1,760
1,740
1,290
1,320

86
80

972
770

972
770

52
65
80

1,420

1,440

738
657
328
364

634
594
338
428

Houlton
11
12
13
14
15
16
17
18

Drl.
Drl.
Drl.
Drl.
Drl.
Drl.
Drl.
Drl.

169
128
100
72

960

Mapleton
19
20
21
22
23
24
25
26
27

Drl.
Drl.
Dri.
Drl.?
Drl.
Drl.
Drl.
Drl.
Drl.

Presque Isle
28
29
30
31
32

Drl.
Drl.
Drl.
Drl.
Drl.

(Table continues on the next page.)
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TABLE 3 (Continued)
County and town

Type of
well*

Depth of
well, ft

Activity of 2 2 2 R n ,
pCi/liter (paired samples)

Cumberland
Raymond
33
34
35
36
37
38
39
40
41
42
43
44
45

Jet
Pt.

Art.
Dug
Pt.
Art.
Drl.t
Drl.t
Drl.
Dri.
Drl.
Drl.
Drl.

9,120

12
80
80
101
500
150
96

9,240

686

259

11,600
5,870
1,720
6,050
6,650
22,900
35,900
13,600
11,000
27,300

1,870
5,230
1,510
8,080
5,010
4,410
23,300
157,000
11,500
116,000
26,200

28,600
14,600
15,100

29,700
8,610
11,700

14,400

17,600

Gray
46
47
48

Drl.
Drl.
Drl.

106
90
70

Hancock
Dedham
49

Drl.?

Ellsworth
50
51

52
53
54
55
56
57
58
59
60
61
62
63
64

Dug

Drl.
Sprg.
Drl.
Dug
Drl.
Drl.
Dug
Drl.
Art.
Art.
Drl.
Drl.
Drl.
Drl.

8
535

30
170
206
22
145
200
50
160
85
75

644

585

8,840
13,200
122,000
2,360
69,800
37,500
1,280
13,500
53,329
21,024
78,786
40,657
51,687
£4,904

8,810
10,700
123,000
2,450
68,500
38,600
1,280
13,600
56,956
21,627
75,262
40,3b5
50,360
55,372

32,300
28,200

30,100
28,200

396

252

Lincoln
Waldoboro
65
66.
67
68

Drl.
Drl.
Dug

Sprg.

130
138
15

4,100
4,530
(Table continues on the next page.)
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TABLE 3 (Continued)
County and town
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

Type of
well*
Dug

Art.
Drl.
Sprg.
Drl.
Drl.
Drl.
Drl.
Drl.
Drl.
Drl.

Depth of
well, ft
15

125
380
290
130
350
155

Dug

Activity of 2 2 2 R n ,
pCi/liter (paired samples)
2,350
13,200
19,100
868
68

6,140
14,100
2,080
7,060
35,300
16,700

2,330
25,000
20,100
796

9,540
6,480
12,300
2,190
6.910
34,100
18,200

607

572

Drl.
Drl.
Drl.

110
83
100

41,600
31,100
15,700

43,400
31,000
15,700

Drl.
Dug

175
15

63,400
1,410

65,400
1,410

Drl.

160

29,500

29,000

Drl.
Art.
Drl.

90
48
70

44,127
1,444
27,538

44,964
1,256
27,247

235
475

8,550
37,100
12,600

8,650
35,600
12,600

2,100
2,480
1,920
1,530
2,600
2,030
1,580

2,050
2,640
1,830
1,700
2,390
2,070
1,420

84,800
34,000
13,400

83,200
34,000
13,700

Penobscot
Clifton
84
85

East Eddington
86

Eddington
87
88
89

East Ho1 den
90
91
92

Sprg.
Drl.
Drl.

Orono
93
94
95
96
97
98
99

Drl.
Drl.
Drl.
Drl.
Drl.
Drl.
Drl.

115?

Drl.
Drl.

150
120

140
180
275
212
104
103

Waldo
Prospect
100
101
102

Dug

(Table continues on the next page.)
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TABLE 3 (Continued)
County and town
103
104
105
106
107
108
109
110
111
112
113

Type of
well*

Depth of
well, ft

Drl.

190

Art.
Drl.
Drl.
Drl.
Drl.
Drl.
Sprg.
Drl.
Sprg.
Art.

220
142
68
150

280
45

Activity of 2 2 2 R n ,
pCi/liter (paired samples)
53,300
28,100
40,500
2,540
3,360
72,800
9,090
6,600
33,200
2,010
22,700

55,500
25,100
45,400
2,560
3,290
71,000
9,380
6,870
30,900
1,980
24,200

4,360
2,960
2,460
1,520
14,100
28,000
40,400
5,540
57,200
14,500
26,300
27,400
7,040
23,800
5,000

4,020
3,150
2,630
1,410
15,800
27,900
42,800
6,130
58,200
15,300
26,900
26,800
10,600
25,700
5,480

York
Limington
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

Drl.
Drl.
Drl.
Drl.
Drl.
Drl.
Drl.
Drl.
Drl.
Drl.
Drl.
Drl.
Art.
Drl.
Drl.

*Art. True artesian well
Drl. Drilled well
Dug Dug well
fin surficial material.

110
355
425
200
320

335
365
200
605

Pt. Driven point well
Sprg. Spring

sufficient old water from a storage tank before taking the sample.
Data used in this report represent the higher value for each replicate.
Histograms of 2 2 2 R n concentrations in potable water vs. rock
type and metamorphic grade are given in Figs. 3 and 4. The average
value (Fig. 3) for 2 2 2 R n concentration in picocuries per liter of
water from granite is 23.5 x 10 3 ± 30 x 10 3 ; from sillimanite,
18.2 x 10 3 ± 16.6 x 10 3 ; and from chlorite, 1.3 x 10 3 ± 0.9 x 10 3 .
These values can be compared with the values from Smith et al.
(1961) (Fig. 4): granite, 20.6 x 10 3 + 40 x 10 3 ; sillimanite/orthoclase,
8.8 x 10 3 ± 28 x 10 3 , and sillimanite, 8.6 x 10 3 ± 18 x 10 3 . We
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Fig. 5 Distribution of all data (thL
igneous bodies (primarily granites).

tudy). Enclosed areas are

have not sampled wells in the biotite- to staurolite/andalusite-grade
terrain. The values of Smith et al. (1961) are generally lower than,
but show the same trend as, our values, with decreasing 2 2 2 R n
concentration from granite to sillimanite/orthoclase to sillimanite to
chlorite.
This high level of > 500 pCi/liter [the recommended Environmental Protection Agency (EPA) limit] exists for the majority of
Maine groundwater, as seen in Fig. 5 which shows the relative

2
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concentrations of 2 2 2 Rn water supplies. Previous studies have shown
that aerated water supplies such as rivers and lakes have
approximately two orders of magnitude less 2 2 2 Rn than do drilled
wells in granites and pegmatites (Smith et al., 1961). Our work
confirms this generalization. Note that in Fig. 5 the highest concentrations on the map are in areas of granite.
Figure 6 shows the variation of 2 2 2 R n concentration vs. depth
for all granite sites sampled. A saturation effect with depth in these
wells results from the contribution of 2 2 2 Rn from the rock within
35 m of the well. Because the well receives most of its 2 2 2 R n from
nearby rock, the radioactivity tends to reach saturation level at £
depth of around 50 m. Beyond well depths of 100 m, however, there
is a tendency for the 2 2 2 R n levels to decrease slightly. Normally,
surface weathering and fractures penetrate only a short distance
(<100m) into bedrock. Thus porosity and permeability tend to
decrease very rapidly with depth. Usually, therefore, in shallow and
deep wells the major portion of the pumped water comes from the
upper part of the bedrock. This, combined with the increased
residence time of water in the wellbore with increasing depth, may
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explain the decreasing 2 2 2 R n concentrations with depth. For
example, residence time of water in the wellbore of a 50-m deep well
can be as long as 5 days.
Figure 7 shows the relationship between 2 2 2 P n content in water
and the depth of drilled wells in sillimanite-grade rocks. The values
are scattered fairly randomly in contrast to the values for wells in
granite (Fig. 6). Figure 8 shows the 2 2 2 R n content in water vs. the
depth of drilled wells in chiorite-grade rocks. No clear relationship
exists.
To verify the levels of 2 2 2 R n in air associated with the use of
radon-rich water, we conducted the following test. After
running a shower in a domestic bathroom with the door closed
for approximately 20 min, we took an air sample for a
determination of 2 2 : iin and beta-ray-emitting daughters and a water
sample for a 2 2 2 R n determination. The volume of water discharged
by the shower was approximately 102 liters; the volume of the room
was 18 x 103 liters; a Staplex filtration apparatus collected and
filtered the 103-liter air sample in 10 min, after which the filter was
counted for 10 min. This procedure was repeated at 15-min intervals.
Daughter buildup reached apparent equilibrium in 30 min.
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The values of the 2 2 2 Rn daughter levels in air inferred from the
measurement are shown in Fig. 9 for water of several 2 2 2 R n
concentrations. Two points are given for each value of water radon:
one for the total daughters and one for the total daughters minus the
ambient background.
The results of these tests indicate an approach to the relationship
of 1 pCi/liter in air for 10 4 pCi/liter ( 2 2 2 Rn) in water suggested by
Gesell and Prichard (1975).
The constants for radon loss in the bathroom were also
evaluated, and the room was found to equilibrate with the rest of the
house in approximately 1 hr.
CONCLUSIONS

The recommended EPA value for the upper limit of 2 2 2 Rn in
potable water (500 pCi/liter) is exceeded by 98% of the wells (drilled
and dug) sampled.
The highest 2 2 2 R n concentrations are in groundwaters from
granitic terrain. These values are generally at least ten times as great
as the values from low-grade metamorphic terrains. There appears to
be a general relationship between intensity of metamorphism and
222
Rn content of the associated groundwater.
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water.
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R n daughters in air as a function of the

222

R n in

In granitic terrains, tl.ere is a general relationship between 2 2 2 R n
content and well depth. The 2 2 2 R n concentration increases up to
well depths of approximately 50 m, plateaus, and then decreases
slightly for well depths greater than 100 m.
There is no relationship between well depth and 2 2 2 Rn content
for wells in sillimanite- and chlorite-grade rocks.
The 2 2 2 Rn daughters in air in equilibrium with water in homes
was found to have a concentration equivalent to 10~ 4 of that in the
water.
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Lead-210 and Radon-222 Contents
of Rainwater in Tokyo

Y. MIYAKE, K. SARUHASHI, Y. SUGIMURA, T. KANAZAWA,
Y. KATSURAGI and H. UEMURA
Meteorological Research Institute, Tokyo, Japan

ABSTRACT
The determination of 2 1 0 P b and 2 2 2 R n contents in rainwater was done in
Tokyo from September 1972 to January 1975. The content of : 1 0 P b in
rainwater ranged from 0.1 to 13 pCi/liter with an average of 2.5 pCi/liter.
There was a close correlation between the concentration of 2 ' Pb in
rainwater and the thickness of rain-bearing clouds. For a thickness of clouds less
than 3 km, the concentration of 2 1 0 P b in rainwater was only 0.2 to
0.3 pCi /liter. But for a cloud thickness larger than 3 km, 1 0 Pb in rainwater
increased abruptly from 1.1 to 11.6 pCi/liter.
The content of 2 2 2 Rn in rainwater and in the air showed a wide range from
60 to 530 fCi/liter and 9 to 110 fCi/liter, respectively.
The activity ratio of 2 1 0 P b and 2 2 2 R n in rainwater was about 10 on an
average. The reason for the excess 2 1 0 P b over 2 2 2 R n in rainwater may be
explained by the fact that 2 1 0 P b in the air is in a particulate form and thus is
preferentially removed by rainfall from the air column.

Since the discovery of radon and its radioactive decay products,
many studies have been done with respect to contents, distribution,
behavior, and changes of these radionuclides in the atmosphere and
in precipitation (see bibliography). In this paper we report the results
of a study on radon ( 2 2 2 Rn, alpha emitter, half-life 3.83 days) and
its long-lived decay product 2 I °Pb (beta emitter, half-life 22 years)
in the air, rainwater, and snow melt in Tokyo from September 1972
to January 1975.
Using the observed results, we consider the mean values of 2 ' ° Pb
and radon in rainwater (snow), the monthly and the annual
547
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deposition of 2 1 0 Pb in rainwater (snow), the relation between the
concentration of 2 ' °Pb, and the thickness of rain-bearing clouds.
SAMPLES AND METHODS OF DETERMINATION

Samples of water of each rain and snow fall were collected in a
pot made of polyvinyl chloride with a surface area of 1 m 2 . A
sampling of the air at the level of 70 cm above the ground was done
using a glass bottle of 20 liters which was evacuated in advance.
The determination of 2 ' °Pb was carried out by measuring alpha
activity of 2 1 0 Po (alpha emitter, half-life 138.3 days) which is a
decay product of 2 ' °Pb. The determination of 2 l °Pb was done by
using a water sample of 20 liters which was acidified and then
evaporated to dryness. After organic substances in a dried sample
were decomposed with a small amount of a mixed solution of nitric
and perchloric acid, the solution was neutralized with an 18M
sodium hydroxide solution and diluted to 50 ml with distilled water.
Then, 200 mg of ascorbic acid was added to the solution and
transferred into a plating cell to isolate 2 ' °Pb.
In a plating cell, existing 2 ' °Po and 2 1 °Bi (beta emitter, half-life
5.02 days) in the solution were removed through deposition on a
nickel disk under a temperature of 85°C for 3 hr, the 2 1 0 Pb
remaining in the solution. The solution containing 2 1 ° Pb was stored
for at least 6 months to establish radioactive equilibrium between
21
° Pb and 2 ' ° Po which is newly produced from 2 * ° Pb via 2 J ° Bi.
The 2 1 °Po in equilibrium with 2 l °Pb was finally separated on a
silver disk using the same procedure as above. The alpha activity of
21
° Po was measured with an alpha spectrometer consisting of a
solid-state detector coupled with a multichannel pulse height
analyzer.
With respect to the determination of radon, a scintillation
counter was used. For the analysis of radon in water and air, 1- and
20-liter samples were used, respectively.
RESULTS AND DISCUSSIONS
The Content of 2 I °Pb in Rainwater (Snow) and the Amount of Deposition
of 2 1 0 Pb on the Ground

The results of the determination of 2 ' ° Pb content in each
precipitation from 1972 to 1975 are given in Table 1, together with
the amount of precipitation.
As shown in Table 1, the content of 2 l 0 P b in precipitation
ranges from 0.1 to 13 pCi/liter. An average value of 2.5 pCi/liter is

D

Pb AND

!

Rn CONTENTS OF RAINWATER IN TOKYO

549

TABLE 1
2

The Content of ' °Pb in Rainwater (Snow) and
the Amount of Precipitation
210

Date
1972 Sept. 12
14
Dec. 8

1973 Jan. 7 - 8
24

Feb. 17-19
22

Apr. 4
10

15-17
May 2
10
23

28-29
June 3
6—7
8

12-13
13

17-18
21
22

26-27
July 2
20
30
Aug. 1
6

24—25
Sept . 4—6
13-14
21—22
30

Oct. 7 - 8
13-14
21-22
28

Nov. 9—10
1974 Jan. 21(13—17 hr)
21(17-23 hr)

Precipitation,
mm

Content,
pQ/liter

4.0

0.3 ± 0.01
3.3 ±0.05
4.0 ±0.05
1.3 ±0.03
1.9 ±0.03
4.3 ±0.05
0.9 ± 0.02
2.0 ±0.04
0.2 ±0.01
0.6 ± 0.02
2.3 + 0.04
6.5 ±0.06
11.6 ±0.10
1.4 ± 0.03
0.1 ± 0.01
1.6 ±0.03
1.9 ± 0.03
3.4 ± 0.05
5.3 ±0.06
5.3 ±0.06
7.6 ± 0.06
1.4 ±0.03
1.5 ± 0.03
2.8 ±0.04
1.1 ±0.03
0.2 ±0.01
1.0 ±0.03
4.7 ± 0.03
2.2 ± 0.04
1.6 ±0.04
5.9 ±0.06
2.0 ±0.04
2.9 ±0.05
9.5 ±0.07
0.3 ±0.01
5.7 ±0.06
2.2 ±0.03
0.3 ±0.02
4.7 ± 0.04

23.5

1.4 ±0.05

80.0
177.0
26.5
41.5
51.6
29.4
20.6
14.5
24.5
58.0
26.2
17.5
6.0

14.7
1.9

50.0
6.1
9.0
8.2
5.8

14.0
10.2
25.7
22.0
21.0
15.2
23.2
57.0
19.0
57.5
27. L
25.5
31.0
14.5
78.3
43.0
61.4
73.0

Pb

Deposition,
pCi/m2

24.0
579.0
107.0
54.0
97.3
126.0
17.7
29.1
4.6

36.4
60.3
114.0
69.7
21.1
0.2

81.4
11.7
30.7
43.4
30.7
107.0
13.9
38.6
61.0
23.1
3.3

23.2
270.0
42.6
94.4
162.0
51.0
91.3
138.0
23.5
246.0
132.0
24.0
19.0
32.6
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(Continued)
2 10

Date
Feb. 5—G
7-8
20
23—26
Mar. 6—7
9
16—19
19
26-28
Mar. 31—Apr. 1
Apr. 8—9
16
21
25-26
29
May 9—10
14—15
20-21
26
30—31
June 4—6
9—10
11—12
14
18
19
21—22
23-24
27-29
July 2
4-6
6—8
10—11
11-12
12—13
19—20
20
20—21
24
24—25

25
Aug. 1
16—17
25—26
Aug. 31—Sept. 2

Precipitation,
mm
22.0
25.0
6.0
17.0
15.5
16.5
15.4
4.7
54.2
22.4
61.2
24.5
26.0
11.7
16.0
5.6
22.6
3.6
10.5
43.6
11.3
15.3
8.3
18.5
47.8
16.7
19.5
20.1
48.2
17.5
31.5
47.5
67.5
15.2
10.5
61.3
51.4
38.0
18.8
5.9
9.0
28.3
16.7
47.9
3 28.5

Pb

Content,
pCi/liter

Deposition,
pCi/m2

1.2 ±0.03
0.7 ± 0.03
1.3 + 0.03
4.7 + 0.06
3.4 + 0.03
6.0 ± 0.04
5.7 + 0.05
13.0 ±0.30
3.1 ± 0.10
1.7 ±0.04
4.1 + 0.02
1.4 ±0.01
8.3 ±0.05
3.9 + 0.03
1.7 ± 0.02
2.5 ± 0.02
0.9 ± 0.01
2.7 ±0.05
5.6 ± 0.04
0.5 ± 0.01
3.8 ±0.02
6.5 ± 0.03
3.9 ±0.04
1.7 ± 0.01
0.7 ± 0.01
1.8 ±0.01
2.1 ± 0.02
1.7 ±0.02
2.8 ±0.03
9.9 ±0.14
1.3 ±0.02
1.5 ±0.01
0.8 ± 0.01
2.0 ± 0.01
2.7 ± 0.01
2.1 + 0.04
3.2 + 0.02
4.0 + 0.02
3.3 + 0.03
2.1 + 0.10
2.2 ±0.02
4.5 + 0.03
1.7 + 0.05
0.9 + 0.01
0.6 + 0.01

27.3
17.6
7.8
79.4
52.0
98.3
87.3
61.0
169.0
37.7
253.0
33.6
215.0
45.3
27.8
13.9
20.6
9.5
58.8
20.9
42.6
99.1
32.6
31.1
33.5
29.6
40.0
34.2
135.0
174.0
40.0
72.7
52.0
30.1
28.0
128.0
167.0
151.0
61.7
12.1
19.4
126.0
27.6
43.6
82.2
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(Continued)
210

Precipitation,
Date
Sept. 4—5
9-10
15-17
18-19
22—24
27—23
Oct. 2—3
12—13
19-23
27

Nov. 6
17-18
Dec. 2-4
10
13

29-30
1975 Jan. 1
8
16

22-23
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nun

33.0
24.5
18.0
16.4
17.9
26.0
17.5
24.5
60.5
38.3
4.5

29.9
6.5
8.0
4.6

11.4
6.3
9.2

17.5
25.4

Content,
pCi /liter

Pb

Deposition,
pCi/m2

0.9 ± 0.02
6.8 ± 0.04
2.4 ± 0.02
5.9 + 0.04
3.7 ± 0.05
7.3 ±0.05
5.3 ±0.07
7.7 ±0.15
4.8 ± 0.04
0.8 ±0.01
5.6 ±0.12
0.2 ±0.01
1.6 ±0.05
1.8 ±0.02
2.9 ±0.03
1.2 ±0.02

29.4
167.0
43.4
96.1
65.7
190.0
93.1
187.0
291.0
30.6
25.4

4.0 ± 0.02
0.8 ±0.01
1.1 ±0.02
1.0 ±0.01

25.1

4.5

10.0
14.2
13.5
13.8
7.6

18.7
25.7

obtained which is a result of calculation using the total amount of
deposition of 2 1 °Pb and the total amount of precipitation during the
observation period. The above mean value is in good agreement with
the previous value of 2.4 pCi/liter obtained in our laboratory in 1966
(Miyake and Kubota, unpublished).
As shown in Table 2 and Fig. 1, the amount of monthly
deposition of 2 1 °Pb in Tokyo ranges from 20 to 1042 pCi/m 2 . The
expected close correlation between the amount of monthly deposition of 2 1 0 Pb and the amount of precipitation is shown in Fig. 2.
The correlation coefficient between two amounts was +0.90.
There are no regular seasonal variations in the concentration of
21
°Pb in rainwater (snow) in Tokyo that are common in other parts
of the world (Lockhart, 1964) except in India where the fallout rate
of 2 1 0 Pb is affected by the monsoon (Joshi, Rangarajan, and
Gopalakrishnan, 1969). The annual amounts of deposition of 2 * °Pb
in Tokyo range from 3 to 4 nCi/m2, which are approximately equal
to those in other places in the temperate zone (Junge, 1963).
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TABLE 2

The Amount of Deposition and the Average
Content of 2 ' °Pb in Rainwater (Snow) in Tokyo
2.0

Date
1972 Sept.
Oct.
Nov.
Dec.
Sum

1973 Jan.
Feb.
Mar.
Apr.
May

June
July
Aug.
Sept.
Oct.
Nov.
Dec.

Precipitation,
mm

Deposition,*
pCi/m2

p

Average
content,*
pCi/liter

322.9
39.6
31.0
105.8
499.3

307

2.8

1219

Av. 2.4

135.7
51.6

217
150

1.6
2.9

8.5

136.9
99.1
145.6
83.7
113.9
151.0
205.4
75.7

2.3

743

(95)
(74)

(20)
96
406
393
117
387
438
555
23

(2.4)
(2.4)

(2.3)
0.72
4.1
2.7
1.5
3.4
2.8
2.7

0.33

0.0

Sum

1207.1

2802

Av. 2.3

1974 Jan.
Feb.
Mar.
Apr.

27.7
70.5
128.7
138.4
88.5
206.2
416.8
135.7
320.3
155.6
34.4
33.7
1756.5

53
134
502
567
124
474

1042

1.9
1.9
3.9
4.1
1.4
2.3
2.5
2.1
2.5
4.3

4738

Av. 2.7

59.4

77

1.3

3522.3

8836

Av. 2.5

May

June
July
Aug.
Sept.
Oct.
Nov.
Dec.
Sum
1975 Jan.
Sept. 1972
—Jan. 1975

285
801
669
30
57

0.87
1.7

•Numbers in parentheses are the estimated values.
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Fig. 1 The monthly average rainwater content and the amount of
monthly deposition of 2 ' °Pb in Tokyo.

The Content of 2 1 °Pb in the Rainwater and the Thickness
of the Cloud

It is generally regarded that 2 1 °Pb in the air is in a particulate
form with a small size (~0.1 urn) (Jacobi et al, 1959; Kawano, 1961;
Moore, Poet, and Martell, 1977). Therefore it is expected that most
of the 2 1 0 Pb may be removed from the air through the rainout
process rather than the washout process. To clarify this concept, we
investigated the relation between the concentration of 2 1 °Pb in each
rainfall in 1973 and the thickness of the cloud in which the
precipitation is formed. The thickness of the cloud is obtained from
the difference between the height of the top and the bottom of the
cloud. The height of the top of the cloud was observed by
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meteorological radar at the Meteorological Observatories at Mt. Fuji
and Tokyo. The height of the bottom of the cloud was determined
with the ceilometer equipment at the Observatory at Tokyo
International Airport.

1500

100

200
300
PRECIPITATION, mm

400

500

Fig . 2
211

Relation between the amount of monthly deposition of
Pb and the amount of precipitation.

The results of the study on the correlation between the
concentration of 2 1 °Pb and the thickness of the cloud are shown in
Fig. 3 and Table 3. As shown in Fig. 3, the concentration of 2 1 °Pb is
only 0.2 to 0.3 pCi/liter when the thickness of the cloud is smaller
than 3 km. However, when the thickness of the cloud exceeds 3 km,
the 2 I Q P b concentration increases abruptly to a range of 1.1 to
11.6 pCi/liter (mean 3.9 pCi/liter) for cloud thicknesses larger than
5 km. On the basis of this finding concerning the relation between
the concentration of 21 °Pb in precipitation and the cloud thickness,
it may be said that 2 1 0 P b in the air is readily trapped into
supercooled water droplets as nuclei even at the higher levels of the
atmosphere.
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Fig. 3 The content of 2 ' ° Pb in rainwater and the thickness of the
rain-bearing cloud (1973).

TABLE 3

Tht Thickness of Clouds and the
Content of 2 1 0 P b in Rainwater in Tokyo
210pb

Thickness
of cloud,
km

Precipitation,
mm

Deposition,
pCi/m2

Average content,
pCifliter

1—2
2-3
3—4
4—5
>5

39.7
151.3
245.2
172.3
393.8

8
44
365
424

0.20(0.19-0.21)
0.29 (0.26-0.33)
1.5(0.6-4.3)
2.5(1.4--. 3)
3.9 (1.0—11.6)

1527

The Content of 2 2 2 R n in Rainwater and the Air

From June to September 1974, the radon content in rainwater
and the air near the ground was determined. The results are shown in
Table 4 and Fig, 4. The radon content in rainwater and the air varied
widely ranging from 63 to 530 fd/liter and 9 to 110 fCi/liter,
respectively, in the above period of observation. Although it seems
that radon is nearly saturated in water with respect to the radon
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TABLE 4

Content of Radon in the Air and Rainwater
Rainwater

Air

Precipitation,
mm

Date

222

Rn,
fCi/liter

Date

222
Rn,
fCi/liter

Tokyo
1974 June 22
24
27
28

July 1
5
8
11
20

Aug. 1
14
17
26

Sept. 2

19.5
20.1
48.2
17.5
31.5
47.5
67.5
51.2
28.3
23.0
16.7
47.9
128.5

350 ± 12
209 ±7
530 ± 15
195 + 7
170 ±6
277 ± 8
200 + 6
63 ±2
427 ± 13
113 + 4
190 ±6
80+3
250 + 7
160 ±6

June 21
28

July 1
8
24
27
31

Aug. 5
12
19
26

Sept. 2
23

31 + 1
58 + 2
98 + 3
14 ± 1
28 + 1
60 + 2
44 + 1
110 ± 4
8.5 ± 1.0
37 ± 2
13 ± 1
53 ± 2
47 ± 2

Over the ocean
1974 Sept. 9
35°02' N
139°10( E

10.0

20 + 1

Sept. 8
35°02'N
139°10'E
Sept. 9
35 02N
139°10'E
Sept. 11
34 48 N
139°24'E
Sept. 12
34°3l'N
140°22'E

4 + 0.1
10 ±0.1
0.3 ± 0.1
19 + 0.1

concentration in the air, the activity ratio of 2 1 0 Pb and radon is
about 10 on an average which means that 2 1 0 P b content is much
more than the radioactive equilibrium value with radon. The excess
of 2 ' °Pb over radon is due to the fact that the former is present in
the particulate form and the latter is in the gaseous form in the air.
The contents of radon in the air and in rainwater over the ocean
were also determined. The results are given in the lower part of
Table 4. The content of radon ranges from 0.3 to 19 fCi/liter in the
air. The content of radon was 20 fCi/liter in rainwater when that in
the air was 10 f Ci/liter.
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Fig. 4 The content of radon in rainwater and the air.
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DISCUSSION

Wrenn: (Comment) On the basis of this paper, we should look
for elevated 2 1 0 Pb in population drinking water collected from
rainfall and for 2 2 6 Ra in the population drinking water from some
mineral water and groundwater, as pointed out by Dr. Mastinu
(Mastinu and Santaroni, this symposium).

Radiochemical and Radioecological Studies
of Natural and Artificial Alpha-Emitting
Radionuclides

ELIS HOLM and BERTIL PERSSON
Radiation Physics Department, University of Lund, Lund, Sweden

ABSTRACT
Transuranium elements, including uranium and thorium, were analyzed >:i both
marine and terrestrial samples. Plutonium and uranium were coadsorbed on an
anion-exchange resin from a strong hydrochloric acid solution. Uranium was
eluted with nitric acid, and plutonium, with hydrochloric acid. Americium and
thorium were noadsorbed from a nitric acid—methanol solution. Americium was
eluted with a hydrochloric acid—methanol
solution, and thorium, with hydrochloric acid. Uranium-232, 230 Th, 2 4 3 Am, and 242 Pu were used as yield
determinants. The actinides were electrodeposited on stainless-steel2 3 9disks
and
+240
measured
with surface
barrier detectors. Vertical profiles of
pU]
241
230
238
Am, Th, and
U, in the Pacific, the Mediterranean, and the Atlantic,
measured241by different
investigators, were compared. Uptake of the fallout
isotopes Pu, 2 4 0 + 2 3 9 P u , 238 Pu, and 2 4 1 Am in the lichen—reindeer food
chain was studied. Uranium and thorium in this food
chain were investigated to
compare results with those of previous studies of 2 1 °Pb and 2 ' °Po. Americium
and thorium exhibited similar biophysical behavior in the environment and in
the water column, although the settling velocity for thorium was somewhat
higher. The fraction of activity absorbed in gastrointestinal ingestion seemed to
be the same order of magnitude. However, there was a high 2 2 8 Th content in
biota at higher trophic levels
which can be explained by the substantially higher
uptake of the precursor 2 2 8 Ra. Plutonium showed similar distribution in the
water columns in different waters. In the Mediterranean and the Pacific, where
the concentration of particulate matter is low, a much larger fraction of the
plutonium remained in the water column than in the Atlantic. The fraction of
ingested plutonium which was retained in the body of reindeer was in
good agreement with the value of 3 X 10~ s predicted for man. Uranium showed
a constant concentration in the water column, with a low affinity to particles in
the water. The high concentration of uranium in reindeer tissues depended on
high intake from drinking water and foodstuffs other than lichens.
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The radionuclides in the environment can be divided into two general
classes, natural radionuclides and artificial radionuclides. Natural
radionuclides have two subclasses, cosmogenic and primordial.
Among the primordial radionuclides are the decay series headed by
238
U and 2 3 2 Th, which have existed in the earth's crust throughout
its history (UNSCEAR, 1977). The artificial radionuclides in the
environment are products of the nuclear age, initiated in 1945 with
the first nuclear explosion. The three subclasses of artificial
radionuclides are fission products, activation products, and transuranium elements. A major part of the transuranium elements
presently in the environment was released from atmospheric nuclear
explosions. Table 1 gives the current activities and amounts of
transuranium nuclides derived from nuclear explosions which are in
the environment.
The actinide elements, including the transuranics, play an
important role in the environmental aspects of nuclear power
production and the mining and manufacturing of nuclear fuel, which
release the natural actinides thorium and uranium and thendaughters. The most important long-lived fission products are 9 0 Sr
TABLE 1

Activities and Amounts of Transuranium Nuclides Present
in the Environment from Nuclear Explosions*
Nuclide

Mode of
decay

237

Np

239

Np

238

Pu

a

Pu

a
a

Pu
Pu

ra.

Am
Am

a

239

240pu
241
242

241
242

242m
242
243
244

Am

Cm
Cm
Cm

a

r

0~,EC
IT

a
a
a

Activity
Half-life
2.14 X 10 6
years
2.35 days
86.4 years
24400 years
6580 years
14.2 years
3.79 X 105
years
458 years
16 hr
152 years
163 days
32 years
17.6 years

kCi
0.7

8.5
210
140

2450
0.06
95

pBq

0.03

0.32
13
5
222

0.002
3.5

0.02

0.001

0.02

0.001

0.02

0.001

*Data are from Holm, 1977; Holm and Persson, 1978.
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and ' 3 7 Cs. Transuranium elements are produced in nuclear reactors
from neutron capture in uranium, and higher transuranium elements
are produced by multiple neutron capture. The most important
transuranium nuclides are 2 3 7 Np, 2 3 8 Pu, 2 3 9 Pu, 2 4 0 P u , 2 4 1 Pu
(precursor of 2 4 1 Am), 2 4 3 Am, 2 4 4 Cm, and 2 4 5 Cm. High-activity
waste containing a large number of radionuclides of varying half-lives
and chemical properties is produced in the reprocessing of spent fuel.
Great concern is expressed about the environmental health impact of
these nuclides, especially the heavy nuclides since they include alpha
emitters of high potential biological hazard.
In this study we compared the radiochemical and radioecological
behavior of the transuranium elements with the natural heavy
elements thorium and uranium and their decay products.
Table 2 shows the decay chains of the transuranium elements,
which join the natural decay chains of 2 3 2 Th, 2 3 8 U, and 2 3 5 U from
the top. A new short-lived decay chain of mass 4N + 1 is introduced.
This decay chain includes the important nuclides 2 4 1 Am, 2 3 7 N p ,
233
U, and 2 3 9 Th and ends with the stable isotope 2 ° 9 Bi.
RADIOANALYTICAL METHOD
Principles for Separating Actinides

The radioanalytical technique used for measuring low-level
activities of actinide elements in biospheric samples is based on alpha
spectrometry. Thus, to obtain an extremely thin sample for
high resolution alpha spectrometry measurements, we must separate
these elements from the sample matrix and make an electrodeposition. The radiochemical yield in the separation is determined with
yield monitors, such as 2 3 2 U for uranium, 2 3 0 Th for thorium,
24 2
Pu or 2 3 6 Pu for plufonium, and 2 4 3 Am for americium. Table 3
shows the actinide nuclides identified in biospheric samples and the
alpha-emitting nuclides that interfere in the alpha spectrometric
measurements.
The major interfering nuclide for plutonium is 2 2 8 T h (5.42
MeV), which, if it is present, obscures identification of 2 3 8 P u (5.48
MeV). Polonium-210 (5.3 MeV) interferes with both the yield
determinant 2 3 2 U (5.28 MoV) and 2 4 3 A m (5.28 MeV), and 2 2 8 Th
interferes with 2 4 l A m (5.49 MeV) in samples from soil and
sediments. The fact that the yield determinant 2 4 2 Pu may contain
24
' Am from impurities of 2 4 'Pu must be considered at ultra low
levels of 2 4 l A m in the samples, but the yield determinant 2 3 6 Pu
contains significant amounts of 2 3 2 U and 2 2 8 Th which must be

TABLE 2

Decay Chains of Transuranium Elements, by Mass
4N

4N + 2

4N + 1

4N + 3

Cm
3

30
>

Cm

5

o
X

5
o

m
n
o
g

Bi

lub

Pb,
stable

\

(0.28%)""'PoA
a
[Ol] jl(99.72%)

1
g
m
en

I stable
u

U1

TABLE 3

2

Weighted Alpha-Particle Energies in Descending Order from Each Group of
Actinide Elements Separated from Various Biospheric Samples

Neptunium,
Thorium
232

Th

Uranium

Plutonium

Americium,
Curium

'Th
"U
237

Np

Ra
242p u
239p u
243

Am

2 I0
232
228

U

Th
24l

2 38p u
224

Am

242

21 2

Rn
Po

5.48 >

Cm
Cm

6.061
6.09/

Ra
244

4.67 1
4.761 /
4.77 I
4.78/
4.89
5.15
5.27]
5.30 f
5.3lJ
5.40]
5.49J
5.68
5.76
5.80

2 3 6p u

220

Notes

4.00
4.19

238 U

5

Weighted
a-particle
energy,
MeV

6.29
6.78

Interference in total alpha
spectra of great activity
differences
238
U may interfere with
2 37
Np measurements

1
O
>

z
0

2

Interference with ' °Po if
243
Amor232UiSused
as yield determinant
Interference from 2 2 8 T h
and 2 4 1 Am on low
levels of 2 3 8 P u

2 2

' Bi from descendant
228
T h may interfere
with 2 4 2 Cm
Descendant from 2 2 8 T h
Descendant from 2 2 B T h

M

O

z
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taken into account. The yield determinant 2 3 2 U also contains 2 2 8 Th
as a daughter, and it must be considered if 2 2 8 Th is to be analyzed in
the samples. Thus the main problems in radioanalytical procedures of
this kind include efficient sample decontamination from interfering
alpha-emitting nuclides and from elements that are deposited on the .
disk and deteriorate the resolution. It is also necessary to have yield
determinants with a high degree of purity. The methods we found to
be most convenient for radiochemical separation of trace amounts of
actinide elements from biospheric materials are based mainly on
ion-exchange systems.
For this purpose we used anion-exchange systems with nitric acid
and methanol mixtures. Such systems for separating actinides were
previously introduced by Hines, Wahlgren, and Lawless (1963) and
Korkisch and Janauer (1962) and have been further improved by
Haidvogel, Reitsamer, and Grass (1973) and Guseva, Tikhomirova,
and Grigoreva (1973). According to Guseva and coworkere, Korkisch
and Janauer, and Hines and coworkers the distribution coefficients
on Dowex 1 x S in 90% methanol solution of 1M HNO3 decrease in
the following order
Th(1.5E4) > Pu(4.0E3) > Am(1.8E3) > Cm(7.5E2)
> Bk(345) > Cf(218) > U(30)
These methods were improved further and adopted for analysis
of americium and curium in biospheric samples by Holm and Fukai
(1976). Figure 1 shows the separation scheme used in our investigation for analyzing uranium, thorium, plutonium, and americium. It is
also possible to separate all the actinide elements on one fraction for
alpha spectrometric measurement, according to a technique developed by Holm and Fukai (1977).
Separation of Plutonium

For the plutonium analysis and electrodeposition of the actinides, we used the procedures of Talvitie (1971, 1972) in which
briefly, Pu(IV) is coadsorbed with Fe(III) and U(VI) on an
anion-exchange resin from dM HC1 acid. The effluent and washings
contained americium, thorium, fission products, and other lighter
elements. Iron and uranium were removed from the resin with 7.2M
HNO3, and plutonium was eluted with 1.2M HCl. Radiochemical
yield determinants for plutonium are either 2 3 6 P u o r 2 4 2 P u .
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SAMPLE IN 9W HCI

SOLUTION HNO3 (pH 3)
1X8

7.2M HNO3

H U + Fa
AO PHASE
O.O75M HCI _

'

9W HCI-0.1W HF

1X8

I

1X4

ppt WITH NH_

EFFLUENT.

1

®

1-WI HNO,

7.2M HNO-

ii EFFLUENT

I"
'sir

Cm

0

J_

-KD
0.1M HCI-80%
MeOH-0.5/W

/ 1.5M HCI-86% MeOH

1X8

EFFLUENT

9WHC1

Fig. 1 Flow scheme of the radiochemical separation procedure for
the actinide elements investigated. Shaded areas represent columns
filled with Dowex anion-exchange resin. Circles containing element
symbols represent stainless-steel disks with electroplated actinide.
HDEHP is £>is(2-ethylhexyl)phosphoric acid. R : e is a rare earth
element cr a lanthanide complexed with rhodanide.
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Separation of Uranium

The uranium—iron fraction was evaporated to dryness and
dissolved in 1M HNO3—93% methanol. The solution was poured into
a Dowex 1 x 8 column, on which the uranium was absorbed and the
iron washed out. Uranium was then eluted with 7.2M nitric acid,
with 2 3 2 U as the radiochemical yield determinant.
Separation of Americium and Curium

Americium and curium were derived jointly in this separation
procedure. The 9M HC1 effluent and washings from the first column
containing americium, curium, and thorium were evaporated to a
minimum volume and then diluted to 100 to 200 ml with distilled
water. The pH value was adjusted to 3 with ammonia. Then
americium, curium, and thorium were extracted with 30%
6is(2-ethylhexyl)phosphoric acid and toluene. The organic phase was
washed with 0.075M HC1, and americium and curium were backextracted with AM HNO3. The organic fractions were saved for
thorium separation, and the americium and curium fraction was
evaporated almost to dryness and dissolved in 1M HNO3—93%
methanol, from which the americium and curium were absorbed on a
Dowex 1 x 4 ion-exchange column. Lanthanides were removed from
the column by washing with O.lAf HC1-0.5M NH4SCN-80%
methanol. Finally the americium and curium mixture was eluted
with 1.5M HC1—86% methanol, with 2 4 3 Am as the yield determinant.
Separation of Thorium

The organic phase from the americium separation, which
contained the thorium, was extracted with 9M HC1—0.1M HF. This
solution transferred the thorium to the aqueous fractions. Thorium
was precipitated as hydroxide with ammonia and then dissolved in
\M HNO3—90% methanol and absorbed on a Dowex 1 x 8 column.
The column was washed with 7 to 8M HNO3, and thorium was
eluted with 9M HC1. Since 2 3 °Th was used as the yield determinant,
double analysis had to be performed to correct for the naturally
abundant 2 3 0 Th. It would be better to use 2 3 4 Th or 2 2 9 Th as the
yield determinant.
Alpha Spectrometry Measurements

The samples were measured with surface barrier detectors having
a sensitive area of 300 mm2 and connected to a multichannel
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analyzer. The resolution or "full width at half maximum" for the
coupled to a routed 4096 channel analyzer, and the samples were
counted for 1,000 to 20,000 min.
THE LICHEN-REINDEER FOOD CHAIN
Actinidesand Other Alpha Emitters In Lichens

It has been shown previously that the lichen Cladonia alpestris
effectively accumulates radionuclides from atmospheric fallout
(Svensson and Liden, 1965; Mattsson, 1975; Holm and Persson,
1975). Figure 2 shows a recorded alpha spectrum of the actinide
elements separated as one group from lichens according to Holm and
Fukai (1977). The peak from 2 1 0 Po will increase with time after
separation until radioactive equilibrium with the parent 2 1 0 Pb is
I
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Fig. 2 Alpha spectrum of the lichen Cladonia alpestris.
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TABLE 4

Alpha-Emitting Nuclides in the Lichen
Cladonia alpestris*
Activity concentration
Nuclide
210

Po
U
235
U
238
U
228
Th
234

230Th
232

Th

238pu
239+240p u
24

'Am
Np
242
Cm
244
Cm

137

pCi/kg dry weight
7000 ±1000
5.6 ±1.1
0.2 ±0.1
5.4 ± 1.0
3.4 ± 0.6
1.9 ± 0.4
1.7 ±0.3
6.3 ± 0.5
140 + 10
30+3
0.3 ± 0.1
0.006 ± 0.002
0.006 ± 0.002

Bq/kg dry weight
260
0.2

0.007
0.2

0.13
0.06
0.06
0.23
5.2
1.1

0.007
0.0002
0.0002

•Values are for 1972.

reached. The daughter nuclides 2 2 4 Ra, 2 l 2 B i , 2 2 0 R n , and 2 1 6 P o
from the 2 2 8 Th decay chain are also recorded in this distribution.
Table 4 gives the activity concentrations of polonium and
actinide elements in C. alpestris. The lichen carpet and underlying
layers of decomposed plant material and soil were analyzed for both
137
Cs and 2 39 +24 °Pu. Thus we could calculate the deposition of
2 3 8 p u 2 3 9 + 2 4 0 p u a n d 2 4 i p u b y u s i n g deposition data available for
only 1 3 7 Cs (Holm, 1977). We derived deposition curves for the
individual plutonium isotopes from the values for the mass and
activity ratios of 2 4 o P u / 2 3 9 F u and 2 4 2 P u / 2 3 9 P u reported by Krey
et al. (1976) and Noshkin and Gatrcusis (1974). These curves are
presented in Fig. 3. The activity ratio of 2 2 8 T h / 2 3 2 T h in lichens is
greater than 1 because of the higher bioavailability of 2 2 8 Ra present
in the soil.
Actinide Elements in Reindeer

Lichens constitute a major source of food for reindeer during
winter, and radionuclides deposited in them are effectively transferred to the animal. In Sweden, reindeer are semidomestic animals
used for human consumption. The highest concentration of actinide
elements in reindeer tissues were observed in liver and bones. Table 5

HOLM AND PERSSON

570

10 4 |—I

iI

103
239p u

242

\

1 1 1

1961 1963

I I I I '

P u (x10)

I I I I I I

1965 1967 1969 1971 1S73 1975 1977
YEAR

Fig. 3 Accumulated area concentration of plutonium isotopes and
Am at the sampling place (62.3°N, 12.4°E).

241

shows the activity concentrations of polonium and actinide elements
in reindeer liver and bones, along with the reindeer/lichen ratios for
the various radionuclides in terms of the transfer coefficient R,
which can be determined by:
R=

Activity concentration in tissue (pCi/kg wet weight)
Age of animal (years) X Activity concentration in lichens (pCi/kg)

TABLE 5

Tissue

2I0

Po

2

1 O p b

2 3

8 u

2 3

4 u

232

T h

228^

, 3 0 ^

239+240pu

241

Am

Transfer C efficient (per year)
Liver
Flesh
Kidney
Bone

0.34
0.02
0.18
0.32

0.05
0.001
0.02
0.37

0.07

0.07

0.07
0.006

0.08

0.09

0.15

0.19t
0.04t
20f

0.07
0.007
0.61

0.01
0.0002
0.0008
0.0009

0.006
0.002

5500
200
2500
4500

900
9
300
5000

1

1

0.4
0.06

1

1

0.5

2
0.4
130

0.4
0.07
3

5
0.04
0.6
0.4

0.6
0.2

COLOGICAL

5m

Concentration (pCi/kg wet weight)
Liver
Flesh
Kidney
Bone

RADICJCHEfi/IICA L AND RAC

Actinide Activity Concentrations in Reindeer Tissue and
Transfer Coefficients from Lichen to Reindeer*

•Transfer coefficients were calculated by
Activity concentration in tissue (pCi/kg wet.weight)
Age of animal (years) X Activity concentration in lichen (pCi/kc)
fReflects the precursor

228,

Ra.

•
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From Table 5 we see that values for uranium and thorium are too
high to be explained solely by lichen consumption. Thus it is obvious
that other foodstuffs and respiration play a more important role than
lichens do in the body burden of uranium and thorium in reindeer.
The much higher activity concentrations of 2 2 8 Th than of other
thorium isotopes could be explained by in vitro buildup from 2 2 8 R a
absorbed in the diet. Consequently,2 2 8 Th and its daughter products
contribute significantly to the absorbed dose from natural alpha
emitters in bone and liver. Because of the large gastrointestinal
absorption of 2 2 8 Ra and the high amounts of energy released in the
decay of the 2 2 8 Th daughters (35MeV), the absorbed dose
contribution from 2 2 8 Th is approximately hundreds of times higher
than for other thorium isotopes.
ACTINIDES IN MARINE ENVIRONMENTS
Actinides in Seawater

Various actinides are introduced into seawater by different paths.
Plutonium isotopes have been released in great amounts during
nuclear explosions. Americium-241 has been introduced partly in the
same way as plutonium, but its main source has been in situ
formation from the decay of 2 4 1 Pu (half-life, 14.2 years). The
thorium isotopes 2 3 4 Th, 2 3 0 Th, and 2 2 8 Th are produced in situ in
seawater, and 2 2 6 Ra and 2 2 8 Ra escape from the sea bottom and are
transported vertically by diffusion. Uranium is partly discharged from
the bottom of the sea and partly introduced from, surface waters.
The concentration levels of the actinides in seawater and in several
marine organisms were summarized by Cherry and Shannon (1974).
Recently Krishnaswami, Lai, and Somayajulu (1976a, 1976b) focused interest on the particulate fractions of some radionuclides in
the Pacific and Atlantic oceans. Similar investigations have been
performed in the Mediterranean surface waters by Holm etal.
(1978). Table 6 shov/s a selection of reported values for particulate
fractions of the actinides and 2 I °Pb, along with the corresponding
settling velocities. The amount of a radionuclide on particles
decreases in the following order, which is inversely correlated to
residence time in the upper mixed layer:
Th > Am > Pu > Pb > U > Ra
Pacific Ocean waters have lower concentrations of particulates
than Atlantic waters, and concentrations in Mediterranean are lower
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TABLE 6

Fractions of Radionuclides Attached to Particles in Open
Seawater and Reported Settling Velocities*
2 30 T h

Particulate,
% > 0.45/i

P: 10-20ft

Settling velocity.

A: 10-20t
P: 630t

m/a

M:
M:
A:

J39+2.opu

l-5f
4§

1.5t

<0.1f

1.5-5f

<1+

u

0.3**

H§

7Ott

100t
20 §
140H

238

"'Am

100-150§

* Abbreviations are P, Pacific Ocean; M, Mediterranean Sea; and A, Atlantic Ocean.
fData from Krishnaswami, Lai, an 1 Somayajulu (1976a, 1976b).
fData from Miyake, Sugimura, and Mayeda (1970) and Miyake, Sugimura and
Vasujima (1970).
§Data from Holm et al. (W,'\,.
f Data from Noshkin and Bowen (1973).
**Data from Miyake, Sugimura, and Uchida (1972).
ttData from Livingston and Bowen (1976).

than in Pacific waters. The residence time for actinides is longer for
the Mediterranean than the Pacific Ocean, which, in turn, exhibits a
longer residence time than the Atlantic Ocean.
To compare the vertical distributions of transuranium elements
with those of uranium and thorium, we chose some typical profiles
from the Pacific Ocean published previously by Miyake and
coworkers (1970a, 1970b, 1972); from the Mediterranean, as
reported by Fukai, Holm, and Ballestra (1978); and from the
Atlantic by Livingston and Bowen (1976). Observations for 2 4 1 Am
in the Pacific are not available, and data on uranium and thorium in
the Mediterranean do not exist. The profiles for plutonium are
similar in both cases. Values for the profiles, normalized to 1 at the
surface, are presented in Table 7.
The data indicate that concentrations of 2 3 0 T h and 2 4 1 Am
increase with depth, whereas concentrations of 2 3 9 + 2 4 0 P u decrease.
The concentration of uranium seems to remain constant throughout
the whole water column. This suggests that the settling velocities of
americium and thorium are higher than those of plutonium and
uranium. Krishnaswami, Lai, and Somayajulu (1976a, 1976b) also
found an increase of particulate 2 3 0 T h concentration with depth in
the Pacific. This would be expected to be true for 2 4 ' Am also, but it
is not yet fully proved. Present information indicates that a relatively
large fraction of transuranium elements remains in the water column
for a considerable period of time if the particulate concentration is
low.
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TABLE 9

Activity Concentration Ratios of Various
Actinides in Sediment and Surface Water

Nuclide
230Th
241

Am

239+240pu

238

u

Activity ratio,
surface sediment;
to surface water
5X 1 0 s - 2
1 X 10s—1
2 X 104—6
5 X 102—1

X 10 6
X 10 6
X 10 4
X 10 3

important pathway to man is the inhalation of contaminated air. At
the present low concentrations in air, however, intake via food
accounts for a relatively higher proportion, particularly for Lapps,
who consume reindeer. The total annual dietary intake of
2 3 9 + 24o P u b y L a p p g i s e s t i m a t e d t o be 20 to 25 pCi (0.75 to 1.0
Bq), compared with about 2 to 3 pCi for non-Lapps (Holm, 1977).
Retention from diet for Lapps is approximately 0.8 fCi/year (30
juBq/year) and 0.06 to 0.09 fCi/year (2 to 3 juBq/year) for
non-Lapps.
CONCLUSIONS
Americium and thorium exhibit very similar biophysical behavior
in the anvironment and in the water column, although the settling
velocity for thorium is somewhat higher. The fraction of activity
absorbed in gastrointestinal ingestion seems to be of the same order
of magnitude. There is a high 2 3 8 Th content in biota at higher
trophic levels, however; this could be explained by the substantially
higher uptake of the precursor 228 Ra.
Plutonium shows similar distribution in water columns in
different waters. In the Mediterranean and the Pacific, where
concentrations of particulate matter are low, a much larger fraction
of the plutonium remains in the water column than in the Atlantic.
The fraction of ingested plutonium retained in the body of reindeer
is in good agreement with the value of 3 x 10~ s predicted for man.
Uranium shows a constant concentration in the water column,
with low affinity to particles in the water. The high concentration of
uranium in reindeer tissues depends on high intake from drinking
water and foodstuffs other than lichens.

o
o

TABLE 7

V1

Typical Concentrations* of 2 3 ° Th, 2 3 8 U, 2 3 9 P u , a n d 2 4 1 Am at Different Water Depths
(Normalized to 1.0 at the Surface)
230Th

(Miyake,
Sugimura,
Depth, and Mayeda,
1970)
m
1.0
1.2
1.5
2.3
3.2
4.2

u

(Miyake, Sugimura,
and Yasujima, 1970;
Miyake, Sugimura,
and Uchida, 1972)
1.0
0.94
0.88
0.91
0.98
1.0

(Miyake and
Sugimura,
1976)
1.0
0.74
0.80
0.75

24

(Livingston,
(Fukai, Holm,
Mann, and
and Ballestra,
Bowen, 1975)
1978)
1.0
1.5
1.7
1.2
0.88
0.82

1.0
1.3
1.0
0.53
0.47
0.42

r"
>

'Am

(Livingston,
(Fukai, Holm,
Mann, and and Ballestra,
Bowen, 1975)
1978)
1.0
1.8
2.5
2.5
1.8
2.2

1.0
1.0
2.8
3.0
2.4
1.7

z
a

3D

g

o

m
O
n
r*
o
i

en
UDIES

•Sources for data are the references cited.
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Actinides in Sediments

Compared with concentrations in water and marine organisms,
levels of actinides in sediments are somewhat high. Values for several
sediments collected from different places and at different times are
given in Table 8. Some of these values have sewed as International
Atomic Energy Agency intercalibration exercises. The activity
concentrations and ratios are of great interest, however, because they
are influenced by the release of transuranium elements under
different conditions, e.g., nuclear reprocessing at Windscale and
Bombay, close-in fallout at Bikini, and global fallout on the
Mediterranean.
The activity ratios of 2 4 ' Am/ 2 3 9 + 2 4 O Pu are, in general, higher
than the expected value from release and fallout. It must be also
considered that most 2 4 ' Am has been produced in situ in sediments
or water by the decay of 2 4 ' Pu. Ratios between activity concentrations in sediment and in surface water, given in Table 9, reflect the
difference in residence time of the various activities in the upper
mixed layer (euphotic zone).
ACTINIDES IN THE HUMAN ENVIRONMENT

In the atmosphere the main natural source of uranium and
thorium is dust particles resuspended from the earth. Assuming a
dust loading of 100 ug/m3 in surface air and taking an average 2 3 8 U
and 2 3 2 Th concentration in soil of 0.7 pCi/g, we can estimate the
daily inhalation of 2 3 8 U and 2 3 2 Th to be 1.4 fCi (52 (iBq). The
dietary intake of 2 3 8 U, including drinking water, has been recorded
to be within a narrow range, 0.3 to 0.5 pCi/day (0.1 mBq/day), in
areas of normal average activity (UNSCEAR, 1977). There is no
direct information on the dietary intake of 2 3 2 Th, but an estimate
of 0.1 pCi/day has been proposed (UNSCEAR, 1977).
The activity levels of uranium in man have been estimated to be
approximately 0.2 pC:/kg (7.4 mBq/kg) in soft tissues and 4 pCi/kg
in bone. Corresponding values for 2 3 2 Th are 0.05 pCi/kg (2 mBq/kg)
in soft tissues and 0.5 pCi/kg (19 mBq/kg) in bone. Our results
indicate that the intake of 2 2 8 Ra through diet contributes importantly to absorbed dose in bone from the decay products 2 2 8 Th and
its daughters. The main source for 2 3 2 T h and 23O Th in man is
inhalation, however.
Plutonium uptake and deposition in human tissues are strongly
correlated with plutonium concentrations in air (UNSCEAR, 1977).
Thus, for plutonium released by atmospheric nuclear tests, the most

TABLE 8
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P
D

Activity Concentratioas of Some Actinides in Sediment Samples, Corrected to the Date of Collection
Sample
Windscale sediment
Bikini sediment
Bombay sediment
(SD-B-I)
Mnditerranean sediment
(SD'-M-I)

Collection
date

•

July 1975
1970

Pu

(110 ± 4)10'
(83 1 3)10-'

December 1971

970 ± 90
21 ± 3

October 1974

2

Windscale sediment
Bombay sediment
(SD-B-I)

2 4 t l

•14u

July 1975
December 1971

•Estimated from integrated

Pu/,2

1400 1 300

39+240

Concentration, \}Ci/kg dry weight
18
24 1Pu
Pu

5
o

24 1

X
m

n
>

Am

(26 1 2)10' (260 + •iono4 (280 ± 20)10-'
(7.1 ±0.3)10 •' (840 ± 70)10' (42 1 2)10'
56 ± 10
0.96 ±0.1
238

O

(8.5 ± 1.5)10' 190 ± 50
140 ± 30*
2 30

Th

o

6.5 ± 0.7
232

Th

228

Th

23 5

U

O
m
O
O
O

a

790 ± 100

44 0" 1 400

740 1 100

1200 1 300

260 1 50

500 1 100

Pu from global fallout.
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150 1 3 0
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50 1 1 5
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DISCUSSION
Sugimura: In your last slide, you suggested the possibility of a
similar distribution of americium and thorium in seawater. But
according to our recent study on the distribution of thorium in
seawater, it is quite heterogeneous. Also, the chemical behavior of
these two elements differ much from each other. Then analogous
behavior between thorium and americium in the marine hydrosphere
would not be expected.
Holm: Among uranium, plutonium, radium, and thorium,
americium resembles thorium most and especially 2 3 0 T h . They are
both generated in situ in the water. They have about the same
affinity to participate matter, and, taking average values, they both
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increase with depth in the water column although 2 3 0 Th is more
heterogeneous.
Nevissi: There are similarities between americium and europium
in the Bikini Atoll; both radionuclides are present in particulate and
soluble form. It seems that these two radionuclides have the same
physicochemical state in marine environment.
Holm: Yes, I agree with this, although europium was not studied
here. Of the lanthanides, neodymium is the one which most
resembles americium chemically.
Borisov: Do you have any new data on the metabolism of these
radionuclides into natural and food chains?
Holm: Yes, in our publication in the proceedings of the IAEA
symposium Transuranium Nuclides in the Environment in San
Francisco in 1975. In Table 5 of this paper, you will find values of
transfer coefficients for thorium, uranium, plutonium, and americium.
Wrenn: (Comment in response to a question from Dr. Borisov)
There will be some data on thorium in human tissues in my paper in
this symposium from which transfer coefficients from the environment may be inferred.
Holtzman: Have you measured 2 2 8 R a in water or 2 2 6 R a in
water on these samples? How do these levels of 2 2 8 Th compare to
these of 2 1 0 Pb and 2 1 0 Po?
Holm: We have not yet measured 2 2 8 Ra or 2 2 6 Ra or the other
samples in seawater. For reindeer tissue the concentration of 2 2 8 Ra
is higher than that of 2 2 8 Th because radioactive equilibrium was not
reached. The levels of 2 ' °Pb and 2 l °Po are much higher than the
2Z8
Th levels in the investigated food chain, as can be seen from
Table 5.
Hess: Does the radionuclide content of the lichen samples
represent the content of the lichen or associated particulates
attached to the lichen?
Holm: The lichen, Cl. alpestris, is growing in large dense carpets
on the ground and binds very firmly all material deposited from the
air. Thus it acts as an integrating bioindicator for atmospheric
fallout. The 2 1 0 Po, 2 I 0 P b , 2 4 1 Am, and 2 3 9 - 2 4 0 ' 2 4 1 P u are mainly a
result of atmospheric deposition. Uranium and thorium are a result
of resuspended material.

Applications of Environmental Radon-222
to Some Cases of Water Circulation

SHIGEHEKO KMURA and TAKAMI KOMAE
National Research Institute of Agricultural Engineering, Ministry of
Agriculture and Forestry, Japan

ABSTRACT
We have proposed three methods to analyze, demonstratively ard in detail, water
circulation and the changes caused by human activities by studying the changing
distribution patterns of 2 2 2 R n concentrations in water. We investigated the
results by applying the methods to some water circulation problems of Japan.
The first method was a detailed analysis oi the hydrogeological structure of an
area, using the fact that the 2 2 2 R n concentration of water takes a value
characteristic of the aquifer. This was applied to the analysis of vertical and
horizontal hydrogeological structures and to the location of fissure water. In
the second method we analyzed the state of mixing of surface water and
groundwater by taking advantage of the fact that the 2 2 2 R n concentrations of
the two are quite different. This method was used to analyze the mixing of
groundwater with river water and the mechanism of reservoir water leakage
through a da»n. In the third method, we used the differing 2 2 2 R n concentrations
in vadore w si tr and in retention water to analyze the pressure acting on the
aquifer or the groundwater. This method was used to analyze land subsidence,
natural gas leakage, plate tectonic movement, and landslide mechanism.

MEASUREMENT OF 2 2 2 Rn CONCENTRATION OF WATER
AND SUBSURFACE GAS
The radioactivity of samples of radon in water or subsurface gas was
measured by a liquid scintillation counter after extraction into
toluene, based on a method developed by Noguchi (1964). The
radioactivity was determined by the three-channel ratio method
based on the results of Honma and Murakami (1973). This method
has many advantages: it can handle the sampling easily; it takes a
581
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short time to treat many samples; it is much less expensive than the
other methods; and the limit of detection is 0.8 pCi/liter
(0.03 Bq/liter), an adequate, practical accuracy if measured within 4
days after sampling. When the 2 2 2 Rn concentration of water was
expected to be very low, as that of surface water, the double
extraction method was applied.
ANALYSIS OF GEOLOGICAL STRUCTURES

Most of the groundwater resources in Japan are exploited in the
diluvial sediments. Attention is given also to the fissure water in the
pre-Tertiary mountainous districts. We proposed practical methods,
taking the 222 Rn existing in environment as an indicator, to analyze
the geological structure for the purpose of developing and managing
groundwater.
Analysis of Geological Structure of the Diluvial Sediments

The ' 4 C dating and pollen analysis were introduced as analytical
methods, but these are not practical because the drilling is too
expensive to get enough samples for the methods. Therefore we tried
to analyze the geological structure by the 222Rn concentration of
groundwater samples in existing wells. This method is easy to treat
and is less expensive. Tanner (1964a, 1964b) and Adams et al.
(1972) proved that the quantity of 2 2 2 Rn that escapes from a unit
mass of a layer is characteristic of the layer. Supposedly the grain
size distribution and porosity of each layer and the quantity cf
uranium washed away from the mother rock are characterized by the
difference of precipitation influenced by the atmospheric temperature during sedimentation, even though the sediments were derived
from an identical mother rock. The 2 2 2 Rn concentration in each
layer of groundwater, therefore, will be useful in analyzing the
hydrogeological structure which reflects the climate during sedimentation. The significance of the difference in precipitation could be
expected from the quantities of uranium carried into rivers as
estimated by Miyake, Sugimura, and Tsubota (1964).
An Example of Analysis of Vertical Hydrogeological Structure
The analysis of the Nanao depression zone on the coast of the
Sea of Japan is shown in Fig. 1. The distribution of the 2 2 2 R n
concentration of groundwater coincides with the configuration of
geological formations. The low concentration zone found at the
upper left in Fig. 1 shows the old sand dunes that had not been
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confirmed by the geological techniques. However, the difference of
the concentration between the Pliocene and the Diluvium, located at
lower right in the figure, is small. Some geologists doubt the clear
distinction of the two formations, and the ambiguity of the
concentration seems to reflect the doubtful distinction.
To justify these conclusions, we measured the 2 2 2 R n that
escaped from the drilled core samples that had been crushed into
fragments less than 1 mm in diameter. The results are shown in Fig. 2.
The vertical distribution of the quantity of 2 2 2 R n which escaped
"rom the cores indicated patterns which reflected the old climate.
This method is useful in estimating old climates.
An Example of Analysis of Horizontal Hydrogeological Structure
Figure 3 is an example of analysis of the diluvial gravel layer at
the Haranomachi fan in the Pacific coast. The concentration
contours were drawn on the basis of the distribution of 2 2 2 R n
concentration of groundwater. These contours clearly divide the
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Fig, 3 Analysis of horizontal hydrogeological structure.

distinct sedimentary structure formed by a river basin, which has
been difficult to determine by the field observation of outcrops. The
distribution of the groundwater concentration along the centerline of
sedimentary flood structure in the middle is shown in the lower
diagram of Fig. 3. The part influenced by the encroachment after
sedimentation is shown as the region where the 2 2 2 Rn concentration
rapidly decreases. The division also corresponded to the results of
pollen analysis. The upstream bending point of the curve showing
horizontal distribution of the concentration corresponds to abnormal
sedimentation indicated by concentration contours; this continuity
of layers had not been found earlier by geological techniques. Since the
quantity of 2 2 z Rn which escapes from this gravel bed is almost the

KIMURA AND r.OMAE

586
WellC

Well D

Well E

25 222 Rn CONCENTRATION, Bq/kg

4

6 8 10-
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same, the difference of 2 2 2 R n concentration of groundwater is
thought to originate from the rise of the groundwater from the deep
aquifer through the fault located farther along the upstream side.
The quantity of 2 2 2 R n escaping from the drilled core samples is
shown in Fig. 4. The vertical distribution of the concentration
reflected the history of atmospheric temperature regardless of the
grain size of the sediments. A geological time gap was shown in a
clayey layer that had been regarded as a single layer.
Other Examples of Analysis
The distribution of 2 2 2 Rn concentration in a single aquifer led
to some analytical results (Kimura, Asano, and Komae, 1975b), such
as the influence of ground motion during sedimentation, the site of
erosional valley formed during regression, and the rise of groundwater from the deep aquifer through a fault. Using the distribution
of 2 2 2 R n concentration of groundwater, the authors succeeded in
dividing a single aquifer consisting of coral limestone into several
underground catchment areas at Miyako Island of the Ryukus.
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Analysis of Location of Fissure Water

The fissure water existing in the mountainous districts and the
alluvial fans has an ability to supply far more water than expected.
No geological methods suited to practical analysis of the location of
fissure water are known. Since Ambronn (1928) found that 2 2 2 R n
increases above faults or tectonic lines, many practical studies were
made in Japan (Hatsuda, 1949; Ochiai, 1951,1971;Ochiai, Asakura,
and Kawasaki, 1975). No practical techniques have been established
yet. Since we thought that the reason for failure depended on the
unsuitability of the measuring technique of 2 2 2 Rn, we applied the
improved technique to the field examination. We measured the gross
counts of each photopeak of 2 0 8 T l , 2 14 Bi, and 4 0 K by the Nal
detector after the principle proposed by Adams and Fryer (1964). In
addition to the three nuclides, the ratios 2 I 4 B i / 2 0 8 T l and
214
Bi/ 4 0 K were chosen as recording data. The adoption of these
ratios was found effective to remove the influence of unstability of
counts due to the change of geometrical condition in driving. The
influence of uranium-rich Paleozoic or granite outcrops that
disturbed the investigation could be eliminated in the record of
214
B5./ 40 K because the counts of 4 0 K increased simultaneously with 2 1 4 Bi. The detecting system consisted of 10 Nal
crystals, each 10 cm in diameter and 10 cm long. The data were
continuously recorded every 10 sec while we drove at 10 km/hr. The
measurement conditions were carefully chosen to catch clearly the
222
Rn escaping from cracks between the hours of 10 a.m. and
1 p.m. on fine windless days immediately after rainy days.
Through examination, the false peaks, which had been unavoid
able in conventional methods, could be eliminated. Most of the peaks
shown by 2 ' 4 Bi/4 ° K corresponded to geologically reasonable cracks,
as shown in Fig. 5. It was very interesting that clear peaks were
observed above the minor fault diagonally crossing the major fault
rather than the major fault since the major fault was filled with the
clay. From these results, we proved that the proposed method was
more practical.
ANALYSIS OF MIXING STATE OF SURFACE WATER
AND GROUNDWATER

Holtzman (1964) and Kraner, Schroeder, and Evans (1964)
showed that the 2 2 2 Rn was effective as a tracer of groundwater. The
2 22
Rn concentration in water has been used for various purposes in
Japan: detection of uranium deposits (Murakami, Noguchi, and
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Fig. 5 Position of fissure water (arrow) indicated by gamma-ray
intensity on the ground.

Ohhashi, 1965), investigation of the origin of radium-226 (22eRa) in
h o t springs (Iwasaki, 1968 and 1969), and earthquakes prediction
(WaMta et al., 1976; Noguchi and Wakita, 1977). The 2 2 2 R n was
used to analyze the state of mixing of the surface water, which is
poor in 2 2 2 R n , and the groundwater, which is rich m222Rn,
and to
analyze some practical problems as follows.
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Fig. 6 Change of 2 2 2 R n concentration of river water, A, groundwater; «, river water.

Analysis of Mixing State of River Water and Groundwater

It is an essential problem about rivers from the viewpoint of
water resources that the state of flow during the dry season still
remains unexplained. We investigated the practical problems of the
groundwater gushing into the river, the river water infiltrating
the ground and the confluence of rivers. Figure 6 shows an example
at the Kinu River in central Japan. The 2 2 2 Rn concentration in the
river water decreased while flowing down because of its escape into
the air. The phenomenon of the 2 3 2 R n concentration increasing
while flowing down is caused by mixing with the groundwater
containing 2 2 2 R n in high concentration. Therefore we easily
analyzed not only the gushing ranges but also the gushing quantities
in each range. Figure 7 shows an example at the Sai River in central
Japan. We could see that the groundwater gushed into the stream
(range between A and B) of the Narai River. The confluence ratio of
two branches on mixing could be calculated from the 2 2 2 R n
concentrations of the river water in each branch before mixing,
and in the main flow after mixing. And, by considering the
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Fig. 7 Supply of water from underground (between A and B) and
confluence of river water (between D, F, and G) as indicated by
Rn concentration of river water.

discharge data of the smaller branch, the discharge of the other
branch and that of the main flow could be quantitatively
analyzed. This principle could be applied to the analysis of such
narrow flows as a flume in cultivated fields. The state of infiltration
of the river water into the ground could also be analyzed by using
the 2 2 2 R n concentration of groundwater as an indicator. We
succeeded in applying this method to the analyses of such problems
as the quantitative ratio of the basic flow gushing into the river, the
change of the area where the groundwater gushed out for irrigation
in the wide cultivated fields, and the infiltration of irrigated water
into the shallow groundwater (Kimura, Asano, and Komae, 1975b).
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Analysis of Leakage from Dam
We proposed a practical method, using the 2 2 2 Rn concentration
of water as indicator for two important reasons: (1) to judge whether
or not the dam requires countermeasure work and (2) to analyze
practically the leaking mechanism of the stored water in the dam.
For the first reason, the 2 2 2 R n concentration of spring water found
in the lower courses of the dam is used as an indicator. When the
spring water is comparable to the 2 2 2 R n concentration of the
groundwater existing around the dam, the spring is not influenced by
the stored water and the dam is in a safe state. When the spring water
is higher than that around the dam, the dam needs to be watched
continuously because the water retained by the dam site may have
started to flow. When the spring water is lower than that of the
nearby groundwater, investigation should be made quickly because
the stored water is infiltrating fast, except where precipitation has
infiltrated. For the second reason, several wells should be drilled in
the dam body along the crest and its downstream side and the
222
R n concentration of water in them used as an indicator. Its
change is analyzed during the process of filling the reservoir by the
same principles as the preceding decision. Figure 8 shows the case of
the Arasawa-1 Dam in northeastern Japan. The arrival of the stored
water at the observation wells A to C in Fig. 8 can be recognized by
the decrease of 2 2 2 Rn concentration. The phenomenon of 2 2 2 Rn
concentrations of water in well F changing periodically is regarded as
reflecting the deformation of the dam body due to the increase of
stored water. Concerning the wells D and E, the change of the 2 2 2 Rn
concentration of water shows clearly that the stored water has not
reached them, although the phenomenon that the retention water has
started flowing is observed in some wells. This method was applied to
the other dams successfully (Kimura, Kumagai, and Komae, 1976).

ANALYSIS OF CHANGE OF PRESSURE ACTING ON AN
AQUIFER OR GROUNDWATER
The groundwater, in the natural condition, moves through a
small part of the pores 10 tiraes as fast as expected and the rest of
the pores are filled with the retention water. The phenomenon that 'he
retention water starts flowing when a small pressure decrease is
caused by an artificial condition has been practically proven through
many examinations in Japan by using tritium existing in the natural
environment as an indicator (Kimura et al., 1975a). Grune (1964)
pointed out that the change of the 2 2 2 R n concentration of water
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caused by pumping generally took' the trend shown in Fig. 9. That is,
it stays, in the end, about three times as high as at the beginning.
This taught us that, in many cases, the 2 2 2 Rn concentration of
retention water was about three times as high as that of the vadose
water. Therefore, as active pressure on an aquifer or groundwater is
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Fig. 9 Change of 2 2 2 R n concentration and electrical transmissibility in pumping test.

applied, the 2 2 2 R n concentration of groundwater increases. We
applied this principle to the analysis of some practical problems as
follows.
Analysis of Land Subsidence Mechanism
The land subsidence has become an important problem in many
parts of Japan, because the groundwater resources have been
exploited in the diluvial sediments. The mechanism of land subsidence was understood in detail by using the 2 2 2 R n concentration
of groundwater. Figure 10 shows an example of the analytical
results. The continuous increase of the concentration in some wells
showed the increase of the quantitative ratio of retention water
extracted into the pumped water. The continuous decrease of the
concentration in other wells showed the mixing with the surface
water, and the zone where the river used to run was discovered by
the horizontal distribution of the points having such a tendency.
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Fig. 10 Change of patterns of
water in a land subsidence area.

222

R n concentration of pumped

Analysis of Spouting Mechanism of Natural Gas

The natural gas existing at 1 to 2 km under the ground happened
to spout at two districts in Japan. The range of the gas spouting was
the area where the 2 2 2 Rn concentration of subsurface gas was higher
than the area around it because the natural gas removed the 222Rn
from the layers while coming to the surface, although the 2 2 2 R n
concentration of natural gas was lower at first (Fig. 11). The gas
spouting mechanism could be analyzed by th<? 2 2 2 Rn concentration
of groundwater because the half-life of the 2 2 2 R n nuclide is short
enough to estimate the time taken before reaching the shallower
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Fig. 11 Change of
typical wells.

222

Rn concentration of shallow gioundwater in

groundwater. If there is a tendency to spout again, it is predicted
that the 2 2 2 Rn concentration of groundwater will be raised by the
active pressure on the upper ground at first and then will decrease by
mixing with the spouting natural gas itself. We have been observing
an area where the gas spout has occurred, and an example of the
results of these observations is shown in Fig. 11.
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Fig. 12 Change of 2 2 2 R n concentration of water in a gas well
rejecting the plate tectonic movement of the peninsula.

Analysis of Plate Tectonic Movement

The 2 2 2 Rn concentration of water in gas wells, which are 1 to
2 km deep and are located in the Boso Peninsula of eastern Japan
(another gas spout district), has been measured annually to predict
the next gas spout. The mean concentration observed in each area is
shown in Fig. 12. In the area surrounding the faults, the concentration increases or decreases corresponding to the compressed or
stretched state of the ground. This phenomenon shows the plate
tectonic movement of the peninsula.
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Fig. 13 Change of 2 2 2 R n concentration of subsurface gas and
groundwater in the locality of the sliding earth*, indicates earthquakes.

Analysis of Landsliding Mechanism

Landslides are in progress at several hundred localities in Japan.
Their sliding mechanism has not been understood clearly enough to
foretell their movement or to undertake countermeasures. It was
noted that the increase of earth pressure, which was a precursory,
appeared as the increase of the 2 2 2 Rn concentration of groundwater
or subsurface gas. The decrease of the 2 2 2 R n concentration of
groundwater or subsurface gas showed the rapid increase of the
infiltrating quantity of precipitation. Figure 13 is an example of such
a record obtained during the period from the early stage to the stable
stage of sliding. The change of the ground condition by the progress
of the landslide can be analyzed more accuiately by observing the
changes of 2 2 2 Rn concentration of groundwater and subsurface gas
than by taking a survey at the ground surface. The decrease of
Rn observed in March is due to the infiltration of melting snow.
From the above-mentioned results, it is expected that the proposed
principle will be demonstrated by continuous observation in the
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future. The rapid change of concentration is regarded as the
reflection of the change of ground conditions caused by earthquakes
So far as we can analyze the record, the change of concentration has
occurred simultaneously with the earthquakes, although the
earthquakes were not big enough and the epicentral distances were
not small enough to influence this district. The change of
concentration regarded as a precursory of earthquakes, such as the
reports from Tashkent of the USSR or China, has not been observed.
CONCLUSION

We propose some practical methods of using the 2 2 2 R n
concentration of water or subsurface gas as an indicator. These
methods should prove more widely applicable through a more
detailed examination of the behavior of the indicator.
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Transfer of Radium from Soil to Plants
in an Area of High Natural Radioactivity
in Ramsar, Iran

B. KHADEMI, A. A. ALEMI, and A. NASSERI
School of Public Health and Institute of Public Health Research,
Tehran, Iran

ABSTRACT
A section of Ramsar, a town located in the northern part of Iran, is considered
to be a high natural radioactivity area. Over 1 km 2 of the area, with an
approximate population of 2000, was investigated. Radium concentrations in
the soil are not homogeneous; they ranged from 17 to 9000 pCi/g. Environmental exposure rates ranged from 0.08 to 5.5 mR/hr, and radium concentrations in plants in this area ranged from 0.2 to 360 pCi/g of ash.

Iran is very rich in natural resources, including uranium ore. During
the past decade, mineral waters contaminated with the radioactive
materials have been studied. Since Ramsar mineral springs were
found to be very rich in radium, we concentrated most of our
research on this high natural radioactivity area.
Ramsar is a northern coastal town of Iran, with an approximate
population of 28,000, situated along the Caspian Sea on the slopes of
the Alborz mountain range. Its geographical location is long.
49°40'3" W and lat. 36°53'3" N.
There are two groups of sulfurous mineral-water springs at
Ramsar, nonradioactive, with a maximum radium concentration of
~5 pCi/liter of water, and radioactive, which have the same apparent
characteristics as the nonradioactive springs, but have a radioactivity
range of 2000 to 10,000 pCi/liter of water. About fifty springs of
radioactive waters are known in the Ramsar area of high natural
background radioactivity. Because of deposition of the high mineral
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FIELD 1

&\\*S;>'C. 0.08-0.1 mR/hr
J. 0.1-5.5 mR/hr

Fig, 1 Areas of high natural iadicactivity in Ramsar, Iran. Study
areas are fields 1, 2, and 3.

concentrations present in the water, every few years the orifices of
the springs close and reappear in other places. Some of the mineral
springs are used for therapeutic purposes by people.
DESCRIPTION OF AREA

Figure 1 illustrates the known radioactive areas of Ramsar.
Radioactive mineral water is known to be responsible for the
radioactivity in the area of high natural background. The main
business of the local inhabitants is farming and animal husbandry,
and their main products are tea and fruits, such as oranges, apples,
and peaches. Of these, only tea and oranges are exported outside the
high natural radioactivity area; the rest are used by the inhabitants
themselves.
Until approximately 20 years ago, the forest of the area was
exploited only for farming and animal husbandry. Then, because of
increased population, people began to occupy this area. Because
cultivation is impossible in areas which have been covered with
sediments from the mineral waters, this is where most houses are
constructed. These areas are usually highly radioactive, with external
exposure rates being 3 mR/hr. Fortunately the material used to build
most houses is concrete, which offers some protection from the
radioactivity and results in a decrease in the dose absorbed by
inhabitants.
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In our present research we concentrated on 1 km2 of the
radioactive zone, with a population of 2000 people. This area is
situated on the mountain slopes and has a stony surface covered by a
crust of soil 20 to 50 cm thick. Three rivers pass through the study
zone. Some of the radioactive mineral waters flow into these rivers
and, thus, contamination reaches the Caspian Sea. Since two of the
rivers dry up in summer, they are not shown on the map.
Radioactivity of the zone is very variable, even over 1-m
distances. Exposure rates range from 0.08 to 5.5 mR/hr, and radium
concentrations in the soil cover a wide range, 17 to 9000 pCi/g. For
precise investigation and measurement of transfer coefficients, we
chose three fields in the radioactive area for study. Radium
concentrations in fields 1, 2, and 3 are intermediate, high, and low,
respectively.

DISCUSSION AND RESULTS

Figure 2 shows field 1, an area of approximately 2000 m 2 , in
which environmental exposure rates outdoors ranged from 0.08 to
3 mR/hr. The radium concentrations in the soil of the northern
gardens of the field are much greater than those of the southern
gardens. In addition, since the whole field surface is rocky, to get
better results from cultivation, every few years the farmers bring into
this field soil from other areas, which may or may not be radioactive.
Therefore, the radium concentration of the soil in this field changes
from one place to another and from year to year.
The study zone contains a thermal bath with two separate pools,
one for men and one for women, to which people from all over the
country, especially the northern parts, come to bathe. Its waters have
radium concentrations as high as 4000 pCi/liter. An average of about
ten people per day use the baths for about 15 min each. These
people do not have permission from any regulatory authority to
bathe here.
Table 1 indicates the radium concentrations in the soil and plants
at different sampling points in field 1. Note that the radium
concentrations in the samples vary considerably in different parts of
the field in different years. The maximum concentration in the soil,
which was found in 1974 in the northern garden, was ~294 pCi/g,
and the minimum, found in 1975 in the southern garden, was
~38.4 pCi/g. Maximum and minimum concentrations of radium in
plants occur in tomatoes and cucumbers, respectively. The wide
variations in concentrations are probably caused by the heteroge-
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BEAN, 2.37
PEACH, 1.36
TOMATO, 5
POME" .GARLIC. 4.2
GRANATE , 3
.CUCUMBER, 0 . 5 5 /
JABLE
/
VEGETABLES. 1.5

Fig. 2 Field 1, showing north and south gardens and environmental
exposure rates outdoors. Average radium concentrations in some soil
and plant samples are given in picocuries per gram. See Table 1 for
complete list of concentrations in soil and ashed plant samples.

neity of soils, which is due, at least in part, to the importation of soil
from elsewhere for use in cultivation.
At this stage of the study, no definite conclusions can be drawn.
We suggest that further investigations be conducted to permit exact
interpretation of the data. One thing clearly apparent here is that
radium concentrations in the soil of the northern garden, which is
nearer the springs of radioactive water, are higher than those of the
southern garden.
Figure 3 shows field 2, an area of approximately 5000 m 2 .
Environmental radiation exposure in the field ranges from 0.1 to
5.5 mR/hr. An area of 20 m 2 , which is a part of a road passing
through the field, has an exposure rate of about 5.5 mR/hr. Ten
other points with this same high radioactivity are known in the

TABLE 1

Concentrations of Radium-226 in Soil and Plants in Field 1 in the
Area of High Natural Radioactivity in Rarnsar, Iran
Date
and
field
position
1971
North
South
Mean

Mean

Moan
1974
North
South
Mean
1975
North
South
Mean
Average

90 + 5.9
27 ± 2.3
58.4 ± 4

Bean

Tomato

2.34 ±0.5
2.29 ±0.2

6.5 ± 1.2

2.31 + 0.3

6.5 ± 1.2

Garlic

Cucumber

Table
vegetables

1.9 ±0.1
1.98 ±0.1

0.55 ±0.1

3 +:0.5

1.64+0.1

4.52 ±0.8

5.2 ± 0.7
2.8 ± 0.4

0.38 ±0.1

1.35 + 0.4

50.3 ± 3.7

3 + 0.3

4.52 ±0.8

4 + 0.5

0.38 ±0.1

1.35 ± 0.4

60 + 2

2.59 + 0.1

Orange

3 +:0.5

2.9 ± 3
2.1 +0.4

2.59 ± 0.1*

Peach

0.55 + 0.1

78.5 ± 5
22.2 + 2.5

60 ± 2*

Pomegranate

Herbs

X
Q

1.2 ±0.2

m
?

1.7 ±0.2
1.7 ±0.2

1.5 + 0.3

3

AND r

1973
North
South

Soil,
pCi/g

11. ALE

1972
North
South

Plants, pCi/g ash

3.8 ±0.9

A-

3.8 ± 0.9

m
294 ±16
91.6 ± 8

5 + 0.9
5.2 ± 0.5

0.69 ± 0.2

1.86 ± 0.2

5 .1 ± 0.8

193 ± 12

5± 0.9

5.2 + 0.5

0.69 ±0.2

1.86 ±0.2

5 .1 ± 0.8

3.8 + 0.1

38.4 ±0.9

1.58 ±0.2

3.98 ± 0.9

3.5 + 0.2

0.59 + 0.2

1.3 ±0.1

1 .1 ± 0.1

38.4 ±0.9

1.58 ± 0.2

3.98 ± 0.9

3.5 + 0.2

0.59 ± 0.2

1.3 + 0.1

1 .1 + 0.1

2.37

5

4.:I

0.55

SO

•Data from Harlc v {1973).

1.5

3

1.49 ±0.3
1.49 ±0.3

3.8 ±0.1 1.42 + 0.8

0.9 ± 0.2
0.9 ±0.2
1.36

3.08

1.38
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SOIL. 398
BEAN. 3.1
GARLIC, 5
TOMATO, 5
CUCUMBER. 0.55
TABLE VEGETABLES. 2.1

Fig. 3 Field 2, showing environmental exposure rates outdoors.
Average radium concentrations in some soil and plant samples are
given in picocuries per gram. See Table 2 for complete list of
concentrations in soil and ashed plant samples.

radioactive area. The soil radioactivity covers a wide range of values,
but its minimum value exceeds the maximum concentration in the
soil of field 1.
In field 2 there is a primary school with 200 students, ranging in
age from 6 to 12 years. Average environmental exposure rates inside
and outside the school buildings are about 0.1 and 0.5 mR/hr,
respectively. The students are mostly children of residents of the
high radioactivity area, and they spend an average of 5 hr/day at the
school for a period of 9 months per year. The school was built
5 years ago.
Table 2 shows radium levels in the soil of field 2. Minimum and
maximum concentrations are 398 and 1000 pCi/g, respectively.
Samples of soil and herbs of this field were sent to the Service de
Protection Sanitaire, Laboratoire de Radiotoxicologie, where they
were analyzed by Joanmaire (1978). The results showed concentrations of 9400 pCi/g of soil and 360 pCi/g of ashed herbs. Tomatoes
exhibit the greatest concentrations of radioactivity of all the plants.
In field 3, which is used only for cultivation (Fig. 4), radioactivity of the soil is reasonably homogeneous. Thus it was possible

s
TABLE 2

Concentrations of Radium-226 in Soil (pCi/g) and Plants in Field 2 in
the Area of High Natural Radioactivity in Ramsar, Iran
Plants, pCi/g aBh

Date

and
field
position

Soil,
pCi/g

Bean

Tomato

Garlic

Cucumber

Table
vegetables

o
1!
Pomegranate

>

Orange

Herbs

r
-

1974
North
Center
South
1975
North
Center
South

398 ± 35
999 ± 100
570 ± 45

2.8 ± 0.3

4.3 ± 0.3

0.42 ± 0.1

2

4.1 ± 0.5
4.8 ± 0.3
3.4 ±0.2

5.1 ± 0.5

5.8 ± 0.5

0.55 ± 0.1*

984 ± 78*
590 + 40

* Values determined by the Commissariat a' l'Energie Atomique in 1975.

g

o
z
ffi
3

2.1 ± 0.3
6.4 ± 0.3*
5+0.9

5.7 ± 0.1*
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SCHOOL

ORANGE. 0.36

CORN. 0.8

TABLE
VEGETABLES. 1.3

HERB. 0.57

TOMATO. 0.2

Fig. 4 Field 3, showing environmental exposure rate outdoors.
Average radium concentrations in some soil and plant samples are
given in picocuries per gram. See Table 3 for complete list of
concentrations in soil and ashed plant samples.

to choose only one 1000-m2 area for study. Background radiation is
—0.08 mR/hr. Table 3 shows the radium concentration in the soil
and plants of field 3. The maximum concentration of soil radioactivity reported by Harley (1973) is ~31.3 pCi/g, but measurements
made in 1975 indicate a concentration in the range of 20 to 24 pCi/g
of soil. Calculations of transfer coefficients are based on the latter
measurements.
The ratios of radium concentrations of ashed plants to their
corresponding soils are quite variable for different samples (Table 4).
Ratios are reasonably constant only for tomatoes and, to a lesser
extent, oranges. Reported ratios of radium concentrations in dry
vegetables to those in dry soils (Hollins, 1977) are of the order of

TABLE 3

Concentrations of Radium-226 in t oil and Plants in Field 3 in
the Area of High Natural Radioactivity in Ramsar, Iran

o

m
2

Plants, pCi/g ash

Date

Soil,
pCi/g

1973

31.3 ± 3 *

Bean

Tomato

Cucumber

0.2

Table
vegetables

0.2

0.1+0.1

*Data from Harley (1973).

Herb

Corn

Onion

0.2 ± 0.1

0.8 ± 0.2

Eggplan'

Potato

0.9 ± 0.9
0.9 ± 0 1

20-24

Orange

1.3 ±0.2

1974
1975

Pomegranate

J>
rn

1 + 0.2

0.2
0.36 ± 0.2

0.4 ±0.1
0.57 ±0.1

0.6 ± 0.8
0.8 + 0.1

0.2

0.77 + 0.9

0.7 ± 0.07

>
z
o
z
en
c/i

m
31
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TABLE 4

Transfer of Radium-226 from Soil to Plants (1975)
Plant
sample
and location
Herb
Field 1
Field 2
Field 3
Cucumber
Field 1
Field 2
Field 3
Salad
Field 1
Field 2
Field 3
Tomato
Field 1
Field 2
Field 3
Bean
Field 1
Field 2
Field 3
Pomegranate
Field 1
Field 2
Field 3
Orange
Field 1
Field 2
Field 3
Garlic
Field 1
Field 2
Peach
Field 1
Potato
Field 3
Onion
Field 3
Eggplant
Field 3
Corn
Field 3

Plant,
pCi Ra/g ash

SoU,
pCi Ra/g

Ash/soil
ratio

1.38

90
580
24

0.015
0.009
0.023

0.2

89
398
21

0.006
0.001
0.009

1.3
2.1
0.8

90
398
22

0.014
0.005
0.036

5
5.1
0.4

298
398
23

0.016
0.012
0.017

2.34

89
398
21

0.026
0.007
0.009

90
999
23

0.033
0.005
0.043

0.36

294
580
23

0.012
0.008
0.015

4.2
4.3

60
398

0.07
0.01

5.7

0.57
0.55
0.55

3.1
0.2
o

6.4
1
3.8
5

1.36

50

0.027

0.7

23

0.029

0.2

23

0.008

0.77

22

0.035

0.8

22

0.036
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0.025 for potato tubers and 0.25 for other vegetables. These results
are not consistent with those obtained in Ramsar.
Radioecological studies of this area are being continued, with the
collaboration of the Atomic Energy Commission of France and the
U. S. Department of Energy's Environmental Measurements Laboratory. Genetic studies of the animals and plants of the zone are also
recommended and will soon be started. Measurements of the radon
concentrations of the surface air are being made in this high natural
radioactivity area. Primary observations of radon daughter concentrations, carried out by hand-held dosimeters, indicate a value on the
order of 0.17 working level.
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DISCUSSION

Penna-Franca: I am very glad that finally another high background region, besides the ones in Brazil and India, is being studied. I
am sure the results obtained will be very useful in terms of
comparisons with the ones observed in the other two groups. I
noticed that you did not find correlation between 2 2 6 Ra levels in
soils and plants.
Khademi: I observed the same in Brazilian regions. What is
important for plant uptake is not total 2 2 6 R a in soil but the
teachable fraction. I think the population in this region should be
assayed by chromosome aberration techniques in order to compare
the results with the ones already found in the population of Brazilian
regions of high natural radioactivity.
Holtzman: Do you have ratios of ash to wet or dry weights? This
would help to compare these data to others. Since the activity is
226
Ra, there might be high radon levels and the 2 ' °Pb and 2 ' °Po
dose might be appreciably higher than 2 2 6 R a in the foods (and
people).
Khademi: Yes, we have the ratios of ash to dry weights. If you
need them, I can send them to you. We have started measuring
222
Rn, and we are going to start the others.

Distribution of Lead-210 in Japanese Soils
and Its Relation to the Distributions
of Stt'ontium-90, Cesium-137, and
Stable Lead

KIYOSHI KODAIRA,* MITSUKO KATO,t MISAKO (ISHIKAWA)
KOMAMURA,t ATSUKO KAWAMURA,? AKIO YAMAMOTO,j1[
RYOICHI EBISAWA,?** MASANOBU SAKANOUE,§ and
KAZUHISA KOMURA§
*Ashikaga Institute of Technology, Tochigi-ken; tNational Institute of
Agricultural Sciences, Tokyo;! Sagami Chemical Research Center,
Kanagawa-ken; and §Low Level Radioactivity Laboratory, Kanazawa
University, Ishikawa-ken, Japan

ABSTRACT
A method for radiochemieal analysis of 2 ' ° Pb in soils which is compatible with
analyses of 9 ° Sr and ' 3 7 Cs was established. Most of the 21 °Pb, 9 ° Sr, and ' 3 7 Cs
in soil profiles were found in upper layers, at around 15 cm depth. Fifteen
samples of Japanese rice-field surface soils collected in 1963 were analyzed for
210
P b , 9 0 Sr, ' 3 7 Cs, and stable lead. Higher levels of ground deposition of all
three radionuclides and a higher level of specific activity of 2 I 0 P b were found
on the Japan Sea coast than on the Pacific coast, especially on Honshu (the main
island of Japan).
It was hypothesized that a part of the 2 ' °Pb is native in soil, being generated
from the 2~ Rn gas that remains in soil. Lead-210 can also be generated from
airborne 2 2 2 Rn exhaled from the same site or from other windward sites on the
earth's surface. If exhalation takes place on the Asian continent, the airborne
222
Rn gas and its decay products, involving 2 ' °Pb, can be transported eastward
by the wind and captured by rainfall and snowfall, causing heavy ground
deposition on the Japan Sea coast. The residual airborne radionuclides can
contribute to the ground deposition on the Pacific coast, which has a lower level
of annual precipitation. The two experimental results—preferential accumulation
of 2 ' ° Pb, 9 ° Sr and ' 3 7 Cs in the upper layers of soil profiles and the high levels
of ground deposition on the Japan Sea coast—can be explained by the
hypothesis, if the airborne pathway of 9 ° Sr and ' 3 7 Cs from high altitude
nuclear tests are also taken into account.
f Present address: Tokyo Science Company, Tokyo, Japan.
**Present address: Japan Nuclear Ship Development Agency, Mutsu, Aomoriken,Japan.
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Two groups of Japanese rice-field surface soils, one group of samples
collected in 1963 and the other in 1976, were subjected to gamma spectrometry.
The presence of supported and unsupported 2 1 °Pb was found by comparing the
contents of 2 ' °Pb and 2 2 6 R a . Slight decreases in the ground deposition of
2
' °Pb in some sampling sites over a period of 13 years were found, whereas
annual variation in the levels of ground deposition of 2 2 6 R a and 2 3 8 U was not
found. Radium-226 was found to be kept approximately in equilibrium with
238
U.
The content of 2 ' °Pb in several sample's of phosphate rock (one of the most
important raw materials of phosphate fertilizers) was about 10 to 100 times that
of soils. The 2 ' °Pb content of lead metals was low. Aerial concentrations of
2
' °Pb and stable lead were estimated by analyzing an aerosol dust sample. The
specific activity of 2 ' °Pb in this sample was a little lower than activities in soils.

A series of radiochemical studies have been conducted on 9 ° Sr and
1 37
Cs in Japanese soils, rice, and wheat (Kodaira, 1965; Yamagata,
Kodaira, and Matsuda, 1965; Kodaira and Tsumura, 1972; Kodaira,
Tsumura, and Kobayashi, 1973). Various studies of 2 l 0 P b in the
environment are cited in the United Nations report (1962) and by
Tajima (1965). The first study on the detection of natural
radicactivity in Japanese horticultural soils was by Morita (1948),
but no information was available on individual radionuclides, because
techniques for identification were inadequate at that time.
The first study that identified 2 1 0 Pb in Japanese agricultural
soils was reported by Kodaira, Kato, and Ishikawa (1973) in the
National Institute of Agricultural Sciences at that time. A series of
studies of 2 2 6 Ra and 2 x °Pb in soils and natural waters in Japan were
made successively by Kametani (1975a, 1975b) and Kametani and
Tomura (1975, 1976a, 1976b), in the National Institute of Hygienic
Sciences. Studies of 2 1 0 P b and other related radionuclides in rain
waters in Japan were reported by Miyake et al. (1975), Saruhashi
etal. (1978), and Sugimura (1978) in the Meteorological Research
Institute and by Shinagawa and Tsunogai (1977) and Shinagawa,
Fukuda, and Tsunogai (1977) in Hokkaido University.
EXPERIMENT 1: VERTICAL DISTRIBUTION OF 2 1 0 Pb, 90Sr, AND ' " C s
IN SOIL PROFILES*
Soil Samples

Soil samples were collected in April 1963 from three localities in
Japan. Two of the locations were crop fields in regional and
*Part of these data were reported previously by Kodaira, Kato, and Ishikawa
(1973).
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prefectural agricultural experiment stations, and the third was vacant
ground at the National Institute of Agricultural Sciences in Tokyo.
In all three sampling sites, soil samples were taken from the upper,
middle, and lower layers of each soil profile. All soils were air-dried
and sieved through a 2-mm sieve.
Radiochemical Analysis

Methods of analysis for 90 Sr and 1 3 7 Cs in soil are described in
the manuals issued by the Science and Technology Agency, Japan
(1963a, 1963b; see also Yamagata, Kodaira, and Matsuda, 1965,
appendix). For the most part, according to the hydrochloric acid
extraction method described in those manuals, we analyzed not only
for 90 Sr and 1 3 7 Cs but also for 2 1 0 P b , with some special
considerations for the treatment of 2 l °Pb.
Each 200-g sample of air-dried fine soil was placed in a 1-liter
shaking bottle with 500 mi of 6N HCl containing 200 mg of Sr2+,
20 mg of Cs\ and 50 mg of Pb2 + carriers.* The mixture was shaken
for 1 hr, allowed to stand overnight at room temperature, and
decanted through a filter paper in a large Buchner funnel. The
residue was decanted and washed with about 300 ml of 0.1JV HCl.
The residue on the filter was transferred back to the shaking bottle
along with 250 ml of pure water. The soil suspension thus obtained
was added to 250 ml of concentrated HCl and subjected to repeated
extraction and washing. All the extracts and washings were combined.
The cesium fraction was separated from the combined soil
extracts as an ammonium phosphomolybdate coprecipitate, and the
strontium fraction was separated as a calcium oxalated coprecipitate
according to the manuals. The residual solution was treated by the
method of Kato (1938), with a slight modification. That is, the
solution was adjusted to pH 7 by adding ammonia water, formic acid
solution (85%, ~40 ml), and sodium monosulfide solution (5JV,
~40ml), and the mixture was adjusted to pH 2.0 to 2.5. The
precipitates of suifides thus produced were separated by a filtration
and dissolved in a hot, dilute solution of HNO3. By treating with
concentrated H 2 SO 4 , we separated the lead fraction as PbSO4
precipitate from other elements in the sulfide mixture.
The PbSO4 precipitate obtained was dissolved in an acidic buffer
solution of CH3COOH—CH3COONH4. The lead component in the
solution was precipitated as PbCrO4, which was filtered through a
*It would be better to use 200 mg of Pb 2 + carrier to avoid the effect of
native lead in soil.
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preweighed, small filter paper fitted into a separable filter stick, dried
at 110°C, and weighed.
After about 30 days storage time, the PbCrO4 was dissolved by
treating with a dilute solution of HNO3 and a small amount of
H 2 O 2 . Fifty milligrams of Bi 3+ carrier were added and mixed
thoroughly. A small amount of dilute HC1* was added to the
solution, and it was heated to precipitate BiOCl. This precipitate was
filtered through a preweighed filter paper, dried at 110°C, and
weighed. The procedure was designated "bismuth milking." The
BiOCl calibration sources were prepared through PbCrO4 by using a
solution of 2 ' ° Pb reference source, obtained from the Institute of
Physical and Chemical Research by courtesy of T. Hamada.
The radioactivity of the BiOCl was counted with a low-background Geiger—Miiller tube (background = 7 cpm) every 2 days.
Values at the zero time of "bismuth milking" were obtained by an
extrapolation method. Corrections for chemical recoveries of bismuth and leadt were made.
The fractions of 9 ° Sr and ' 3 7 Cs were radiochemically purified
according to methods described in the manuals of the Science and
Technology Agency (1963a, 1963b). The beta activities were
counted by a gas-flow low-background counting instrument (background = 1.2 cpm).
Results and Discussion
The radioactivity of BiOCl had a half-life ranging from 4.9 to 5.3
days, and a half-value layer for aluminum absorber of 41 to
44 mg Al/cm2; this corresponds with 1.2 to 1.3 MeV of maximum
beta energy on the basis of an approximate equation, HVL
(g/cm 2 ) = 0.032E max (MeV) (Tajima, 1964). From these examinations the radioactivity in the counting sample was identified as that
of 2 ' °Bi, which has a maximum beta energy of 1.16 MeV and a half
life of 5.0 days (Lederer, Hollander, and Perlman, 1967). Therefore
the radioactive substance separated from soil extracts was identified
as 2 ' °Pb. All the carriers and other reagents were proved to be free
from radioactive contamination.
As shown in Table 1, 2 l 0 Pb was found in soils in the order of
picocuries per gram, mostly distributed within the 15-cm-deep
profiles in relatively high concentrations. Therefore a sample taken
from a soil profile at 15 cm may contain 80% or more of the 2 J °Pb
*It would be better to use NH4C1 instead of HCI.
fThe amount of native lead in each soil sample, which was determined
colorimetrically, was taken into account in calculating PbCrO4 recovery.

TABLE 1
2

9

' ° Pb, ° Sr, and ' 3 7 Cs in Soil Profiles*
210

Niigataf
Joetsu City
Wheat field

0-2
2—12
12—22

pCi/g*
3.1
4.7
1.5

Total

80(9)
590 (69)
190(22)

pCi/g*
1.12
0.42
0.11

0-2
2-16
16-26

3.4
6.0
0.6

80(7)
970(87)
70(6)

1.52
0.34
0.13

1120(100)
0-2
2-15
15—25

1.45
1.44
0.23

21(14)
118 (76)
16(10)
155(100)

0.98
0.24
0.004

Sr

mCi/km2 (%)§

l37
Cs
mCi/km 2 (%)§

28(30)
52(56)
13(14)

24(32)
43 (57)
7.7(11)

93(100)

75 (100)

u

O
•n

34 (33)
55(53)
15 (14)

29 (26)
79(71)
3.3(3)

104 (100)

i l l (100)

o

14 (41)
20(58)
0.3(1)

20(73)
6 (22)
1.2(5)

34 (100)

27 (100)

•April 1963, HC1 extraction. Radioassay of ' 3 7 Cs was made by N. Yamagata.
tName of prefecture.
$ Values are picocuries per gram of dried soil (dried at 110°C), taking account of the moisture
content in each sample of air-dried soil.
§Calculated from the depth of soil layer and weight of soil per unit area at each sampling site.

SI jAPAIMES

Total

mCi/km (%)§

860(100)

Total
Tokyof
Nishigahara,
Kita Ward
(No crops)

2

LEAD-21

Ishikawat
Nonoichi City
Rice field

90

Pb

STR BUTION

Locality

Depth,
cm

m
CO

O

2
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present in the profile to a depth of 25 cm. The trend of vertical
distribution was almost the same for 9 0 Sr and ' 3 7Cs.
The maximum accumulation for 2 ' ° P b , however, was found in
somewhat deeper soil profiles than that for 90 Sr and I 3 7 Cs. The
strontium and cesium nuclides have originated from artificial fission
products since 1945, and their significant superficial ground deposition was reported by Yamasaki et al. (1965), Japan Analytical
Chemistry Research Institute (1968), and Yamagata, Chiba, and
Kobayashi (1969). On the other hand, 2 1 °Pb is one of the decay
products of 2 3 8 U existing essentially since the beginning of the
earth. Therefore the origin of 2 ' °Pb in soils should be investigated
differently from that of fallout fission products.
EXPERIMENT 2: REGIONAL GROUND DEPOSITION OF 2 ' °Pbf 9°Sr,
137
Cs, AND STABLE LEAD ESTIMATED BY RADIOCHEMICAL AND
CHEMICAL ANALYSES*
Soil Samples

Fifteen samples of rice-field surface soils of national and/or
prefectural agricultural experiment stations were collected in the fall
(September to November) of 1963. Four of the samples were taken
from the Japan Sea coast and nine from the Pacific coast on Honshu
(the main island of Japan). The sampling sites and soil-layer depths
are shown in Fig. 1 and Table 2.
Radiochemical Analysis

Radiochemical analyses of air-dried fine soils were made in the
same way as in experiment 1.
Chemical Analysis for Stable Lead

Each 5-g sample of air-dried fine soils was shaken for 1 hr with
30 ml of 6N HC1 with no carriers, allowed to stand overnight, and
centrifuged. The residue was subjected to repeated treatment and
centrifugaily washed twice with 30 ml of O.liV HC1. All the
supern&les and washings were combined. The solution thus obtained
was evaporated, mixed with concentrated HNO3 and concentrated
HC1O4, and heated to decompose the organic matter. After that,
tartaric acid and ammonia were added to the solution, and it was
adjusted to pH 4. An amount of H2 S gas was passed through the
•Part of these data were reported previously by Kodaira et al. (1975, 1976).
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135

140

145

DEGREES, east

Fig. 1 Sampling sites and regions.

solution. The resulting sulfide precipitates were centrifugally separated and dissolved in 30 ml of IN HNO 3 . Pure water was added to
make 100 ml of solution, which was designated "test solution."
An aliquot of each test solution was analyzed for stable lead
(native lead in soil) by dithizone colorimetry at a wavelength of 520
nm.
Each 1-g sample of air-dried fine soils with no carriers was
decomposed by alkali fusion. The fused material v/as digested in hot
water and acidified by HCl. After a series of procedures for removing
silica, pure water was added to the residual filtrate to make 100 ml.
This test solution was analyzed for stable lead by colorimetry also.
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TABLE 2

Sampling Sites and Soil Layer Depth
Localities
Regions
Hokkaido
Japan Sea
coast of
Honshu
Pacific
coast of
Honshu

Kyushu

Site
number

Prefectures

Cities

Depth,
cm

1
2
3
4
5
6
7
S
9
10
11
12
13
14
15

Hokkaido
Akita
Niigata
Ishikawa
Tottori
Iwate
Miyagi
Ibaragi
Saitama
Tokyo
Yamanashi
Me
Osaka
Okayama
Fukuoka

Sapporo
Akita
Joetsu
Nonoichi
Tottori
Morioka
Sendai*
Mito
Kohnosu
Tachikawa
Kofuf
Tsu
Habikino
Okayama I
Tsukushino

0—12
0-12
0—12
0-16
0—16
0—20
0-10
0—13
0—14
0-10
0-15
0-14
0-12
0-13
0-14

•Natori city in;1976.
fFutaba-cho in 1976.
jSan-yo-cho in 1976.

Results and Discussion

The data for the ground deposition on individual sampling sites
3re shown in Table 3. For stable lead only the analytical data
obtained by the HC1 extraction method were listed in the table.* An
extremely large amount of stable lead was found in soil taken from a
rice field at the Tokyo Prefectural Agricultural Experiment Station
in Tachikawa City, which is located near an airport that has been in
use for several decades. This soil may possibly be contaminated with
tetraethyl lead additives in aircraft fuel. Except for this unusual case,
most of the lead contents in soils found in this study are at
approximately the same levels as those reported in other studies
using various analytical procedures (Page and Ganje, 1970; Lagerwerff, 1971; John, 1971; Klein, 1972; Yoneda et al.,1972). Other
problems in measuring ground deposition are discussed in the following
paragraphs.
•Lead contents measured by hydrochloric acid extraction were slightly
lower than those measured by alkali fusion as shown in Table 5.

TABLE 3
i 37 C s

21 o p b )
71

Locality
Hokkaido
Sapporo
Japan Sea
coast
Akita
Niigata
Ishikawa
Tottori
Pacific coast
Iwate
Miyagi
Ibaragi
Saitama
Tokyo§
Yamanashi
Mie

Osaka
Okayama
Kyushu
Fukuoka

pCi/g
2.53

a n d gtable

90

°Pb
mCi/km

2

PCi/g

Surface SoUs*

Lead

Sr

l37

mCi/km

2

Cst
mCi/knr

Stable
lead
ppm

Specific activity,%
nCi2ioPb/gPb

•

3
270

0.38

35

42

72

3)

CD

H
6.1
5.5
4.8
3.5

520
55U
810
620

0.62
0.80
0.50
0.37

53
79
84
66

165
168
160
70

38
33
34
34

161
167
141
103

1.96
0.90
1.48
1.26
1.76
1.26
1.94
0.54
1.29

180
100
180
160
140
210
310
70
190

0.36
0.25
0.33
0.22
0.24
0.156
0.48
0.092
0.148

47
28
39
28
19
25
77
12
22

104
49
60

14.0
16.7

140
54

1.39

210

0.24

35

O

oz
r~
m

>

78

31

20.6

(231)§
18.6
20.0
15.6
53

32

10.2

O
to

o

48
61

(8)§
68
97
36
37
136

•September to November 1963, H^I extraction.
fFrom Yamagata, Kodaira, and Matsuda (1965).
^Specific activity of 2 ' °Pb, based on HC1 extraction.
§Near an airport and, thus, possibly contaminated with some tetraethyl lead additive of
aircraft fuel.
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TABLE 4
Regional Averages of Ground Deposition in 1963
Estimated by Radiochemical Analysis

;i0

-"Sr. ^
mCi/km~

Regions

Pb,
mCi/km:

Japan Sea
coast
Pacific coast
Combined ai'ea

630
170
300

71
33
44

3.7

2.15

Japan Seat
Pacific

Activity
ratio
mCi/lim:

Specific activity.
nCi : i o Pb/gPb

Annual
precipitation,
mm/year

Cs/Sr

Pb/Sr

140
69
101

2.1
2.1
2.1

9.0
5.8
6.7

143
68
94

235fi
1349
1627

2.03

1.00

1.55

2.10

1.75

The sampling sites on Honshu were classified into two regionsJapan Sea coast and Pacific Ocean coast. The average values of
ground deposition in each region are listed in Table 4, together with
annual precipitation data from a table of scientific constants (Tokyo
Observatory, 1970). Data on Tokyo soil were omitted from the
calculation of averages because of the abnormal content of stable
lead. As shown in Table 4, higher values were found on the Japan Sea
coast than on the Pacific coast. Such regional characteristics can be
explained by a working hypothesis as follows:
Radon-222, one of the decay products of 2 3 8 U , generates its
own decay products, involving 2 ' °Pb. Part of the 2 2 2 Rn may stay in
soil and cause ground deposition of 2 ' °Pb, while part of this gaseous
nuclide may migrate into the air. If the migration takes place on the
Asian continent, the airborne 2 2 2 Rn gas and its decay products
(involving 2 1 0 Pb) may be transported eastward by wind and
captured by rainfall and snowfall, causing heavy ground deposition at
the Japan Sea coast. The residual airborne radionuclides may then
contribute lesser amounts to ground deposition at the Pacific coast,
which has a lower level of annual precipitation.
Subtly speaking, eastward movement of the air mass along the
pathway of the westerly across the Japan Sea is remarkable in most
seasons, except summer, when the air mass moves northeastward
along the pathway of typhoons across the Pacific Ocean. A series of
mountain chains rise high halfway between the Japan Sea coast and
the Pacific coast, just like the midrib of a plant leaf of arched shape.
Japan's main agricultural lands are located along the coasts on each
side of the mountains. Thus it is important to know the characteristics of ground deposition in each region separately. A schematic
diagram of this working hypothesis is shown in Fig. 2.
As shown in Table 4, levels of horizontal ground deposition of
2 I opj^ 9 0g r anf j i 3 7Q S a r e higher o n tn<; j a p a r i cj,;a coast than on
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Fig. 2 Schematic of the working hypothesis on the ground deposition of ' ° Pb in Japan.

the Pacific Ocean coast. This general trend can be explained by the
hypothesis. However, in detail, the regional ratio of 3.7 for 2 I 0 P b
deposition is distinctly higher, and that of 2.1 for the specific
activity of 2 1 0 Pb is a little higher than that of 1.75 for the annual
precipitation. On the other hand, the regional ratio of 1.55 for
210
Pb/ 9 0 Sr ratio is also higher than that of 1.00 for 1 3 7 Cs/ 9 0 Sr
ratio. These detailed facts can be explained if we further assume that
the rainfall and snowfall of higher concentration of2] °Pb would be
supplied more heavily to the ground surface at the Japan Sea coast
than at the Pacific coast. This assumption is based on the analogy of
meteorological studies on radioactive fallout by Miyake (1972),
Miyak? etal. (1976), and Katsuragi (1978), involving the clarification of mechanisms of local changes in 9 0 Sr deposition.
Moreover a similarity in the vertical distribution of9 ° Sr, 131 Cs,
and 2 1 0 Pb in soil profiles, pointed out earlier, can also be partially
explained by the hypothesis—at least the 2 I 0 P b that originates
from airborne 222 Rn gas.
The idea of regional classification is based on a simplified
interpretation of the detailed regional climatological patterns proposed by Sekiguti (1959) and independently proposed by Kobayashi
(1960) from a geochemical viewpoint. The Japan islands are located
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mainly in a rather narrow range of north middle latitude (see Fig. 1).
Such relatively small difference in latitude does not seem to exert a
more important effect on the regional characterization of ground
deposition than does the difference in the climatological conditions.
e.g., the direction of wind and the intensity of annual precipitation.
For further discussion, see the studies of Miyake (1972), Tsunogai
and Kurata (1977), and Tsunogai and Shinagawa (1977).
Kametani and Tomura (1976a) reported the contents of : ' "Pb
and 2 2 6 R a in a large number of soil samples in Japan. They found a
correlation between the 2 1 °Pb contents and the annual precipitation
and, thus, presumed some additional deposition of 2 I 0 P b from
airborne 2 2 2 Rn exhaled from China. Shinagawa and Tsunogai (1977)
and Shinagawa, Fukuda, and Tsunogai (1977), analyzing for 2 ' n Pb,
210
B i , 2 I 0 P o , and many other chemical species in rainwater in
various parts of Japan, obtained strong evidence of the transport of
2l
° Pb and material of continental origin to the ocean through the
atmosphere.
EXPERIMENT 3: REGIONAL GROUND DEPOSITION OF 2 ' °Pb# 2 2 6 Ra,
AND 2 3 8 U DETERMINED BY NONDESTRUCTIVE liAMMASPECTROMETRIC ANALYSES
Instrumentation

A series of nondestructive gamma-spectrometric analyses were
made in the Low Level Radioactivity Laboratory of Kanazawa
University. One of the instruments was a low-energy photon
spectrometer (LEPS) equipped with a Ge(Li) detector 16 mm in
diameter and 5 mm in height, and another was a coaxial Ge(Li)
gamma spectrometer equipped with a Ge(Li) detector 82 cm3 in
active volume and 16% relative efficiency. A 4096-channel pulse
height analyzer was used in both cases. The 46-keV gamma ray of
210
P b and the 63.2-keV gamma ray of 2 3 4 T h (daughter of ? 3 8 U )
were measured by the LEPS to estimate 2 1 0 Pb and Z 3 8 U,
respectively. The 352-keV gamma ray of 2 1 4 P b and - 1 4 Bi was
measured by the coaxial Ge(Li) spectrometer to estimate 2 2 6 Ra.
Tablets of compacted soil, 50 mm in diameter, 6 to 8 mm thick
and weighing ~20 g, were used for the counting specimens. The
counting time was —2 days for LEPS measurement and ~1 day for
measurement by the coaxial Ge(Li) spectrometer. The spectrometric
measurements were carried out from the end of 1977 to the
beginning of 1978. Corrections were made for radioactivity decay
going back to each sampling time.
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Soil Samples

Two groups of soil samples were analyzed. The first consisted
mainly of the rice-field surface soil samples collected in 1963, which
v-'ere used for experiment 2 and stored thereafter; the additions to
this group were Niigata (1966), Tottori (1965), and Yamanashi
(1966) soil samples. The second group consisted mainly of the
rice-field surface soils collected in 1976, with Tottori (1973), Tokyo
(1973), and Mie (1972) soil samples added.
Results and Discussion

The results obtained by gamma spectrometry are shown in
Tables 5 to 7. In these tables also, we see the consistent tendency of
higher ground deposition of 2 1 0 P b on the Japan Sea coast. In
comparison of the contents of 2 1 0 P b and 2 2 6 R a at each site, the
presence of 2 1 0 P b in excess of that expected on the basis of
radioactive equilibrium shows distinctly the occurrence of unsupported 2 1 0 Pb.
The amount of unsupported 2 ' °Pb really produced by the
migration of radon gas may be larger than that estimated by simply
calculating the ratio of 2 ' °Pb to 2 2 6 R a if the loss of 2 2 2 R n from
the soil is taken into account. The exhalation of radon gas from soil
has been studied by Megumi and Mamuro (1971).
As shown in Tables 5 to 7, slight decreases in the ground
deposition of 2 1 0 P b in some sampling sites were found over a
13-year period, from 1963 to 1976.* Radium-226 seems to be in a
state of equilibrium with 2 3 8 U . The problems of radioactive
equilibrium will be discussed in future reports.
Over the period of time, the ground deposition of 2 2 6 R a and
238
U maintains almost the same level at each sampling site but
shows a tendency toward higher levels at the Japan Sea coast than at
the Pacific coast. Part of such a regional difference can be caused by
some regional difference in the genesis of mother rocks.
EXPERIMENT 4: 2 I 0 P b IN OTHER ENVIRONMENTAL MATERIALS
ESTIMATED BY RADIOCHEMICAL AND CHEMICAL ANALYSES
Materials and Treatments

Six samples of imported phosphate rock that had been stored at
the National Institute of Agricultural Sciences were finely ground in
•According to the comment of tha chairman, Z. Jaworowski to the authors
(at the Symposium), all kinds of radionuclides were abnormally abundant in the
atmosphere in 1963.
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TABLE 5
1

°Pb, Stabie Lead, 2 2 6 Ra, and 2 3 8 U in Rice-Field Surface
Soils Estimated by Gamma Spectrometry
"Pb
* CM

Locality

sampling

pCi/g

mCi/km2

Hokkaido
Akita
Niigata
Ishikawa
Tottoti
Iwate
Miyagi
Ibaragi
Oaitama
Tokyo
Yamanashi

1963
1963
1966
1963
1965
1963
1963
1963
1963
1963
1966
1963
1963
1963
1963

1.30
3.41
3.18
3.36
2.11
1.38
0.63
0.73
0.88
0.92
1.12
0.74
0.44
1.44
1.44

139
290
318
568
373
127
70
89
112
74
187
118
57
212
217

Mie

Osaka
Okayama
Fukuoka

Stable
ppm

Specific activity,
nCi 2 I O Pb/gPb

45

76

43
33

78
64
84
26
18
31

\«

16.5
23.8
41

28.8
(231 )t
24.9
28.8
19.6
39

20.9

(4)t
45
26
22
37
69

226

Ra,
pCi/g
0.29
0.65
0.73
0.93
1.05
0.30
0.40
0.81
0.66
0.63
0.77
0.87
0.38
0.73
0.55

2J8

U,
pCi/g
0.45
0.71
0.56
0.83
1.00
0.50
0.63
0.51
0.49
0.64
0.38
0.65
0.45
0.78
0.58

'Measured by alkali fusion method, as described in text.
tTokyo soil is possibly contaminated with aircraft fuel.

a mortar. Ten grams of these samples were dissolved by heating with
a mixture of 60 ml of concentrated HC1 and 20 ml of concentrated
HNO3 containing 50 mg Pb2 + carrier, according to the Official
Methods of Analysis of Fertilizers (National Institute of Agricultural
Sciences, 1962), modified by adding lead carrier in the acids. After
complete decomposition, the solution was evaporated to dryness,
and the residue was dissolved in 50 ml of pure water.
To remove large amounts of phosphate and calcium, we slowly
added 130 ml of fuming nitric acid. Lead was precipitated as
Pb(NO 3 ) 2 , taken out by centrifugation, and dissolved in a small
amount of pure water. The procedures of the reprecipitation of
Pb(NO 3 ) 2 with fuming nitric acid were carried out twice more on a
smaller scale. The lead fraction in an aqueous solution of Pb(NO3 ) 2
was converted to PbCrO4 in the first step and then to PbSO4 in the
second step. The lead fraction obtained was radiochemically purified
and subjected to the radioassay described previously.
Two samples of lead metal were analyzed for 2 I °Pb and stable
lead. Lead metal No. 1 was a lead sheet 2 mm thick, which was
newly made at the time of purchase in 1964. Lead metal No. 2 was a
lead pipe for tap water, which was worn at the time of purchase in
1965. Ten grams of each lead metal sample was dissolved in hot,
dilute nitric acid with Bi 3+ carrier and allowed to stand until the

DISTRIBUTION OF LEAD-210 IN JAPANESE SOILS

625

TABLE 6
2

' °Pb,

226

238

Ra and
U in Rice-Field Surface Soils
Estimated by Gamma Spectrometry
21

Locality
Hokkaido
Akita
Niigata
Ishikawa
Tottori
Iwate
Miyagi
Ibaragi
Saitama
Tokyo
Yamanashi
Mie

Oeaka
Okayama
Fukuoka

°Pb

Year of
sampling

pCi/g

mCi/km 2

1976
1976
1976
1976
1973
1976
1976
1976
1976
1973
1976
1972
1976
1976
1976

0.87
2.57
3.07
2.78
1.77
1.86
0.36
0.74
0.86
1.27
0.84
1.11
0.45
1.19
1.19

272
424
658
289
184
50
81
103
108
211
169
61
173
152

14 5

226

Ra,
pCi/g
0.85
0.83
0.89
0.91
0.47
0.61
0.22
0.78
0.17
0.43
0.15
0.31
0.42
0.68
0M

23S

U,
pCi/g'
0.43
0.68
0.90
1.03
0.70
0.50
0.13
0.21
0.29
0.54
0.29
0.72
0.48
0.98
0.53

radioactive equilibrium was accomplished for radioassay. Also 0.1 g
of each sample was dissolved in 3 ml of 6AT HNO3 and diluted with
pure water to 100 ml. Each 1 ml of these solutions was diluted with
0.1 bN HNO3 t o 1 0 ° m l - and t h e f i n a l solutions were used for the
colorimetric determination of lead.
A pack of glass-fiber air filters (each 50 by 50 cm), which was
used for a month in an air-conditioning room of a dustless factory in
Hino City, Tokyo, was obtained from N. Yamagata, National
Institute of Public Health. A sheet of the filters (weighing 21 g) was
rinsed with pure water to obtain water extract, then digested
overnight with 6N HCI at room temperature, and washed with O.liV
HC1. The acidic extract and washing were combined and made up to
a definite volume. An aliquot of each water and acidic extract was
taken for chemical analysis. Each of the remaining solutions was
concentrated by evaporation and heated with a mixture of HN0 3
and HCIO4 until transparent. After cooling, the solutions were
almost neutralized by NaOH and adjusted to p H l . After the
addition of 200 mg of Pb2+carrier, the radiochemical separation and
radioassay were carried out as described previously, with slight
modifications. At the same time, chemical analysis for lead was
carried out. The analytical results for 2 1 0 P b and stable lead were

TABLE 7

Regional Averages of Ground Deposition of 2 ' °Pb, Stable Lead,
226
Ra, and 2 3 8 U Estimated by Gamma Spectrometry
Approximate
year of soil
sampling
1963

1976

2

Region
Japan Sea
coast
Pacific coast
Combined area
Ratio,
Japan Sea/
Pacific
Japan Sea
coast
Pacific
coast
Combined area
Ratio,
Japan Sea/
Pacific

' °Pb,

210

Stable

210

natio
Pb/Ra U/Ra

3.03

387

40

73

0.84

0.78

3.61

0.93

092

122
206

27.8
30

36
48

3.17

1.43

2.03

0.62
0.65
1.35

0.55
0.61
1.42

1.48
2.43
2.44

0.89
0.94
1.04

1.58
3.29

Ra,
pCi/g

23a

pCi/g

Pb,
ppm

Pb,
nCi/g Pb

226

Pb,
mCi/km2

U,
pCi/g

2.55

411

0.78

0.83

3.27

1.06

0.93

129

0.42

0.45

2.21

1.07

1.40
2.74

212

0.56
1.86

0.56
1.84

2.50
1.48

1.00
0.99

3.19

o
o
33
>
>
m
>
r

DISTRIBUTION OF LEAD-210 IN JAPANESE SOILS

627

TABLE 8

Lead-210 in Phosphate Rocks (pCi/g)*
Florida,
-68

Florida,
-72

Gafsa

Kosier

Makatea

Morocco

Average

Range

59

30

27

34

27

49

38

27-59

*Bata from Kodaira, Kato, and Ishikawa (1973).

converted into aerial concentrations on the basis of working records
kept in the air-conditioning room of the factory.
Results and Discussion

As shown in Table 8, 2 ' °Pb content in phosphate rocks averaged
38 pCi/g, ranging from 27 to 59 pCi/g. This is about 10 to 100 times
the 2 l 0 P b content in soils. This high level of 2 1 0 Pb content in
phosphate rocks is reasonable, in view of the high 2 3 8 U content in
phosphate rocks pointed out in the United Nations report (1962).
For Japanese agricultural soils receiving heavy applications of
phosphate fertilizers, the following calculation, based on the statistical tables, Pocket Book of Statistical Tables for Agriculture,
Forestry, and Fishery (Ministry of Agriculture and Forestry, 1962)
and Nippon Kokusei Zue-1972 (illustrative statistical tables for
national activities in Japan) (edited by Yano, 1972) was tried. If
2.0 x 106 tons/year of imported phosphate rock is applied as
phosphate fertilizers to the entire Japanese agricultural area
(6.1 x 104 km 2 ), the application rate is 33 tons of phosphate rocks
per square kilometer per year. Even if all 2 ' °Pb in phosphate rocks
enters the soil without loss, the amount does not exceed 2 mCi
210
P b km~ 2 year" 1 . Compared with the actual ground deposition
of more than 50mCi/km 2 , shown in Tables 3 to 6, 2 1 0 P b in
phosphate rocks cannot be considered to make such an important
contribution to the ground deposition of 2 ' °Pb.
As shown in Table 9, from 1964 to 1965 the specific activity of
commercially sold lead metals did not seem to exceed 0.026 nCi
2
' °Pb/g Pb. Thus 2 x °Pb in lead metal cannot be responsible for the
ground deposition of 2 ' °Pb in soils. On the contrary, if lead metal or
an artificial lead compound is incidentally mixed with soil, a decrease
in the specific activity of 2 I 0 P b to stable lead in the soil can be
expected.
From the analysis of an aerosol dust sample, we obtained an
aerial concentration of 2.4 x 10~ 3 pCi 2 ' °Pb/m-1 of air, as shown in

628

KODAIRA ET AL.

TABLE 9

Lead-210 in Lead Metals and an Aerosol Dust Sample
Content
Material

Treatment

Stable lead

97% purity
Lead metal No. 1, Dissolved in
HNO 3
as lead
new, 1964
Lead metal No. 2, Dissolved in
92% purity
old, 1965
HNO 3
as lead
Aerosol dust,
Preliminarily 0.0004
Hino City,
extracted by Mg Pb/m 3
Tokyo, 1964
H2O
of air
Extracted by 0 . 1 1 jUg
HO from an
Pb/ra 1
air filter
of air

2iopb

SDecific activitv

nCJ 2lO Pb/gPb

25 pCi/g
of metal
4 pCi/g
of metal
Not detected

0.026

2.4 x 1 0 ~ 3
pCi/m 3
of air

22

0.004

Table 9. This is comparable with the concentrations of 5 to
24 x 10~ 3 pCi found in France by Marenco and Fonlan (19^2) and
5 to 8 x 10~ 3 pCi in the stratosphere reported by Feely and Seitz
(1970).
On the other hand, an aerial concentration of stable lead of
0.11 ng Pb/m3 of air was less than one-tenth the concentrations
observed at main streets in Tokyo and Osaka by Yamate, Matsumura,
and Tomura (1967) and Musha and Sugimae (1967). Hino City,
where the aerosol dust was sampled, is ~30 km from the Tokyo
metropolitan center; since the traffic is not so heavy, the aerial
concentration of lead is at a lower level.
The aerosol dust sample possibly includes soil particles blown up
by wind from the surface of surrounding crop fields. The 2 1 °Pb in
blown soil particles can be diluted isotopically by the stable lead
resulting from vehicular exhaust gas. In fact, 22 n C i 2 ' °Pb/g Pb, the
specific activity of the aerosol dust sample, is a little lower than
activities found in most of the soil samples as shown in Tables 4, 5,
and 6.
CONCLUSIONS
At the present time, on the basis of the working hypothesis
presented here, the differences and similarities in the behaviors of
9
°Sr, 13 7 Cs, and 2 1 °Pb can be summarized as follows:
First, airborne 9 0 Sr and 1 3 7 Cs are originated from artificial
reactions of nuclear fission and are resident almost homogeneously in
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the stratosphere. On the other hand, airborne 2 ' °Pb originates from
2 22
Rn gas, which is exhaled from the earth's surface.
Second, all three radionuclides, together with those "attached"
to soil particles blown up by the wind into the air, are captured by
rainfall or snowfall and finally produce similar patterns of vertical
distribution in soil profiles.
Third, there can be other fallout mechanisms specific to airborne
2
' °Pb, e.g., a specific mode of capture by rainfall or snowfall, such
as a characteristic vertical distribution pattern of 2 1 0 P b in air. In
addition, the underground portion of 2 2 2 Rn generates 2 1 0 Pb
directly in the soil.
Finally, we found that 2 ' °Pb predominates in the ground
deposition at the Japan Sea coast, as compared with 9 ° Sr and ' 3 7 Cs.
In the future efforts should be made to determine the mechanism for
this phenomenon.
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DISCUSSION
Bouville: Have you measured the concentrations of 2 ' °Pb in rain
and in snow on the Japan Seacoast?
Kodaira: I have not measured it. I shall be able to do so through
the cooperation with my colleagues in the Low Level Radioactivity
Laboratory of Kanazaw University, located on the Japan Seacoast.
Actually, I have the stored samples of rainwater of the Pacific side,
over the period of the past 4 years. But I do not have the results yet.
Incidentally, I recommend that you contact Drs. S. Tsunogai,
T. Shinagawa, K. Fukuda, and S. Tsunogai: Transport of 2 ' °Pb and
Material of Continental Origin to the Ocean Through the Atmosphere, oral presentation, 26th Congress of the International Union
of Pure and Applied Chemistry, at Tokyo, Abstracts, Session 1,
p. 418, 1977.

Measurements of Radium in Water
Using Impregnated Fibers

C. J. BLAND
University of Calgary, Calgary, Canada

ABSTRACT
The technique perfected by Moore and Reid (1973) for sampling radium in
seawater is well adapted for environmental sampling. Using this method, we have
examined runoff from mine tailings and have observed relatively high amounts
of 2 2 3 R a (from the 2 3 5 U series). Apparently the fiber is able to absorb a
precursor, 2 3 ' Pa or 2 2 7 Ac, and hence retains the 2 2 3 Ra concentrations for long
storage periods. Examples of high-resolution alpha spectrometry of these
activities are presented.

USE JF MANGANESE-IMPREGNATED FIBERS FOR WATER SAMPLING

The use and preparation of manganese-impregnated fibers for the
extraction of radium from water have been described by Moore and
Reid (1973), and more recently this material has been experimentally used to purify water from wells in Texas (Moore and Cook,
1975). Briefly the preparation of the fiber involves converting regular
fibers of AcrilanTM (Monsanto Textiles Inc.) into an ion-exchange
resin by immersing the fibers in a caustic soda solution, after which
manganese hydroxide is formed on the resin by soaking the material
in a manganese chloride solution, followed by another caustic soda
bath. As the material is dried in the air, it turns black as manganese
oxide is formed.
We have experimented with various methods of passing water
through the resin, by gravity feed through a tube containing a plug of
the material and by continuous circulation using a centrifugal pump.
The absorption of dissolved radium from 36 test solutions of varying
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concentration, pH, and temperature averages 81 ± 12% as long as the
flow velocity does not exceed about 10 m/min; at higher velocities
the absorption appears to decrease. Laminar flow through the fiber is
important because the onset of turbulence causes higher local
velocities in the neighborhood of the fiber with a corresponding
reduction in absorption. Thus the fiber filter should not be mounted
close to the discharge orifice.
As far as a tool for sampling is concerned, the greatest source of
error is the absorption of radium onto loose fibers that are later
removed by the stream of water. Therefore in accurate work the
fiber must be weighed before and after use, although it is better to
"spike" the manganese chloride solution with a radioactive tracer
such as s 4 Mn. The latter isotope is a gamma-ray emitter and permits
losses of manganese-impregnated fiber to be monitored.
The advantage of using fiber for water analysis is particularly
evident in remote locations since less than 0.5 g of fiber can be used
to remove radiiiin from samples of up to 10 liters. The transport of
heavy bottles Df water is thus avoided, along with the dangers of
freezing, breakage, and the uncertainties of absorption on the bottle
material. Trace quantities of other dissolved elements in the water
can be tolerated, although discoloration and loss of absorptivity may
occur in the presence of high ferric ion concentrations. Care must be
exercised in mine environments if barium treatment is applied for the
removal of radium since the barium acts as a carrier and the fiber will
only absorb the radium in the fractional amount with respect to the
barium concentration.
After the fiber is received in the laboratory, the radium can be
removed by boiling it in concentrated hydrochloric acid. A practical
sampling apparatus consists of a plastic powder funnel 15 cm in
diameter with a short 5-cm spout into which a tight plug of fiber
about 1 cm long is inserted. A few centimeters of flexible plastic pipe
is attached to the spout to ensure uniform flow. If the funnel is kept
full of water, the flow rate is approximately 150 ml/min, which
permits a 1-liter sample to be treated in 6 to 7 min. The fiber plug is
then removed and stored in a plastic bag.

RADIUM ACTIVITY IN THE VICINITY OF URANIUM MINING

The maximum allowable 2 2 6 Ra concentration in water used for
human consumption varies from one regulatory agency to another
but lies in the range of 3 to 30 pCi/liter. Such levels are often found
in natural water, and it is sometimes difficult to distinguish between
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natural and man-made activity. Radon de-emanation techniques for
the assay of radium measure the equilibrium amount of 2 2 2 Rn in
water; any 2 ' 9 Rn present due to the decay of 22 3 Ra (from the
235
U series) will not normally be detected because of the short
half-life of 2 ' 9 Rn (4 sec). In naturally occurring activity the ratio of
2 26
Ra/2 2 3 Ra tends to the value of the ratio of 2 3 s U/ :3 8 U (about 1
part in 140). However, the 2 2 3 R a / 2 2 6 R a ratio can drastically
increase in the vicinity of acid leaching from mine tailings. These
tailings contain 2 3 0 T h and 2 2 7 Th, presumably maintained by the
precursor 2 3 1 Pa. Thorium complexes are leached in low pH
solutions, provided by H2 SO4 formed by the oxidation of pyrite in
several mining locations. Moffet (1976) pointed out that in such
circumstances 2 2 3 Ra will grow faster than 2 2 6 Ra because of the
shorter half-life of 2 2 3 Ra (11.2 days compared with 1600 years).

MEASUREMENTS

To demonstrate the use of fiber sampling techniques and the
peculiarities of radium isotope distributions, we present some results
obtained in the vicinity of abandoned tailings in the Elliot Lake
region of Ontario, Canada. The abandoned tailings consist of several
hundred hectares of fine sand. Two samples of runoff from these
tailings, each of 2-liter volume, were passed through two fibers.
Water samples were also collected for comparison. After 36 hr, both
filters were boiled in hydrochloric acid to remove radium. One of the
liquid extracts was processed immediately to produce a 5-mg BaSO4
coprecipitate of radium on a 5-cm-diameter planchet. After 4
months' storage, the second liquid extract was also processed. The
alpha-particle spectrums from both planchets immediately after
processing were the same; an example is shown in part (b) of Fig. 1.
Lines from 2 2 3 Ra and daughters are evident. Part (a) of Fig. 1 is the
alpha-particle spectrum from a planchet after 4 months' storage; this
shows lines from 2 2 6 Ra and daughters, whereas 2 2 3 Ra activity has
decayed away.
We conclude from these measurements:
1. Manganese-impregnated fiber picks up radium isotopes from
environmental samples.
2. After boiling in hydrochloric acid, the resultant liquid must
contain a precursor of 2 2 3 Ra since after 4 months (over 10
half-lives) 2 2 3 Ra is still present.
We have not yet determined whether the precursor that is absorbed is
231
Paor227Ac.
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Fig. 1 Alpha-particle spectrums of radium extract from Crotch
Lake, (a) Extract after 4-month storage, (b) Same extract after 24-hr
storage.

These features mean that fiber samples need not be immediately
processed in order to determine the relative activities of 2 2 3 Ra and
226
Ra.
For examination of the relative abundance of 2 2 7 Th to 2 3 ° Th in
the tailings sand, 0.5 g of this material was fused. Thorium was then
extracted by ion exchange and electrolytically deposited on a
stainless-steel disk. The alpha-particle spectrum is shown in Fig. 2.
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Fig. 2 Aipha-particle spectrum of Crotch Lake tailings after thorium extract and electrolytic deposition.
CONCLUSIONS

Natural samples that we have tested to date show predominantly
R a o r 2 2 4 Ra and 2 2 8 Ra. The peculiarities of leaching from
uranium mine tailings gi^e rise to exceptional relative amounts of
2 23
Ra.
226
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Such leaching often enters streams and water supplies that flow
through inhabited areas; however, by examining for 2 2 3 Ra, this
source of pollution can be identified.
The use of fibers for sampling offers a convenient method of
collecting samples and, because of the retention of precursors, will
maintain the 2 2 3 Ra for a conveniently long time during which
extraction can be carried out.
High-resolution alpha spectrometry of tailings permits the various
thorium isotopes left behind after uranium extraction to be
identified.
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DISCUSSION
Cook: Dr. Moore has done several investigations on the fibers,
and he says that they pick up thorium easily. Normally we do not
worry much about this because our waters are about pH 7, and we
expect thorium to be low. One of Moore's students is doing some
work on more acidic groundwater, but I have not heard if they have
looked at this.
Bland: To what degree thorium is absorbed is still being
investigated. The fact that 2 2 3 Ra is being recovered from the fiber
after 4 month's storage rules out 2 2 7 Th as the sole precursor held by
the fiber because of its half-life of only 18 days.
Perdue: Our sampling of uranium tailings piles with the Ge(Li)
detector corroborates Professor Bland's finding of high levels of
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Ra relative to 2 2 6 Ra in some of these piles; also, contrary to the
usual observations, our radon daughter alpha spectrometer shows
that 2 ' 9 Rn can be the dominant radon isotope in these areas. Have
you looked at groundwaters in uranium mines?
Bland: Mr- Perdue's measurements of 2 l 9 R n indicate that the
radon problem in mines has to be more complex than we have
previously thought. We have not looked at water in mines yet, only
the runoff from the tailings.
Key: Using the acrylic fiber prepared in KMnO4 (the method
described by Moore, 1976), D. Reid and I found 99.9+% extraction
of spiked seawater ( 2 2 3 Ra). The extraction of 2 2 6 R a and 2 2 8 R a
from seawater on approximately 500 samples also shows about 100%
extraction.
Bland: I am indebted to Dr. Key for bringing this improved
technique to my attention.

Determination of Radium-226
in Environmental Samples

ROBERT P. POWERS, NEILL E. TURNAGE, and LARRY G. KANIPE
Division of Environmental Planning, Tennessee Valley Authority,
Muscle Shoals, Alabama

ABSTRACT
The analysis of soil and water samples for 2 a 6 Ra by gamma spectrometry with a
Ge(Li) detector was compared with that by radiochemical separation folio-wed
by 2 2 2 R n de-emanation. Lower limits of detection (LLD) for 2 2 6 R a were
calculated for the two analytical techniques. The Ge(Li) system was found to
have an LLD for soil comparable to that calculated for the de-emanation
procedure, but the Ge(Li) system was found to have a significantly higher LLD
for water samples. Statistical analysis of data collected for duplicate and spiked
soil samples indicated that the Ge(Li) and de-emanation procedures performed
satisfactorily with regard to accuracy and precision. The Ge(Li) system was
found to have unsatisfactory accuracy and precision for water samples, whereas
the d?-emanation procedure provided satisfactory performance for this sample
type. Cost analysis indicated that the cost of 2 2 6 Ra determination with a Ge(Li)
system can be less than with the de-emanation procedure if the Ge(Li) system
can perform at least one other isotopic analysis par sample.

The naturally occurring radioactive isotope 2 2 6 Ra can contribute
significantly to the radiation dose received by man. The well-known
radiotoxicity of 2 2 6 Ra results from (l)the chemical similarity of
radium to calcium, which allows a localization of 2 2 6 Ra in bone
tissue when ingested; (2) the long physical (1600 years) and
biological (1.64 x 104 days, bone) half-life of radium; and (3) alphaparticle emission from the decay of 2 2 6 R a and from four of its
radioactive progeny ( 2 2 2 Rn, 2 1 8 P o , 2 ' 4 Po, and 2 1 0 Po) (Morgan
and Turner, 1973; U.S. Department of Commerce, 1977; International Commission on Radiological Protection, 1959). The isotope
226
Ra is produced by the decay of 2 3 8 U and other members of the
640
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U (4n + 2) decay series. The distribution of 2 2 6 R a in the
environment is wide spread, and 2 2 6 R a is present in varying
concentrations in all soils, rocks, and naturally occurring bodies of
water (Eisenbud, 1973). Also 2 2 5 R a is absorbed from soils by food
crops and is hence incorporated into the food chain of man.
In the United States the number of required analyses for 2 2 6 Ra
may be expected to rise as a result of the Safe Drinking Water
Standards (U. S. Environmental Protection Agency, 1976a) recently
enacted by the U. S. Environmental Protection Agency (EPA). One
of the most commonly used techniques for the analysis of 2 2 6 Ra in
environmental samples is radio chemical separation followed by
222
Rn de-emanation into an alpha-particle scintillation cell (Lucas
cell) (U. S. Environmental Protection Agency, 1978b; Johns, 1975;
Rushing, Garcia, and Clark, 1964; Taras et al., 1971; Lucas, 1957;
Hobbs, 1977). An alternative technique is gamma-ray spectrometric
analysis of environmental samples for 2 2 6 Ra and its gamma-emitting
radioactive progeny (Lucas, 1964; Smith and Wollenberg, 1972;
Bolch et al., 1976a).
The Radioanalytical Laboratory, Division of Environmental
Planning, of the Tennessee Valley Authority (TV A) has applied both
the 2 2 2 Rn de-emanation procedure and gamma-ray spectrometry to
the analysis of 2 2 6 R a in environmental samples. The two methodologies not only differ distinctly in approach but also vary in cost,
sensitivity, accuracy, and precision.
So that the differences between the two analytical techniques
could be determined, a study was undertaken to compare sensitivity,
precision, accuracy, and cost. Comparisons of sensitivity, precision,
and accuracy were based on statistical analysis of data obtained from
matched analyses of environmental samples and spiked standards
containing known quantities of i 2 6 Ra. The costs were estimated by
using break-even analysis of the capital, labor, and variable costs
associated with each technique.
PROCEDURES

The de-emanation procedure used in this study is specific for
soluble 2 2 6 R a and can, with various modifications, be used to
analyze water, soil, vegetation, sediment, and air particulate samples.
Some sample preparation is required before 2 2 6 Ra can be separated
from environmental samples. For environmental water samples
analyzed in this study, sample preparation included (1) acidification
of the samples with hydrochloric acid at the time of collection,
(2) filtration of the sample through a 0.45-Mm filter when the sample
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was received by the radioanalytical laboratory, and (3) addition at
the laboratory of 3 ml of concentrated nitric acid to the filtrate to
further stabilize the sample. Soil samples used in this study were
dried and ground to pass a 100-mesh sieve and were then ashed
overnight in a muffle furnace at about 500°C to remove organic
material.
The radiochemical procedure used to analyze water samples in this
study is basically that of Rushing (Rushing, Garcia, and Clark, 1964;
U.S. Environmental Protection Agency, 1976b). Soil samples were
treated by successive acid leaches with n'tric and hydrofluoric acids
to recover the radium. The leach solution was diluted to 1 liter and
treated the same as a water sample. All samples were transferred to
radon bubblers, purged, and sealed. De-emanation was performed at
least 14 days after purging; thus 90% ingrowth of 2 2 2 Rn was
achieved.
After de-emanation into a Lucas cell, the samples were allowed
to stand for at least 4 hr before being counted for 200 min on a
photomultiplier tube. Lucas cell had been previously calibrated with
226
R a standards obtained from the National Bureau of Standards
(NBS). An overall system calibration, based or. over 40 measurements, was determined to be 5.02 ± 0.33 cpm/pCi.
The concentration of 2 2 6 Ra in samples was calculated by
226

R a (pCi/unit volume) = ( - ^

)

- - ^ - ^

r

^

(l)

where S = sample counts per minute recorded by Lucas cells counting apparatus
B = background counts per minute of Lucas cells (determined
for each cell)
C = factor to correct for the decay of 2 2 2 Rn during counting
[C = M 3 /(l — e~ 3 ), where X is the decay constant for
222
Rn and t 3 is the counting interval, hr]
E = system calibration factor (5.02 cpm/pCi)
Y = chemical yield (this factor was found to have an average
value of 0.95 for soil and water standards)
Vs = sample volume
B1 = factor for the ingrowth of 2 2 2 R n from 2 2 6 Ra
[B1 = l / ( l - e ~ A t l ), where t, is the interval for the
ingrowth of 2 2 2 R n ]
A = factor for the decay of 2 2 2 Rn, in hours, during the
interval between de-emanation and count [A = l/e t : ,
where t 2 is the time between de-emanation and count]
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The preparation of environmental soil and water samples
analyzed by gamma-ray spectrometry was similar to that described
for the 2 2 2 Rn de-emanation procedure. The geometry used for soil
and water samples was a 0.5-liter Marinelli beaker (about 0.6litsr
freeboard volume). After the aliquots (0.5-liter) of each water sample
had been placed in a Marinelli beaker, the beaker was closed with a
plastic cover and sealed with plastic cement. The time of sealing was
recorded and served as the zero point of 2 2 2 Rn ingrowth. Aliquots
(0.5 liter) of each soil sample were taken and placed in a tared
Marinelli beaker. The beaker and sample were weighed, and the net
sample weight was determined and recorded. The beaker was covered
and sealed with plastic cement, and the time was recorded. The
sealed beakers containing soil and water samples were set aside for at
least 14 days, more typically 30 days, to allow secular equilibrium to
be established between 2 2 6 Ra and its radioactive daughters. Equilibrium between 2 2 6 Ra and its daughters is necessary for accurate
analysis of environmental samples for 2 2 6 R a when gamma-ray
spectrometry is used. Although a gamma emission is associated with
the decay of 2 2 6 Ra itself, the intensity of this gamma ray (186 keV)
is only 4%. Also, a common interference is the 185-keV gamma ray
of 2 3 5 U which has an abundance of 54%. Therefore two radioactive
daughters of 2 2 6 Ra, 2 J 4 Pb and 2 1 4 Bi, are used for the quantitative
and qualitative analysis when equilibrium has been established. The
isotope 2 ' 4 Pb has a prominent gamma emission at 351.99 keV with
an equilibrium intensity of 35% (Martin and Blichert-Toft, 1970);
2 4
' Bi also decays by gamma emission and has a prominent gamma
ray at 609.4 keV with an equilibrium intensity of 43% (Martin and
Blichert-Toft, 1970). For samples analyzed in this study, the
609.4-keV peak of 2 ' 4 Bi was used for quantitative determination of
226
Ra.
At any point after the 30-day holding period, environmental
samples were counted on a Ge(Li) detector that was housed in a steel
or lead shield to reduce background activity. The nominal specifications of detectors and shields are listed in Table 1. The thres Ge(Li)
counting systems were interfaced with a computer-based multichannel analyzer (MCA) system. Pertinent information on samples,
along with the spectra acquired, was stored on a magnetic-disk
storage system.
The Ge(Li) detectors used in this study were calibrated for
efficiency by spiking blank samples with known quantities of a
mixed-nuclide gamma-emitting solution available from NBS. The
absolute counting efficiency for full-energy peaks was determined
over the range of 88.03 to 1836.13 keV for both soil and water
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TABLE 1

Nominal Detector and Shield Specifications
14% Ge(Li)
(closed-end
coaxial)

16%Ge(Li)
(closed-end
coaxial)

2048

4096

4096

1.41
2.23

1.02
1.99

0.731
1.99

8.7
42
36

14.3
50.0
44.5
15.5

16.0
47.5
41.0
17.75

70

80

8% Ge(Li)
(true coaxial)
Detector
MCA channels
Resolution (FWHM),
keV
122

1332
Efficiency* at
1332 keV, %
Diameter, mm
Length, mm
Diffusion depth, mm
Volume, cm
p-core diameter, mm

21.7
48
8.5

Shield
Shield thickness, cm
Material
Inside dimensions
(length by width
by height), cm

10

Lead with graded
absorber
36 by 36 by 81

15

Steel with graded
absorber
41 by 41 by 41

15

Steel with graded
absorber
41 by 41 by 41

•Relative to the corresponding efficiency of a 76- by 76-mm Nal(Tl)
detector with source placed 25 cm from the detector face.

geometries. The energy response of the Ge(Li) systems was established daily with a point source containing 1 0 9 Cd (88.03 keV) and
60
Co (1332.52 keV). The efficiency and energy calibrations were
stored by the analyzer system and retrieved for calculations when
needed by the system.
Environmental samples analyzed for 2 2 6 R a by gamma spectrometry were routinely counted for 28,800 sec (8 hr). Generally,
the 16% and 14% Ge(Li) detectors were used to analyze water
samples, whereas the 8% Ge(Li) detector was reserved for the
analysis of soil samples. This arrangement allowed the higher
efficiency detectors to be applied to the analysis of water samples
that have generally lower levels of activity per unit mass.
The gamma-ray spectra were analyzed by the nuclideidentification software of the MCA system. The program provided
information on gamma-ray peaks in a spectrum, the energy of these
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peaks, and peak-fitting parameters, such as full width at half
maximum (FWHM) and area (net counts) of the peak. Tbe software
then identified the isotope corresponding to a particular gamma ray
and calculated the concentration (activity) of the isotope in the
sample.
Results from the spectral analysis were reviewed for accuracy.
This review included a comparison of the calculated FWHM values
with the known resolution of the detector for each energy region.
Large deviations of FWHM values from expected values indicated
improper peak fit. Fit parameters in the analysis software could be
varied manually to produce a satisfactory peak fit. The calculated
activities for 2 1 4 Pb and 2 ' 4 Bi were also compared for each sample.
Calculated activities for the two 2 2 6 R a daughters should agree
closely for a sample in equilibrium; large differences in calculated
activity between 2 1 4 P b and 2 1 4 Bi indicate disequilibrium, and thus
the samples must be resealed and counted again at a later time.
The 2 2 6 R a sample concentrations were then corrected for
ambient 2 2 2 R n daughter contributions to the measured sample
activity. The average ambient 2 1 4 Bi activity, as measured for blank
environmental samples, was subtracted from each result. The
ambient 2 ' 4 Bi activity varied with sample type and detector. For
water samples ambient 2 1 4 Bi was measured to be equivalent to 32,
36, and 48 pCi/liter for the 16, 14, and 8% Ge(Li) detectors,
respectively. The ambient 2 : 4 Bi background for soil samples was
found to be equivalent to 0.03, 0.04, and 0.07 pCi/g for the 16, 14,
and 8% Ge(Li) detectors, respectively.
For the measurement of sensitivity, lowei limits of detection
(LLD) for 2 2 6 R a analysis were calculated for each sample type and
both analytical techniques. The 2 2 6 Ra LLD values for water and soil
samples analyzed by the de-emanation technique were calculated by
the method described in USAEC Report HASL-300 (Harley, 1976)
LLD = 2 (2)Vl Kyab

(2)

where K = KQ, = K/3 = value of the upper percentile of the standard
normal variate corresponding to the preselected
risk of type I and type II errors
Ob = (~t/ = standard error of the background count rate
determined from the background count rate
(Rb) of the Lucas cells used in the 2 2 2 Rn
de-emanation procedure and the counting time
(t)
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7 = factor used to convert count rate to activity,
which includes consideration of sample
volume, chemical yield, calibration factor,
radioactive ingrowth and decay, and unit conversion
If the probability of type I and type II errors is chosen to be 5%, the
following relationships result
2(2)'A K = 4.66

(3)

and
LLD = 4 . 6 6 ^ )

7

(4)

Nominal LLD values for 2 2 6 Ra by the 2 2 2 B,n de-emanation
procedure are given in Table 2. These values were calculated for a
counting time (t) of 200 min. The estimated background count rate
(Rb) was obtained soon after the purchase of the Lucas cells used in
this study and before the introduction of any 222Rn into the cells.
The average Lucas cell background count rate was 0.3 cpm.
Background count rates of the Lucas cells rise with use. Typically,
cell backgrounds may be in the range of 1 to 2 cpm (or greater) after
TABLE 2

Nominal LLD Values for the Analysis of 2 2 3 Ra
LLD values
Procedure
Radiochemical separation
and radon de-emanation*
16% Ge(Li)f
14% Ge(Li)f
8% Ge(Li)t

Water,
pCi/liter

Son,
pCi/g

0.04

0.02
0.03
0.04
0.07

33
47
71

•Assuming a sample counting time of 200 min for all
sample types and sample volumes of 1 liter for water and
2 g for soils.
tAssuming a sample counting time of 8 hr for both
sample types and a sample volume of 0.5 liter for water
and 600 g for soil. All Ge(Li) analyses were made with
Marinelli beakers. The Ge(Li) detectors are distinguished
by manufacturer's quoted efficiency.
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a year of continued use, thereby raising the LLD values for the
de-emanation procedure by a factor of 2 to 3.
The 2 2 6 R a LLD values for soil and water samples analyzed by
gamma spectrometry were calculated by using a modification of the
method described in USAEC Report HASL-300 (Harley, 1976),
where K = Ka = Kp = value of the upper percentile of the standard
normal variate corresponding to the preselected
risk of type I and type II errors
ah = (ah - 2<rR)A =
~ estimate of the standard error in the sample
background count rate in the region of the
609-keV photopeak (estimated from the background count rate R R due to decay and
detection of 2 : 2 Rn daugh ters and from the
gross background count rate RG )
7 = factor used to convert count rate to activity,
which includes consideration of sample
volume, counting efficiency, equilibrium intensity of the 309-ksV 2 l 4 B i gamma ray. and
unit conversion
If the probability of type I and type II errors is chosen to be 5%, the
LLB's for gamma-ray spectrometry can be rewritten as
LLD - 4.667 ^ 0 + 2 R a ) ! -

(5)

Estimates of RR and RQ were obtained from spectra collected
for blank environmental samples, which were prepared in G.o-iiter
Marmelli beakers containing either 600 g of analytical-grade salt
(NaCl) or 500 ml of distilled well-aerated water. The average values
of RR and RQ determined for soil and water background samples are
given in Table 3. Nominal LLD values for soil and water analyzed by
gamma-ray spectrometry are given in Table 2. Background count
rates shown in Table 3 are average values determined by collecting
data over a 2-week period. Backgrounds were found to vary
considerably from day to day. Therefore the LLD values given in
Table 2 for 2 2 6 R a analysis by a Ge(Li) detector should be
considered estimates. Background count rates in the region of
609 keV would be expected to rise with increasing sample activity.
As a result, the actual LLD value for Ge(Li) analyses depends on the
sample analyzed and the time at which it is counted.
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TABLE 3

Average Values of Factors Used to Calculate
Ge(Li) LLD Values
Detector and
sample type
16% Ge(Li)
Water
Soil
14% Ge(Li)
Water
Soil
8% Ge(Li)
Water
Soil

7

R R , cps

R G , cps

14150
11.9

0.002275
0.002020

0.002843
0.003567

15417
12.9

0.003960
0.002900

0.004311
0.005851

24450
20.9

0.001962
0.003192

0.007274
0.006788

ANALYSIS OF DATA

So that precision and accuracy of 2 2 6 Ra analyses performed by
R n de-emanation and by Ge(Li) analysis could be compared, a
series of analyses on matched samples and duplicate analyses of
environmental and spiked samples were performed.
Matched analyses were performed on environmental samples
obtained from locations in Wyoming, New Mexico, and South
Dakota. The samples were collected near areas of uranium mining
and milling and thus generally contained elevated levels of radioactivity. Soil and water samples from these areas were known to
contain a wide range of 2 2 6 Ra concentrations, which allowed
comparisons of the 2 2 2 R n de-emanation procedure and Ge(Li)
procedures for varying sample activities.
Results for the 2 i 6 R a analyses of these environmental samples
are shown in Tables 4 and 5. All results of Ge(Li) analyses have been
corrected for ambient contributions of 2 2 2 R n daughters to the
609-keV photopeak. Error terms associated with individual results
represent the propagated error for each analysis at the 1-cr confidence
level. Errors in counting, calibration, and measurement are included
in the propagated error term (Beers, 1957; Matuszek and Paperiello,
i975).
Three statistical tests were performed to compare the results of
the Ge(Li) and 2 2 2 R n de-emanation analyses: (i)the paired t-test,
(2) the sign test, and (3) the Wilcoxon matched-pairs signed-ranks
test. The calculated value of t for water samples in Table 4, when
using a paired t-test, was —0.32; this value indicates that no
222
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TABLE 4

Comparison of Results of 2 2 6 Ra Determinations
by Ge(Ii) Analysis and 2 2 2 Rn De-emanation
of Environmental Water Samples
226

Sample

Ra activity (pCi/liter)

Ge(Li) analysis

222

Rn de-emanation

1
2
3
4
5

105.8
14.3
7.1
1.4
15.9

±17.9
± 12.6
± 11.7
±13.5
±13.3

159.3 ±13.3
80.6 ± 6.7
1.1 ±0.1
0.9 ± 0.1
33.2 ± 2.8

6
7
8
9
10

134.8
7.8
6.6
15.5
27.5

±19.7
±10.9
±12.2
±11.3
±11.8

230.1 ± 19.1
0.4 ± 0.04
0.4 ± 0.04
2.7 ± 0.2
2.3 ±0.2

11
12
13
14
15

18.1
5.0
4.8
19.1
-6.7

±12.0
±11.6
± 12.6
+13.S
± 10.2

27
1.9
0.4
0.6
20.3

±0.2
±0.2
± 0.04
±0.1
±1.7

16
17
18
19
20

92.5 ± 19,2
19.5 ±12.0
5.4 ±14.3
4.6 ± 10.5
14.1 ±12.9

0.8
0.3
1.5
1.7
18.9

±0.1
±0.03
± 0.1
±0.2
±1.6

21
22
23
24
25

—3.3 ±11.2
—7.4 ±11.5
7.9 ±11.2
21.8 + 13.3
- 6 . 9 ± 10.5

13.0
0.7
1.6
0.7
4.4

±1.1
± 0.1
±0.1
± 0.1
± 0.4

statistically significant difference exists between the results determined by Ge(Li) analysis and the de-emanation procedure at the 95%
confidence level with 24 degrees of freedom (df) (Edwards, 1973).
Two nonparametric tests, the sign test and the Wilcoxon rank test,
when applied to the same data yielded values for the normal variate
Z of 1.4 and 0.4, respectively; these values also indicate that no
statistically significant difference exists between the 2 2 6 R a results
determined by Ge(Li) analysis and the de-emanation procedure at
the 95% confidence level (Siegel, 1956). Review of the data in
Table 4 reveals that, although no statistical differences are observed
between the overall results for Ge(Li) analysis and the de-emanation
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TABLE 5

Comparison of Results of 2 2 ° Ra Determinations
by Ge(Li) Analysk. and 2 2 2 Ra De-emanation
of Environmental Soil Samples
- 2 6 Ra activity (pCi/g)
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
2%

Ge(Li) analysis

1.7 ±0.2
1.4 ± 0.1
28.0 ± 2.4
1.5 ±0.1
1.6 ±0.1
13.3 ±1.2
1.2 ± 0.1
45.1. ± 3.9
1.8 ±0.2
20.7 ± 1 8
6.5 i 0.8

G.8 ± 0.1
I.I ±0.1
0.5 ± 0.1
1.0 ±0.1
0.9 ± 0.1

o.e t o.i

0.4 ± 0.04
32.0 ± 2.8
0.6 ± G.I
1.2 ± 0.1
1.2 ± 0.1
0.7 ± 0.1
i.4±0.1
1.8 x 0.2
2.4 ± 0.2
0.9 ±0.1
1.1 + 0.1

222

Rn de-emanation
2.2
0.7
34.9
1.0
2.0

± 0.2
± 0.1
± 2.S
± 0.1
+ 0.2

11.1
0.9
46.8
1.5
22.3

±0.9
+ 0.1
+ 3.9
+ 0.1
+ l.S

7.1 + 0.6
0.7 + 0.1

0.8 ± 0.1
0 5 ±0.1
0.9 ± 0.1
0.6 + 0.1
0.4 + 0.04
0.4 + 0.04
41.9 + 3.5
0.5 + 0.1
1.4 ±0.1
1.5 + 0.1
0.6 + 0.1
2.0 ±0.2
2.3 ±0.2
2.5 ±0.2
1.6 + 0.1
1.4 +0.1

procedure, very meaningful differences, which are not reflected in
the statistical analyses, exist between results for individual samples.
When the same three statistical tests are performed on the data in
Table 5, the following values are obtained: t = 1.5 with 27 df for the
paired t-tsst, Z = - 0 . 8 for the sign test, and Z = 1.1 for the Wilcoxon
rank test. No statistically significant difference between the two
analytical techniques is indicated by these tests at the 95%
confidence level. The date in Table 5 indicate that the results for
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individual samples analyzed by Ge(Li) analysis and the de emanation
procedure compare favorably.
Spiked samples were analyzed for 2 2 6 Ra to estimate the
accuracy and precision of the 2 2 2 Rn de-emanation procedure for
water samples. The spiked samples were prepared by adding known
amounts of an NBS 2 2 6 Ra solution to accurately measured amounts
of distilled water. The overall uncertainty in the NBS 2 2 6 Ra
solution was ±1% at the 99% confidence level. Errors introduced in
transferring the 2 2 6 R a solution were considered minimal. Two
sample activities were prepared: 53.4 pCi/liter and 2.03 pCi/liter. A
large volume of each sample was prepared to allow analyses of
multiple 1-liter aliquots.
TABLE 6

Summary of Results for 2 2 6 Ra Standards
and Duplicate Analyses
Sample type and
analytical technique
Water standards, pCi/liter
De-emanation
Ge(Li)
Soil standards, pCi
De-emanation
Ge(Li)
Duplicate soil analyses,
pCi/g
De-emanation
Ge(Li)

Mean activity
(± 1 a)
49.8
2.1
31.7
146.4

Number
of analyses

Known
activity

± 1.5
± 0.3
± 13.0
± 16.9

13
17
10
16

53.4
54.7
217.0

26.2 ± 2.1
74.1 ± 11.8
326.5 ± 12.0

10
5
5

25.4
77.0
320.9

0.45 ± 0.05
0.48 ± 0.02

20
20

2.0

Results obtained from these analyses are summarized in Table 6.
A t-test was run to determine whether the mean activity differed
significantly from the known activity for these sample types. For the
samples with a known concentration of 53.4 pCi/liter, a value of
t = 8.9 was calculated when the experimental standard deviation was
used as a best estimate of a. This test indicates that a statistically
significant difference exists between the mean result and the known
activity for this sample at the 95% confidence level with 12 df.
However, when 15% of the known value is used as an estimate of a
(a = 8.01), as suggested by EPA, the normal variate Z is used to test
for a significant difference and Z=1.63 (U.S. Environmental
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Protection Agency, 3 977). The difference between the mean and
known values is not statistically significant at the 95% confidence
level when this test is used. The analytical precision for this sample
type was within the EPA suggested value of ±10% at the 95%
confidence level for samples containing more than 5 pCi/liter (U. S.
Environmental Protection Agency, 1976b).
For the water samples with a known concentration of 2.03 pCi/
liter, a value of t = 1.0 was calculated with 16 df when the
experimental standard deviation of the results was used as a best
estimate of a. A value of Z = 0.95 was obtained when the EPA
suggested value for a was used. These tests indicate that no
statistically significant difference exists between the mean result for
these water samples (2.10 pCi/liter) and the known result (2.03 pCi/
liter) at the 95% confidence level. The analytical precision for this
sample type was within the EPA suggested value of ±35% at the 95%
confidence level for samples containing less than 5 pCi/liter (U. S.
Environmental Protection Agency, 1976b).
Two 0.5-liter water standards for 2 2 6 R a were prepared to
measure the accuracy and precision of the Ge(Li) system for analysis
of this sample type. Sample activities of 54.7 and 217 pCi/liter were
prepared. The samples were held in sealed beakers for 2 2 2 Rn
ingrowth before counting. Results of these analyses are summarized
in Table 6. A t-test was run to determine whether the mean activity
determined for these samples differed significantly from the known
activity. For the sample containing 54.7 pCi/liter, a value of t = 5.3
was calculated when the experimental standard deviation was used as
an estimate of a. This test indicates that a statistically significant
difference exists between the known activity and the experimentally
determined mean activity for these samples at the 95% confidence
level with 9 df. The precision of the results for this sample was ±80%
at the 95% confidence level.
For ths water sample containing 217 pCi/liter, a value of t = —16.8
was calculated; this value indicates that the experimentally determined mean activity and the known activity differ significantly at
the 95% confidence level with 15 df. Precision for the analyses was
±23% at the 95% confidence level.
Spiked soil samples were prepared to measure the accuracy and
precision of the de-emanation procedure for this sample type. Ten
spiked samples were prepared by adding 0.1 g of dilute pitchblende
ore to 2-g aliquots of soil taken from a single sample from Tennessee.
Ten additional aliquots were taken from the same soil sample to
serve as backgrounds. The standard pitchblende ore is available from
EPA (Ziegler, 1976). The activity of uranium daughters in this ore
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has been described in the literature, and the concentration of 2 2 6 Ra
in the ore was calculated to be 253.7 pCi/g (Percival and Martin,
1974). The 10 spiked samples and 10 background samples were
analyzed for 2 2 6 Ra. The net 2 2 6 R a activity was determined by
subtracting the average total 2 2 b Ra activity determined for the
background samples from the total 2 2 6 R a activity determined for
the spiked samples. The results of these analyses are summarized in
Table 6. A t-test and a Z-test were run to compare the mean results
with the known concentration. Values of t = 1.3 with 9 df and
Z = 0.7 were determined when the experimental standard deviation
and 15% of the known activity were used as best estimates of a. Both
tests indicate that no statistically significant difference exists
between the experimental mean 2 2 6 Ra activity and the known value
for the 2 2 6 Ra activity at the 95% confidence level. The precision of
these analyses was ±16% at the 95% confidence level.
Two soil standards wete prepared for the Ge(Li) system by
adding known amounts of pitchblende ore to 600 g of salt. The
standards were thoroughly mixed and transferred to a 0.5-liter
Marinelli beaker, which was then sealed and held for 2 2 2 Rn ingrowth
before counting. Total 2 2 6 R a activity in the two standards was
320.9 pCi (0.53pCi/g) and 77.0 pCi (0.128 pCi/g), respectively.
T-tests were run on the data collected for these samples, which are
summarized in Table 6. All data were corrected for ambient 2 2 2 Rn
contributions to the 609-keV photopeak. For the 320.9-pCi standard, values of t = 1.2 with 4 df ard Z = 0.9 were determined when
the experimental standard deviation and 5% of th- known value (as
suggested by EPA for gamma analysis of samples containing more
than 100 pCi/kg) were used as best estimates of a. These tests
indicate that no statistically significant difference exists between the
mean activity and the known activity at the 95% confidence level.
When the same tests were used for the 77-pCi standard, values of
t = —0.5 with 4 df and Z = —1.7 were calculated. Again the results of
these tests indicate that no statistically significant difference exists
between the mean activity and the known activity at the 95%
confidence level. The precision of analysis for the soil standard
containing 320.9 pCi was ±7% at the 95% confidence level; precision
for the soil standard containing 77pCi was ±31% at the 95%
confidence level.
As an additional measure of the analytical precision and
comparability of Ge(Li) analysis and de-emanation analysis for
226
Ra, duplicate analyses of a single soil sample were obtained with
each technique. For the Ge(Li) system, this procedure entailed
repetitive analysis of a 0.5-liter soil sample; for the de-emanation
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procedure, it entailed analysis of 20 aliquots from the same sample
analyzed by the Ge(Li) system. Results of these measurements are
summarized in Table 6. The analytical precision of the Ge(Li)
analyses was ±10% at the 95% confidence level, and the precision of
the de-emanation procedure was ±19% at the 95% confidence level.
A t-test was run to determine whether the mean 2 2 6 Ra activities
obtained by the two techniques differed significantly. A pooled
estimate, of a.was used. A value oft = 1.32 with 38 df was determined;
this value indicates that the mean results of the Ge(Li) and
de-emanation procedures for this sample did not differ significantly
at the 95% confidence level.
COSTS

A break-even analysis was used to compare the costs involved in the
analysis of environmental samples for 2 2 6 R a by gamma-ray
spectrometry and by 2 2 2 R n de-emanation (Levin and Kirkpatrick,
1375). Break-even analysis involves determining the total cost
associated with analyzing a given number of samples. Total cost is
equal to the sum of capital costs (equipment), labor costs (analyst
cost per analysis), and variable costs (specific material costs
associated with an analytical technique). For this analysis capital
costs included items costing more than $200 that were assumed to be
amortized over a 10-year period. The labor cost per analysis was
estimated from the amount of analyst time required per sample. The
dollar equivalent for analyst time, as estimated from the operating
history of the TVA Radioanalytical Laboratory, is taken to be $15
per analyst hour. This figure includes salary, benefits, and laboratory
overhead. Variable costs include such items as Marinelli beakers,
Lucas cells, radon bubblers, and other expendable but noncapital
items required for a particular analytical technique.
Successful application of the break-even analysis depends on
defining the equipment and operating characteristics of specific
analytical techniques. Because the specifics of laboratory equipment
and techniques for a given type of analytical procedure vary from
laboratory to laboratory, no one comparison of the costs involved in
two analytical procedures is definitive. However, by undertaking the
break-even analysis of costs based on different analytical programs,
the relative cost performance of two analytical techniques can be
compared.
Two possible analytical programs are considered. The first
considers a laboratory operating with three 8-hr shifts. The capital,
labor, and variable costs associated with setting up and operating the
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Fig. 1 Total cost curves, Ge(Li) analysis for

z6

Ra only

radon de-emanation procedure are shown in Table 7. The labor cost
per sample for the radon de-emanation procedure varies with the
number of samples an analyst can run at one time, as indicated in
Table 7. Also included in Table 7 are the capital, labor, and variable
costs associated with setting up a computer-based MCA and Ge(Li)
system to be used solely for 2 2 6 R a analyses. In Fig. 1, total cost is
plotted against total samples analyzed per year for the de-emanation
procedure and for the Ge(Li) system. Three total cost curves have
been determined for the de-emanation procedure to account for
different labor costs. The large increase in total costs for the Ge(Li)
system at 600 samples indicates the purchase of an additional Ge(Li)
detector to handle the increased sample load.
The second analytical program also considers a laboratory
operating with three 8-hr shifts. The capital, labor, and variable costs
associated with setting up and operating the radon de-emanation
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TABLE 7

Costs Associated with 2
Method of
analysis
De-emanation
8 samples
per batch
12 samples
per batch
18 samples
per batch
Ge(Li) analysis
For

226

Ra

only

226

For Ha
and one
other
nuclide

26

Equipment
1 vacuum line, 1 vacuum pump,
2 sets of electronics, 4 P.M.*
tubes, 2 lighttight counting
boxes
1 vacuum line, 1 vacuum pump,
2 sets of electronics, 4 P.M.*
tubes, 2 lighttight counting
boxes
1 vacuum line, 1 vacuum pump,
2 sets of electronics, 4 P.M.*
tubes, 2 lighttight counting
boxes
1 computer-based MCA, 1 Ge(Li)
detector and shield, 1 set of
electronics
Bach additional detector and
shield
1 computer-based MCA, 1 Ge(Li)
detector and shield, 1 set of
electronics
Each additional detector and
shield

•P.M., photomultiplier tube.

Ra Analysis
Equipment
cost,
$/year

Labor,
$/analysis

Variable,

650
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226

800

R a and one other

procedure are considered to be the same as those for the first
analytical program. The capital and variable costs associated with
setting up a computer-based MCA and Ge(Li) system are also
considered to be the same as those for the first program. However,
with this analytical program, one other isotope in addition to the
226
R a will be analyzed by the Ge(Li) system. Because little
additional analyst time is required to perform the second analysis,
labor costs are reduced to $17.50 per analysis. In Fig. 2 total cost is
plotted against total samples analyzed per year for the initiation of
these laboratory procedures.
Total cost curves are useful for comparing the costs associated
with two techniques for projected sample loads. The total cost of
performing any number of analyses can be determined, and the costs
of different analytical techniques can be compared. For example,
Fig. 1 shows that the total cost of the de-emanation procedure for
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any total number of analyses when batches of 18 samples are run is
always less than the total cost of Ge(Li) analysis. However, total costs
for Ge(Li) analysis are less than the total costs for the de-emanation
procedure run with 8 samples per batch if a total of about 130 (or
more) samples are analyzed; likewise, total costs for Ge(Li) analysis
are less than total costs for the de-emanation procedure run with 12
samples per batch if a total of about 350 or more samples are
analyzed. The point at which two total cost curves intersect, called
the "break-even point," indicates the point of equal total cost for the
two procedures.
Figure 2 shows that the break-even points for the Ge(Li)
procedure and the de-emanation procedure run at 8, 12, and 18
samples per batch occur at about 90, 140, and 230 samples,
respectively. The total cost of Ge(Li) analysis is equal to that of the
de-emanation analysis at these points and will be less than the cost
of de-emanation as the number of samples analyzed increases.
Three general conclusions can be drawn from these cost analyses:
1. Total cost for the de-emanation procedure drops rapidly with
increasing batch size.
2. Purchase of a Ge(Li) system solely for the analysis of 2 2 6 Ra
would be economically unwise.
3. Total cost for Ge(Li) analysis drops rapidly as the number of
nuclides analyzed per sample increases.
DISCUSSION
The sensitivity obtained by Ge(Li) analysis of 2 2 6 R a in soil
samples is comparable to that obtained by the 2 2 2 Rn de-emanation
procedure. The sensitivity of the Ge(Li) system for this sample type
is due partly to the large sample volume and long counting times
routinely used during Ge(Li) analysis. The accuracy and precision of
22 6
Ra analysis for soil samples obtained with both procedures were
well within acceptable statistical limits.
The performance of the Ge(Li) system for analyzing 2 2 6 Ra in
water samples was unsatisfactory. This unsatisfactory performance
resulted from a high LLD value above which accuracy and precision
of analysis are poor. The poor performance of the Ge(Li) procedure
for water samples containing higher levels of activity is believed to
result from z 2 2 R n daughters plating on the sample container walls,
which causes a nonhomogenous geometry. The de-emanation procedure performed satisfactorily for samples analyzed during this study.
The detection limit for 2 2 6 R a using Ge(Li) can be lowered.
Bolch, Palmer, and Roessler (1976b) report an LLD value for water
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samples of less than 1 pCi/liter when a Ge(Li) detector is used to
analyze 2 2 6 Ra precipitate collected from water samples. The LLD
for 2 2 6 R a analysis of all sample types could also be lowered by
increasing sample volume analyzed; using a large-volume highefficiency Ge(Li) or intrinsic germanium detector; increasing counting time and using counts in the 295- and 352-keV peaks of 2 1 4 P b ,
as well as the 609-keV peak of 2 1 4 B i , for the quantitative
determination of 2 2 6 Ra. The practicality of these procedures would
have to be determined by individual laboratories.
Analysis of the costs associated with the Ge(Li) and de-emanation procedures indicates that Ge(Li) analysis for 2 2 6 Ra can cost less
than de-emanation analysis for 2 2 6 Ra if the Ge(Li) system can also
be used to analyze one additional isotope. Cost analysis should be
performed with data on specific laboratory costs and anticipated
sample loads when choosing between Ge(Li) and de-emanation
procedures.
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of Natural and Artificial Materials
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ABSTRACT

The gamma radiation of different materials was measured in an underground
low-background chamber with extraordinary background characteristics. The
excellent background conditions of the measurements enabled investigators to
see the alpha-particle peaks of the internal radioactive contamination of Nal(Tl)
detectors, which were especially made for these measurements. The sensitivity
limit of the installation was determined by the internal contamination of the
Nal(Tl) detectors alone. Any radiation background, except for three substances,
tungsten, copper, and brass, could be registered.

An underground, low-background chamber was constructed at the
Baksan Neutrino Observatory of the Institute for Nuclear Research,
USSR Academy of Sciences (Pomansky, 1978), especially for the
purposes of developing low-background investigation methods
(Aleshin et al., 1976a, 1976b; Kovalchuk et al., 1977), investigating
materials with extremely low radioactive contamination, and doing
low-background experiments. The chamber is 1700 m above
sea level and is shielded with 660 m water equivalent shale
rock. The muon flux density at this depth amounts to 1 c m " 2
day —1 . A frontal view of the chamber is shown in Fig. 1. Detectors
and materials to be analyzed are placed on the ground floor. All
electronic equipment is on the first floor. This equipment was made
especially for the increasing radiation purity of the low-background
detector room.
There is a factor of 300 decrease in radiation level from the
surrounding rock background to the ground-floor room. The rock
661
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Fig. 1 Vertical section of the low-background underground chamber. Components are 1, Nal(Tl) detector; 2, tungsten shield; 3,
Plexiglas; 4, copper; 5, broken dunite; 6, low-radioactivity concrete;
and 7, shale rock.

background fits a concentration of 3 x 1 0
g of
U per gram of
rock, assuming that the ratio of 2 3 8 U to 2 3 2 Th is 1 : 3 and that they
are in equilibrium with their families. This decrease in gamma
background is due to the presence of dunite, the ultrabasic rock used
as a construction material for the chamber. The average uranium and
thorium contents of the ultrabasic rock are 10~ 3 times that of the
earth's crust (Ahrens, 1965; Vinogradov et al., 1965). As in previous
works (Lindell and Reizesfein, 1964; Hutchinson, Mann, and Perkins,
1974; Oeschger and Loosli, 1977), we used the ultrabasic rock as an
inertial substance of concrete. According to our measurements, the
radioactivity of the usual Portland cement samples is less than that of
the shale rock by only several times; the gamma emission of such
concrete is due oniy to radioactivity of the cement. We have
observed a background decrease of a factor of 15 with 50-cm shields
of such concrete.
Steel walls 8 mm thick were built 50 cm from the concrete
(Fig. 1), and the cavity between the concrete and the steel sheets was
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filled with pure broken dunite without cement. This resulted in an
additional background decrease of a factor of 20. Thus the total
background reduction is equal to a factor of approximately 30U in
the 2.5- by 4- by 3-m room (Kovalchuk et al., 1977).
The remaining background seems to be caused by the metal
construction of the chamber and radioactive contamination in the
building process since the radioactive purity of dunite on the average
is better than that of the low-background chamber (10~ 8 g 2 3 8 U/g
surrounding material). In any case, the results obtained at this stage
indicate that the radioactivity of dunite, steel, and the Nal(Tl)
detector is not more than 10~ 8 g of 2 3 8 U per gram of surrounding
material (assuming the previously mentioned relations between
238
U, 2 3 2 Th, and their daughters). It has been shown that Plexiglas
and tungsten are very low in radioactivity (Zatsepin et al., 1975).
The low-background installation constructed inside the ground floor
room consists of copper, Plexiglas, and tungsten (Fig. 1). The
additional background decrease inside this installation is approximately a factor of 10. This means that the internal radioactivity of
the installation and of tungsten and Nal(Tl) does not exceed 10~ 9 g
238
U/g. Radioactive contamination of different materials has been
measured with low-background Nal(Tl) detectors especially prepared for this purpose. The Nl detector, shown in Fig. 2, is 200 mm
in diameter and 200 mm high, has a well 100 mm in diameter and
100 mm deep, and weighs 22 kg. The container is made of stainless
steel, and the light reflector is MgO. The detector has an optical
quartz window 40 mm thick and 200 mm in diameter. Such a
window does not increase the total background of detector but
decreases the background of the photomultiplier (which is 150 mm
in diameter) almost in half.
All samples put into the well were the same weight (500 g) and
approximately the same shape (cylindrical). They were placed
exactly along the well axis. All radiation contamination measurements were carried out up to 106 total number of pulses in the 90 to
3000 keV interval for the same statistical errors. The radioactive
contamination of different materials, in total number of nulses per
second, was compared. In this case the background of the Nal(Tl)
detector (5.7 pulses/sec for 0.09 to 3.0 MeV interval), which may
form the main part of pulses, had to be subtracted from 106 for very
pure materials. We determined that the' Nl detector background
comes mainly from radioactive contamination of Nal(Tl) rather than
from the container, reflector, quartz window,, photomultiplier, or
divider. These parts of the equipment give not more than 4% of the
general detector background despite the large amount of 4 ° K in the
photomultiplier (see Fig. 4, curve 2).
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Fig. 2 Nal(Tl) detector Nl with a well. Components are 1,
stainless-steel container; 2, MgO reflector; 3, Nal(Tl); 4, optical
quartz window, 40 mm thick; 5, photomultiplier; 6, divider; 7, light
sample for measurement; and 8, heavy sample for measurement.

The energy resolution of the 662-keV ' 37 Cs gamma quanta for
the Nl detector is equal to 12%. Results of measurements of building
materials used in construction of the low-background chamber and
the underground scintillation telescope of the Bsksan Neutrino
Observatory (Pomansky, 1978) are shown in Fig. 3.
In these results the background, which is given on the lower
curve, was not subtracted. The other curves are placed arbitrarily in
the vertical direction; the intervals between adjacent curves do not fit
their real relations. The low-radioactivity concrete used for con-
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Fig. 3 Gamma spectra of the 0.5-kg building materials in Nal(Tl)
detector Nl, without background subtraction. Curve 1 is background of detector (5.7 pulses/sec); 2, ultralow-radioactivity concrete (8 pulses/sec); 3, low-radioactivity concrete (15 pulses/sec); 4,
Portland cement (36 pulses/sec); 5, ordinary concrete (70 pulses/
sec); and 6, shale rock (226 pulses/sec). All counting rates are in the
90 to 3000 keV range.
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structing the scintillation telescope (curve 4) is described by
Arshinov, Glotov, and Zatsepin (1977). Integral numbers of pulses in
the 90 to 3000 keV interval for Fig. 3 and for data in Figs. 4, 6, and
7 are given in the figure legends and in Table 1.
TABLE 1

Gamma Activity of Different Samples
in the 90 to 3000 keV Interval
Sample material
Detector Nl
Detector N2
Shale rock
Ordinary concrete
Portland cement

Gamma activity.
pulse kg ' sec '
0.26
0.09
518.0
151.0
69.6

Low-radioactivity concrete
Ultralow-radioactivity concrete
Lead
Transformer iron
Aluminum

21.2

Duralumin
Resistors
Photomultiplier
Teflon
Wood

1.67
35.2
39.3
0.02
0.94

Steel
Plastic (Plexiglas) scintitlator
Plastic (Polystyrol) scintillator
Nal(Tl) raw material
CsI(TI) raw material

5.3

0.59
0.88
3.69

0.07
0.05
0.11
0.09
0.11

The results in Fig. 3 indicate that low-background laboratories
can be built of ordinary building materials.
Results obtained using detector Nl to measure gamma activity of
some materials that are often used in the construction of experimental installations are presented in Fig. 4.
The internal gamma background of detector Nl (5.7 pulses/sec)
does not permit us to measure the radioactive contamination of
many materials with that detector; e.g., we cannot measure plastics
and some metals, because they are present in such small amounts
(~500 g). Another specially-made Nal(Tl) detector, N2, was used for
those materials. Detector N2 is 400 mm lone and 70 mm in diameter
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Fig. 4 Gamma spectra of some materials in Nal(Ti) detector Nl,
with background subtraction. Curve 1 is lead; 2, photo-nultipliers; 3,
transformer iron; 4, aluminum; and 5, resistors.

and weighs 7.5 kg (Fig. 5). Total background in the 90 to 3000 keV
interval is 0.68 pulse/sec, and energy resolution for the ' 3 7 Cs
662-keV peak is 11%.
Usually the material being investigated was placed around
detector N2 practically in cylindrical shape. The geometric efficiency
of different samples ranged from 0.2 to 0.5. The weight of the purest
samples was approximately equal to or greater than that of detector
N2.
Results of measurements carried out with detector N2 are
presented in Figs. 6 and 7. These are differential spectra of gamma
radioactivity of several kilogram samples normalized to 1 kg with
background subtracted. The measurements were carried out up to
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Fig. 5 Nal(Tl) detector N2. 1, stainless-steel container; 2, Teflon
reflector; 3, Nal(Tl); 4, optical quartz window, 20 mm thick; 5,
photo multiplier; 6, divider; and 7, sample for measurement.

1.11 x 10 s pulses in the 90 to 3000 keV interval; thus the statistical
errors of all measurements were equal to 0.3%.
The method used for selecting low-radioactivity materials can be
very effective if we have ultralow-background Nal(Tl) detectors.
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Fig. 6 Gamma spectra of some material; in Nal(Tl) detector N2,
with background subtraction. Curve 1 is Teflon; 2, wood; and 3,
steel.

Therefore we believe that the best way to achieve low-radioactivity
measurements is to construct more such detectors.
All data from our measurements are given in Table 1, along with
the total counting rates for 1 kg of different samples in the 90 to
3000 keV interval.
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Fig. 7 Gamma spectra of different scintillator materials obtained by
Nal(Tl) detector N2, with background subtraction. Curve 1 is a
plastic scintillator on a Plexiglas base; 2, a plastic scintillator on a
Polystyrol base; 3, CsI(Tl)raw material;and 4, Nal(Tl) raw material.

REFERENCES
Ahrens, L. H., 1965, Distribution of Elements in Our Planet, p. 28, McGraw-Hill
Book Company, New York.
Aleshin, V. L, et al., 1976a, The Investigation of the Background Characteristics
of the Underground Chamber and Scintillator Detectors, Report-2697,1. V.
Kurchatov Atomic Energy Institute.
, et al., 1976b, Spontaneous Transitions of Nuclei in Superdense State,
Pis'ma Zh. Eksp. Teor. Fiz., 24: 46-50.

RADIOACTIVE CONTAMINATION

671

Arshinov, I. A., V. I. Glotov, and G. T. Zatsepin, 1977, in Low-Radioactivity
Measurements and Applications, Conference Proceedings, The High Tatras,
Czechoslovakia, Oct. 6—10, 1975, pp. 29-32, Comenius University, Bratislava.
Hutchinson, J. M. B., W. B. Mann, and R. W. Perkins, 1974, Nucl. Instrum.
Methods, 112: 305-312.
Kovalchuk, E. L., V. V. Kuzminov, A. A. Pomansky, and G. T. Zatsepin, 1977,
Deep Underground Laboratory for Low-Background Measurements, in
Low-Radioactivity Measurements and Applications, Conference Proceedings,
The High Tatras, Czechoslovakia, Oct. 6—10, 1975, pp. 23-27, Comenius
University, Bratislava.
Lindell, B., and P. Reizesfein, 1964, Swedish Building Materials for LowBackground Laboratory, Ark. Fys., 26: 65-81.
Oeschger, H., and H. H. Loosli, 1977, New Developments in Sampling and
Low-Level Counting of Natural Radioactivity, in Low-Radioactivity Measurements and Applications, Conference Proceedings, The High Tatras,
Czechoslovakia, Oct. 6—10, 1975, pp. 13-22, Comenius University, Bratislava.
Pomansky, A. A., 1978, The Baksan Neutrino Observatory of the Institute for
Nuclear Research of the USSR Academy of Sciences, At. Energ. (USSR), 44:
376-379.
Vmo^radov, A. P., Yu. A. Surkov, G. M. Chernov, F. F. Kiriosov, and G. B.
Nazarkina, 1965, Kosm. Issled., 4: 871-875.
Zatsepin, G. T., E. L. Kovalchuk, V. V. Kuzminov, and A. A. Pomansky, 1975,
The Underground Low-Background Chamber, Sov. Phys.—Lebedev Institute
Reports, 6: 20-24.

DISCUSSION
Jackson: We have obtained tungsten materials that were too
highly contaminated with thorium to use. Did you select specially
purified tungsten? Does the metallurgy determine its purity?
Pomansky: No, we did not select our tungsten. But we always get
our tungsten from the one plant which uses the ore of a definite
deposit.
Murray: Have you ever compared the relative activities of
aluminum and magnesium? We estimate that aluminum is typically
about six times as active as magnesium, from alpha counting
measurements.
Pomansky: We did not measure the alpha activity of magnesium.
Your data are very interesting. Thank you for this information.
Van Middlesworth: Have you tested the background of mercury?
Pomansky: No, we are afraid to carry mercury into the
underground laboratories.
Moeller: In the past the major emphasis on the biological effects
of ionizing radiation has been with respect to increased dose levels.
The facility you have described offers an unusual opportunity to
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study the biological effects of reduced radiation dose levels. Do you
plan any such studies?
Pomansky: You are right. We have suggestions from biologists to
consider such experiments.
Nevissi: Currently there are attempts under way to measure
elementary particles in the deep sea to reduce the background.
Would you comment on the use of deep sea vs. caves for
measurements of elementary particles?
Pomansky: I think that you speak about the DUMAND project.
The advantage of using deep sea installations for elementary particle
physics is the possibility of increasing their volume infinitely. But
that is another topic which does not concern this symposium.

Surface Alpha Activity of Different Materials

E. L. KOVALCHUK, V. V. KUZMINOV, and A. A. POMANSKY
Institute for Nuclear Research, USSR Academy of Sciences, Moscow, USSR

ABSTRACT
The surface alpha activity of different materials was measured with proportional
counters having cathodes of the materials investigated. No materials without
alpha activity were found. Semiconductor silicon contains the least activity
among the materials investigated.

Surface alpha activity was investigated (Barabanov, Veshnikov, and
Pomansky, 1969; Pomansky and Severny, 1975; Pomansky, 1976) to
select "pure" materials suitable for use in the construction of
low-background proportional counters. Such counters are necessary
not only for such practical goals as detection of isolated radon atom
decays (Pomansky, Severny, and Trifonova, 1969; Barabanov et al.,
1977) and of some isotopes present in nature (Barabanov and
Pomansky, 1977; Oeschger and Loosli, 1977) but also for fundamental studies, for example, investigation of the solar neutrino
problem (Rowley et al., 1977).
Our method for investigating surface alpha activity measurement
is based on the use of gas-filled proportional counters in which the
investigated material is used as a cylindrical-shaped cathode. We used
ready-made tubes or tubes that we prepared. The ratio between the
diameter and the length of the counter usually was equal to 4—6.
Diamond bits were used for preparing the silicon and germanium
counter cathodes. In some cases the holes in these materials were
made by an ultrasonic method. We invented a special method for
preparing the gallium cylinders. A copper counter 55 mm in diameter
and 1 70 mm long was used to measure tungsten and Teflon-surface
673
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alpha activity. For tungsten the counter's inner surface was lined
with tungsten bars, and, for Teflon, a Teflon cylinder was inserted
into the counter. The catl odes of Teflon and quartz tubes were
made from tungsten wires, which were stretched along the tubes'
length. The gas mixture for filling the counters consisted of 90%
argon and 10% CH4 at atmospheric pressure.
Measurements were carried out in two laboratories, the surface
laboratory in Moscow and the deep underground laboratory of the
Baksan Neutrino Observatory (Kovalchuk et al., 1977). Some counters, especially the silicon cathode counters, were investigated both
in the Moscow and in the Baksan laboratories. That the results of
both measurements were similar testifies to the negligible contribution of cosmic-ray pulses to the total number of large-energy-loss
pulses (alpha pulses), as well as to the operational stability of our
counters and registration system. Pulses from two counters were
supplied through low-noise preamplifiers to two different channels of
a multichannel potentiometer recorder. Simultaneous operation of
the two different counters defends the recording system against
spurious pulses. The duration of the electronic-circuit-shaped pulses
is —2 ptsec, the time necessary for the normal operation of the
potentiometer recorder.
The quality of the counter's operation was checked by different
methods of calibration. First, we checked the energy resolution of
the 5.9-keV peak of the s 5 Fe source placed against the calibrating
window. Second, we observed the alpha-particle recording efficiency.
Finally, we checked the ' 3 7 Cs gamma-quanta and cosmic-ray
recording efficiencies in our surface laboratory.
A typical picture of the alpha pulse, cosmic-ray background, and
1i 7
Cs calibration is presented in Fig. 1. The amplifier gain was set at
a value such that the typical difference between Compton electron
pulses and alpha pulses was like that in Fig. 1.
We studied the alpha-pulse spectrum with a multichannel
analyzer to estimate the alpha-pulse fraction not taken into
consideration under that method of calibration. Figure 2 shows that
this spectrum can be fitted to a step function, which is also shown by
calculations. To check the step function fit, we compared the
alpha-pulse data obtained two different ways. In the first case the
counter energy threshold was eq-«al to 250 keV, and thus the number
of alpha particles giving pulses lower than this was negligible. In the
second case we considered the spectrum in Fig. 2, taking into
consideration the fraction of alpha particles with energy between 0
and 1.4 MeV. The surface alpha activity results obtained by the two
methods are similar. Since the energy losses in a small-diameter
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Fig. 1 A typical spectrum of alpha particles, background fast
particles, and ' 3 7 Cs pulses on the potentiometer recorder (silicon
cathode counter, 20 mm in diameter).

counter at standard temperature and pressure conditions are similar
to those in a counter with a larger diameter and less pressure, the
edge of the alpha-spectrum step in the small counter must be at a
lower energy. The energy losses of electrons in such a counter also
decrease. Thus we can expect that the fraction of pulses that are
below the threshold will be approximately equal in counters of
different sizes. For the big quartz counter (50 mm in diameter), this
fraction is equal to 0.14. (In Tables 1 to 4 this fraction is not taken
into consideration.)
We divided all the results into four specific groups: (1) semiconductors, about which some information has been published previously (Pomansky, 1976; Pomansky and Severny, 1975); (2) high-
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Fig. 2 Spectrum of background pulses of a quartz-tube proportional counter with a stretched tungsten-wire cathode. The flat part
of the spectrum is caused by alpha particles and the slope, by all
other particles.

melting metals; (3) some ordinary metals and gallium, which is the
most important solar neutrino target (Pomansky and Sevastjanov,
1975); and (4) two kinds of dielectrics, quartz and Teflon.
The main result is that the contamination of investigated
materials by alpha-active isotopes is relatively high, ~1 alpha particle
per 100 cm2 per hour. The calculations indicate that such surface
alpha activity is near the abundance of 10~ 8 g 2 3 8 U per gram of
sample, assuming that the ratio of 2 3 8 U to 2 3 2 Th contents is 1 : 3
and that these elements are in equilibrium with their daughters. For
example, the alpha activity of the big multiwire-cathode quartz and
Teflon counters (Table 4) is approximately the same as that of the
small germanium counters (Table 1). Such high radioactivity for
germanium was unexpected because the data of Bertolini et al.
(1972) on a Ge(Li) sample show less than 10""" g of 2 3 8 U
contamination per gram of Ge(Li).
It is also surprising that counters 8 mm in diameter, made of
inner parts of 20-mm-diameter counters, showed far more radioactive
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TABLE 1

Surface Alpha Activity of Semiconductors
Semiconductor

Inner diameter
of counter, mm

Alpha activity,
a 100 cm""2 hr —1

8
8
9.2
20
20
20
8
20

0.14 ± 0.04
0.49 ± 0.13
0.50 ± 0.09
0.40 ± 0.10
0.06 ± 0.02
0.21 ± 0.05
1.8±0.2
0.78 ±0.19
2.6 ± 0.6
0.3 ± 0.1
1.0 ±0.3
0.20 ± 0.05
1.0 ± 0.1

Silicon
Silicon
Silicon
Silicon
Silicon
fSilicon
ISilicon*
fSilicon
ISilicon*
Germanium
Germanium
(Germanium
iGermanium*

8
8
8.5
20
8

Specific resistance, ohm/cm
2000
11000
1600
0.5
0.5
10
10
0.5
0.5

Unknown
Unknown
Unknown
Unknown

•Counters 8 mm in diameter are made cf inner parts of counters 20 mm
in diameter.

TABLE 2

Surface Alpha Activity of Some Metals
Metal
Copper
Copper
Aluminum
Steel
Gallium

Inner diameter
of counter, mm
11.5
55

11.5
11.5
25

Alpha activity,
a 1 0 0 c m ~ 2 hr~'
0.75
0.38
18.4
0.99
1.0

±
±
+
±
±

0.14
0.14
1.3
0.16
0.1

TABLE 3

Surface Alpha Activity of High-Melting Metals
Metal

Inner diameter
of counter, mm

Alpha activity^
a 100 em
hr~'

Molybdenum
Tantalum
Tungsten
Titanium

6
10
32
14

2.0 ± 0.2
0.30 ± 0.06
0.97 ± 0.13

0.8 ±0.3
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TABLE 4

Surface Alpha Activity of Some Dielectrics
Material

Inner diameter
of counter, mm

Alpha activity.
a 100 cm
hr~~

Quartz
Teflon

50
32

7.5 ± 0.2
2.2 + 0.4

contamination than counters made of outer parts of silicon and
germanium monocrystals (Table 1). The existence of systematic
errors is an unlikely explanation since the results were obtained at
the same installation. We compared the alpha activity of silicon
counters of differing qualities of cathode surfaces and obtained
similar results.
Our data indicate that we do not add any measurable contamination in the process of constructing counters. This is shown by the
fact that pract'cally all silicon counters have less surface alpha
activity than counters made from other materials. It is necessary,
however, to pay attention to the fact that radioactive contamination
of tungsten caused by gamma activity (^1(T 9 g 2 3 8 U/g W) is far less
than that caused by alpha activity (*10~ 8 g 2 3 8 U/g W). This result
raises some doubts about the alpha-activity results.
One of the questions is, Are all the big pulses really alpha-particle
pulses? Another puzzle is the absence of a connection between
silicon surface alpha activity and its resistivity. It is known silicon
resistivity depends on the quantity of runs at zone melting. One
explanation for our results may be that the solubility of hpnvy metals
in liquid silicon is less than that in solid silicon.
Analysis of the time distribution of rare big pulses shows that
these big pulses are alpha pulses. It is known that alpha particles
come from metal layers 10 to 20 /im deep. If 2 2 6 R a is present
among the other radioactive contamination isotopes, the chain
226
R a - > 2 2 2 R n - * 2 1 8 P o - > 2 1 4 P o should be present also. The
duration of time between decays of 2 2 2 Rn and 2 ' 8 Po should be
some minutes (the half-life of 2 ' 8 Po is 3.05 min). Thus, if the alpha
particle of 2 2 2 Rn decay comes into the proportional counter from
the 20-Mm cathode surface layer, the alpha particle of 2 ' 8 Po decay
probably will also come into the counter (with probability of about
0.3). Such events can be marked in the case of a very small pulse
frequency. This phenomenon is often observed. For example, in one
tantalum counter there were two pairs of pulses, separated by 3 and

SURFACE ALPHA ACTIVITY OF DIFFERENT MATERIALS

679

5 minutes, respectively, whereas the other pulses passed with a
frequency of about 1 pulse in 12 hr.
In conclusion, we should say that our investigations of iow-background radioactivity indicate that information on the radioactive
contamination of different materials obtained by the gammaspectrum method is more reliable than that obtained by the
alpha-spectrum method. In this connection we should say that
Rutherford and Geiger (1908) were first to observe a natural
radioactivity of the walls of a brass tube. Their method of
observation was like our method; an alpha particle produced a throw
of the electrometer needle. They also had some difficulties and
discrepancies which later were explained by Myssowsky and
Nesturch (1913) as a dependence of the results on the degree of
roughness of the inner counter wall.
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DISCUSSION
Cathey: (Comment) Take care, in analysis of alpha emitters in
chains, that the recoil nuclei on the face of the solid-state counter
will be counted. The recoil atoms from very active samples can give
alpha lines in low-activity samples counted immediately afterwards.

Mobility of Elevated Levels of Uranium
in the Environment

F. R. MIERA, JR., W. C. HANSON, E. S. GLADNEY, and P. JOSE
Los Alamos Scientific Laboratory, Los Alamos, N - Mexico

ABSTRACT
Studies of the long-term consequences of exposing terrestrial ecosystems to aged
deposits of natural and depleted uranium at Los Alamos Scientific Laboratory
(LASL) have been conducted over the past 3 years. The E-F explosive testing
site at LASL was selected for intensive study of uranium redistribution during its
24-year use. The highest surface-soil (0 to 2.5 cm) uranium concentrations
occurred 0 to 10 m from the detonation point and averaged 4500 JJg/g.
Concentrations in surface soil 50 and 200 m from the detonation point were
generally less than 15% of that value. The uranium distribution to 30-cm depths
for the 0- to 50-m distant sampling locations and to 10-cm depths at 50- to
200-m sampling distances showed significant penetration into the soil profile.
Alluvium collected 250 m from the E-F detonation area indicated that surface (0
to 2.5 cm) uranium concentrations were about 10% of those at the detonation
point, and at 2.8 km they were twice background, averaging 5 jug/g.
Ratios of plant/soil uranium concentrations varied from 0.05 to 0.08.
Internal tissues from two species of small mammals had tissue/soil ratios of
1 0 ~ 3 and 1 0 ~ 4 , although gastrointestinal contents of these mammals had mean
uranium levels greater than 10% of soil concentrations.

The importance of nuclear facilities as viable alternatives to
fossil-fuel power plants is not certain at present. However, the need
for appreciable production of uranium to feed nuclear facilities has
prompted intensive hydrogeochemical survey programs to locate
subsurface ore bodies in several countries. The mining and processing
of uranium have resulted in contamination of the environment with
uranium as well as other undesirable chemical wastes. In addition,
decontamination of areas in which radioactive materials have been
stored or discharged usually involves uranium. Despite the impor681
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tance of uranium, its ecological behavior in the environment is
poorly documented (Hanson, 1974; Essington et al., 1976). Natural
uranium ores are of concern because of associated radioactivity.
During milling and refining processes, most of the decay-chain
products that are of principal radioactive concern are removed; thus
the primary concern for uranium to terrestrial ecosystems is its
chemical toxicity.
During the past 3 years, we have been studying the fate of some
70,000 kg of natural and depleted ( 2 3 5 U/ 2 3 8 U, < 0.0072) uranium
dispersed during dynamic tests at the Los Alamos Scientific
Laboratory (LASL) environs of north-central New Mexico. The
objectives of the present study were to evaluate the horizontal
distribution of uranium from the detonation point and its vertical
distribution into the soil profile on the mesa where the tests were
conducted as well as the adjacent drainage area and to determine
uranium concentrations in selected biota.
METHODS AND MATERIALS
The LASL Study Area

The LASL reservation consists of 113 km2 in north-central New
Mexico on the Pajarito Plateau, which is situated on the eastern
slopes of the Jemez Mountains west of the Rio Grande (Fig. 1). The
plateau, which has a pronounced elevational gradient in the east-west
direction, was formed by successive ash flows from a volcanic area
32 km to the west. The soils of the area have recently been
characterized in detail (Nyhan et al., 1978). The climate is semiarid,
with approximately 46 cm of annual precipitation. Nearly 75% of
this occurs during intense May—October thundershowers, and the
runoff generated accounts for much of the canyon erosion in the
area.
The E-F testing site, located in the west-central portion of LASL
on a mesa top at an elevation of 2190 m, has been since mid-1949
the most continuously used LASL site for the expenditure of
uranium. No cleanup operations of potentially hazardous gamma
emissions have been reported to date (Hanson and Miera, 1977). The
fact that the overstory vegetation surrounding the site has been
burned and is now in successional recovery stages exhibits evidences
of both the pyrophoric properties of depleted uranium and the
properties of the resultant chemical explosives. The biotic inventory
of the area is discussed elsewhere (Hanson and Miera, 1976).
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Fig. 1 Location of the Los Alamos Scientific Laboratory in north-central New Mexico.
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We have assumed that the uranium inventory is mostly available
for surface transport, mainly by storm runoff in the Potrillo Canyon
drainage. The contributions from other sites in this drainage area,
other than the E-F site, are considered negligible (Hanson and Miera,
1977). The head of Potrillo Canyon is slightly mere than 1 km west
of the E-F detonation site at about 2250 m elevation. The canyon
extends due east for about 10 km, dropping rapidly in elevation to
about 1650 m where it enters the Rio Grande. The upper parts of the
canyon are narrow and rocky, and the stream channel contains
relatively thin (2- to 20-cm deep) sediments derived from weathering
of the Bandelier tuff, a series of rhyolitic ash flows. About 3 km east
of the E-F site, the canyon broadens and sediment depths increase to
about 1 to 2m (Griggs, 1964; Purtymun, 1978). There is no
continuous surface water flow in Potrillo Canyon. As in most
intermittent streams of the area, appreciable water flow after heavy
rains carries sediments downstream.
Sample Collection
A polar coordinate sampling scheme was devised to determine
the soil distribution of uranium in the study area. Soil cores were
collected at the intersection of radii that extended from the
detonation point at each 45° azimuth and concentric circles 10, 20,
30, 40, 50, 75, 100, 150, and 200 m from the detonation point. A
polyvinyl chloride coring tube (2.5 cm, inside diameter) with a
sharpened end wa= used to collect two 30-cm-deep soil cores spaced
0.5 m apart at each sampling location. The maximum sampling depth
and the amount of compaction for each core were recorded. Prior to
processing the percent compaction was distributed evenly over the
sampling depth.
One core from each location was cut into segments corresponding to 0 to 2.5, 2.5 to 5.0, 5.0 to 10, 10 to 15,15 to 20, and 20 to
30 cm to examine depth distribution patterns. Thirty percent of the
duplicate cores collected along the NE, SE, SW, and NW radii were
randomly selected and similarly processed to define the spatial
variability of uranium with distance from the detonation point and
with depth into the soil profile.
Forty soil samples representing duplicate 0- to 5-cm- and 5- to
10-cm-depth cores collected along the N, E, S, and W radii at
distances of 10, 20, 50, 100, 150, and 200 m from the detonation
point were processed for soil particle size analysis. These samples
were mechanically separated with a sonic sifter into six size
fractions: < 53 jum, 53 to 105 (un, 105 to 500 urn, 500 to 1000 j/m,
1 to 2 mm, and 2 to 23 mm in diameter.
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A sampling network was also established from the E-F site
detonation point, along the drainage pathway from the mesa top,
into Potrillo Canyon. Three sampling stations, 0, 50, and 100 m from
the detonation point, were located on the mesa top. The remainder
of the sampling stations were at distances of 150, 200, and 250 m
from the detonation point in a tributary canyon that drains into
Potrillo Canyon and at 350, 700, 1400, 2800, 5600, and 9000 m
within Potrillo Canyon. Duplicate cores were extracted 1G cm apart
from the center of the stream channel by using the same coring
technique and were segmented into similar depth increments as
previously mentioned. Some sampling depths in the upper parts of
the canyon were less than 30 cm owing to shallow sediments, but a
partial core was obtained in all cases. Samples that were collected in
the top 15 cm (the maximum sampling depth for two of the stations)
were used to estimate the Potrillo Canyon uranium inventory as a
function of distance from the E-F site. Calculations for the inventory
estimate are presented in detail elsewhere (Hanson and Miera, 1977).
Vegetation samples were collected from 1-m2 plots adjacent to
small mammal trapping stations. All standing vegetation within each
plot was clipped at ground level, and all species were composited as
one sample. Particulates were not removed from the exterior of the
plant surfaces before uranium analyses. An attempt was also made to
evaluate the uranium content within plant roots of the dominant
grass species Sitanion hystrix (bottlebrush squirreltail) in the study
area. Plots that were 1 dm 2 were established 1 m from the 1-m2
vegetation sampling plots, and the vegetation was collected as above.
The intact soil was then removed to a depth of 10 cm, yielding a
1-dm3 sample with plant roots in place. This material was then
passed through a 2-mm sieve to separate the soil from the roots. The
soil was treated as previously described; the roots were washed in a
sonic bath of distilled water for 2 to 3 min, rinsed with distilled
water, microscopically examined for adhering particulates, and then
analyzed as vegetation samples.
Two sympatric small-mammal species, Peromyscus maniculatus
(deer mouse) and Thomomys bottae (valley pocket gopher), were
trapped at the E-F site. Deer mice were collected along a trapline
consisting of 20 stations centered approximately 10 m south of the
detonation point and running east to west. Pocket gophers were
selectively trapped where there were mounds of freshly excavated
dirt within a radius of 100 m from the detonation point. All animals
were carefully dissected to minimize cross contamination of internal
organs and tissues by soil particles that had adhered to the fur.
Samples analyzed separately included the pelt, gastrointestinal (GI)
contents, lungs, liver, kidneys, and carcass (skeleton and muscle).
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Sample Analyses

Soil samples were oven-dried at 100° C for 24 hr, and the samples
(except for those samples to be used in particle sizing) were passed
through a 6-mm sieve to remove large pieces of rock and uranium.
The <' mm material was ground to less than 100 mesh in a
pulverizer and was thoroughly blended to provide a homogeneous
sample. Aliquots ranging from 2 to 5 g were used for analyses;
replicates were submitted for about 10% of the samples. Vegetation
and rodent samples were oven-dried at 100°C for 24 hr, or until a
constant dry weight was observed, and then ashed in a muffle
furnace at 450°C until a white ash was obtained. In most cases the
entire ash was analyzed.
All soil and rodent samples reported in this paper were analyzed
for uranium by instrumental epithermal neutron activation analysis
(IENAA) (Steinnes, 1971; Gladney, Hensley, and Minor, 1978). The
analyses of vegetations were conducted prior to development of the
IENAA technique by a standard fluorometric procedure (Owens,
1976) which requires complete sample dissolution, a step not
necessary for IENAA analyses. A comparison of the two techniques
has recently been reported to show good agreement with similar
detection limits (Gladney, Hensley, and Minor, 1978).
In the IENAA analyses samples were first irradiated with
epithermal neutrons (energy range ^280 to 1000 eV) for 2 min.
After decay for 2 to 4 days, each sample was counted for 5 min on a
large Ge(Li) detector [full width at half maximum (FWHM) =
1.9 keV at 1332 keV]. The 228- and 278-keV transitions from the
decay of 2 3 9 Np (physical half-life 2.35 days) were observed and used
for quantitative analyses. Neptunium-239 is the daughter of
uraniurn-239, which is produced by epithermal neutron irradiation.
The spectra of gamma rays were accumulated on 4000-channel
analyzers, the regions of interest punched on paper tape, and the
data reduced by electronic computer programs.
Soil samples were leached for the fluorometric analysis method
in a hydrofluoric and nitric acid solution. Small volumes of the
dissolved sample were pipetted onto 50-mg NaF/LiF pellets and
fused for 2 min at approximately 1200° C with a burner as described
by Price, Ferretti, and Schwartz (1953). The pellets were allowed to
cool for 15 min, and then the fluorescence at 245 nm was
determined on a fluorometer. The resulting data were reduced by
computer to obtain final concentrations. International Atomic
Energy Agency (IAEA) soils with certified uranium concentrations
were used as standards for the two methods of analyses.

MOBILITY OF ELEVATED LEVELS OF URANIUM
I

I

687

I

10

80

100
120
DISTANCE, m

200

Fig. 2 Mean surface (0- to 2.5-cm depth) uranium concentrations
(±1 standard error) in soil at the E-F site.

RESULTS AND DISCUSSION
Uranium Concentrations and Distribution
in the E-F Site Soils

The results to date indicate significant migration of uranium into
the soil profile at the E-F testing site and also that transport of
uranium from the mesa top into the adjacent drainage of Potrillo
Canyon has occurred. The highest mean concentrations in surface
soils (0- to 2.5-cm depth) were found within 10 m of the detonation
point, averaging 4500 //g uranium/g soil, and decreased exponentially
with distance from the detonation point (Fig. 2). Uranium concentrations in surface soils beyond 50 m from the detonation point were
generally less than 15% of those within 10 m.
Surface-soil uranium concentrations varied greatly with sampling
location. The coefficients of variations (CV's) (standard deviation/
mean x 100) for soils collected 0.5 m apart at individual sampling
locations ranged from 18 to 96%, averaging 57% for all distances. For
samples collected along annuli, CV's averaged 55 to 90% within 75 m
of the detonation point but increased markedly at 100 m and
beyond to as high as 230%. These data suggest that the results from
the soil sampling activities are strongly influenced by the variable
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deposition of uranium debris in the form of fragments from past
explosive tests. This is further illustrated in Fig. 3, which depicts
estimated isopleths of uranium concentrations in the 0- to 5-cm soil
horizon at the E-F site. The isopleths were obtained by transforming
each data point to log values and then converting the polar
coordinate sampling array values to Cartesian coordinate values. The
plane surface was generated by an electronic data-processing program
that interpolated between data points. Areas of highest soil concentrations were at the detonation point and 150 m to the west with

URANIUM CONCENTRATIONS AT E-F SITE
ISOPLETHS: 0- to 5-cm HORIZON
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Fig. 3 Estimated Uopleths of uranium concentrations in the 0- to
5-cm horizon at the E-F site.
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Fig. 4 Uranium concentration vs. soil depth and distance from the
E-F site. Concentrations are mean radial values obtained using a
polar coordinate sampling system.

uranium levels of more than 3000 /ng/g soil. Surface soils to the south
and northeast of the detonation point also exhibited high uranium
concentrations ranging from 300 to 1000 £ig/g of soil.
Analyses of soil samples collected to depths of 30 cm within
50 m of the detonation point and also to a depth of 10 cm out to the
200-m sampling distance indicate significant uranium migration into
the soil profile to the maximum sampling depths. The vertical
distribution of uranium at various distances from the detonation area
is shown in Fig. 4. Values in the upper 0- to 2.5- and 2.5- to 5-cm soil
horizons varied more than those at greater depths; below the 5-cm
depth, uranium concentrations generally decreased with depth. Mean
concentrations of 100 figlg for the 50-m sampling locations and
17 ^i/g for the 5- to 10-cm depth at the 200-m sampling locations
are about 50 and 10 times as great as, respectively, background
uranium levels in soils for the area, which range from 0.2 to 1.2 /ig/g
(Johnson, 1972). These data emphasize the mobility of uranium in
the soil and also that uranium has penetrated to greater depths than
those sampled.
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The vertical partitioning of the uranium inventory in depth
profiles was determined by multiplying the concentration by the
weight of soil in each depth segment and by expressing this quantity
as a percentage of the total uranium in the soil profile to the
maximum sampling depth. At the 0- to 10-m sampling distances, 68
and 48% of the total uranium in the columns, respectively, were in
the top 5 cm of soil. Locations within 10 m of the detonation area
were also likely influenced by mechanical disturbances and fragment
projectile penetration from the explosive tests. The uranium in the
top 5 cm at 20, 30, 40, and 50 m was 86, 71, 62, and 43%,
respectively, of the total. However, at the greater sampling distances
of 100, 150, and 200 m, the percentage uranium in the top 5 cm
increased with distance from the detonation point to 64, 70, and
91%, respectively. The regular decrease in the percent uranium
associated with the 0- to 5-cm horizon at distances of 20 to 50 m is
probably related to uranium particle size and dispersion patterns;
smaller particles are dispersed farther and result in optimization for
vertical mixing—migration of uranium. Beyond 50 m surface contamination is apparently less affected by shot dispersion of uranium but
more by redistribution mechanisms, such as surface-water transport.
So that the potential for redistribution of uranium that might be
adsorbed to soil particles could be evaluated, the particle size
composition and uranium content of soil separates at the E-F site
were determined. Uranium concentrations in six soil size separates
from the 0- to 5-cm and 5- to 10-cm depths are shown in Figs. 5 and
6. Generally, an exponential decrease of uranium concentration with
distance was observed for each size fraction, although with appreciable variation in values as a function of both distance from the
detonation point and depth in the soil profile. The highest
concentrations of uranium were found at the 10-m distance in the
<53-/zm size fraction for both soil column increments; however, at
20- to 50-m distances, the highest concentrations were generally
associated with the larger particle sizes (1 to 2 mm). For sampling
locations 100 to 200 m from the detonation point, the highest
concentrations were again associated with the smaller soil particle
sizes (<500 Mm).
The fractional distribution of uranium in the soil separates was
also evaluated as a function of distance from the detonation point.
The portion of the total uranium in each size fraction was calculated
by multiplying the concentration by the soil mass of each fraction.
The distribution of uranium for all sampling locations in the six soil
size fractions for the 0- to 5- and 5- to 10-cm depths indicated that
about 70% of the total uranium and 60% of the soil mass were
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Fig. 5 Uranium concentrations in soil size fractions as a function of
distance in the 0- to 5-cm horizon at the E-F site.

associated with < 500-/um soil particles. For the 0- to 5-cm depth, the
percent uranium associated with the <500-/um size fractions increased from 50% at the 10-ra sampling locations to nearly 90% at
the 200-m sampling locations. Soil masses for the respective sampling
locations in the < 500-/im fractions (classified as silt, clay, and sand
fractions) were 40 and 70%. The ratio of the total uranium in the
<53-/xm fraction to that in the 2- to 23-mm fraction for the 0- to 5and 5- to 10-cm depths increased from 1.1 and 2.5 at 10 m to 18 and
21 at the 200-m sampling locations, respectively. These distribution
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patterns suggest that mobilization and physical transport, i.e., by
surface water and wind, of uranium associated with smaller soil
particles are occurring with time at this time.
Surface-Water Transport of Uranium into Potrillo Canyon

Surface-water ttansport of uranium from the E-P site into
Potrillo Canyon was evaluated by determining concentrations in
stream channel sediments. Uranium concentrations in alluvium from
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Fig. 7 Distribution of uranium from the E-F site into Potrillo
Canyon as a function of distance and soil depth.

the mesa top (0, 50, and 100 m from the E-F site detonation point)
and in Potrillo Canyon sediments are shown in Fig. 7. Uranium levels
were greatest (4850 jug/g) at the detonation point and decreased
rapidly to 300 /ig/g at a distance of 250 m beyond the detonation
area. Samples collected (for the 0- to 2.5-cm depth) at the 2800-m
distance contained uranium levels that were twice background
levels.
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TABLE 1

Estimated Uranium Inventory in Potrillo Canyon

Distance, m

Weighted mean
uranium
concentration
(0 to 15 cm),
mg/g

0—25
25-75
75-125
125-175
175—225
225-300

3.02
0.44
1.23
0.34
0.46
0.07

300—525
525-1050
1050-2100
2100-3900
3900—7000
7000—9000
Total

0.04
0.013
0.006
0.003
0.002
0.001

Total
uranium,
kg

Estimate '
uranium
inventory in
segment, %

15.8
4.62
12.9
4.04
5.57
1.24

27.2

3.24
2.46
2.27
1.94
2.98
0.96

5.5
4.3
4.0
3.3
5.2
1.7

58

7.9

22.2
6.9
9.7
2.1

100

Uranium concentrations in soil samples from the mesa top
drainage area showed variability with distance from the detonation
point and depth similar to that reported earlier in this paper for
samples obtained by the polar coordinate sampling scheme. Samples
from the tributary canyon (150 to 250 m) had highest concentrations in the 0- to 2.5-cm horizon with concentrations decreasing with
depth. Concentrations were considerably diluted and more homogeneously distributed, to depths of at least 20 cm, from the 250- to
5000-m locations, as reflected by the smaller CV's between duplicate
soil cores (6 to 73%). Uranium concentrations at the 350-m sampling
distance (23 jug uranium/g soil) were less than 1% of those at the
detonation point. Uranium levels in alluvial samples taken at 5000 m
and beyond were near background levels of 0.2 to 1.2 jug/gThe drainage area uranium inventory for the E-F site from the
detonation point to the 9000-m distance was estimated to be 58 kg.
The estimated uranium inventory for each of the 12 segments shown
in Table 1 indicates that most (57%) of the uranium is within 125 m
of the detonation point on the mesa top. About 75% of the estimate
had been accounted for in the proximal 300 m. Although the 58-kg
inventory is seemingly large, this amount is less than 0.1% of the
uranium expended at this site during 1949—1973, and it indicates
that only minor amounts have moved appreciably.
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Uranium Concentrations in Biota

Vegetation from the E-F site sampled in the late fall of 1974
consisted of standing dead vegetation that had been growing in
uranium-contaminated soil for at least 6 months. During the late
spring of 1975, principally green plant material that had been only
briefly exposed to external uranium deposition or uptake was
sampled. Late fall vegetation averaged 320 tig uranium/g dry vegetation, and the late spring samples averaged 125 /zg uranium/g
vegetation. These differences were probably due to (1) greater
external deposition over considerable time; (2) different species of
plants available at the sampling times; and (3) greater amounts of
fresh growth in spring samples, which resulted in dilution. Observed
concentration ratios (plant uranium/soil uranium) were 0.08 for fall
vegetation and 0.05 for spring samples.
Root/soil uranium ratios for the 1-dm2 subplots averaged 0.28,
and the grass/soil ratios were 0.07. At least part of this variability
was caused by small particles of soil and, presumably, uranium
adhering to roots; the particles were observed by microscopic
examination. It can be further speculated that uranium colloids may
have been sorbed on the root surface. This further complicates the
differentiation of "in" vs. "on" uranium components in plant roots.
However, our plant/soil ratios are consistent with those of Cannon
(1952), whose uranium "indicator" plants had ratios of 0.1 to 1.0.
Concentrations for small mammals are given in Table 2; both
mean and median uranium values are reported for the two sympatric
species. These results indicate that there were differences in uranium
concentrations in several tissue types and that deer mice generally
contained higher mean concentrations in their tissues than did
pocket gophers. As evidenced by the range of minimum to maximum
values, the concentration distribution is very broad and positively
skewed, with most values occurring below the mean. Thus, for
samples with high uranium concentrations, such as pelts and GI
contents, a mean value is biased toward the large values with the
median value probably providing a more realistic estimate. Kidney
and liver samples contained about 5 to 10% of pelt values, whereas
lungs and carcass samples contained concentrations that were slightly
above soil uranium background levels. Internal tissues, such as
carcass, kidneys, and livers, had concentration factors (tissue/soil) of
10~ 3 to 10~ 4 , although GI contents of these mammals had mean
uranium levels greater than 10% of soil concentrations.
Several environmental and physiological parameters, which may
also be substantially affected by seasonal variations, may account for
the difference observed in uranium concentrations between deer
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TABLE 2

Uranium Concentrations in Tissue Samples from Two Sympatric Species
of Small Mammals at LASL's E-F Site (April—May 1977)
Species
Peromyscus
Thomomys
Peromyscus
Thomomys
Peromyscus
Thomomys
Peromyscus
Thomomys
Peromyscus
Thomomys
Peromyscus
Thomomys

Sample

Mean

Gl

900
220
500
200
4.4
5.7

Pelt
Lung
Carcass
Kidney
Liver

6.8
4.3
30
21
23
10

Uranium concentration, /Jg/g
Median
Minimum
Maximum
380
75
300
120

<0.5
<0.5
2.9
1.0

<0.5
<0.5
18

<0.5

140

<0.5t
140
9.1

<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
<0.5
<0.5

3600
720

1530
460
24
42
30
16
140
160
60
58

CV

n

1.49
1.15
1.07
0.91
2.18
2.44
1.69
1.23
1.85
2.45
1.02
1.90

6*
8
6
8
6
8
6
8
6
8
6
8

*Peromyscus were pooled—two animals per sample.
tMinimum detectable limit.

mice and pocket gopher tissues. Soil moisture varies strongly with
climatic features and is probably one of the major factors that
influences the bioavailability of uranium in the upper few millimeters
of soil. This possibility is suggested by the appreciable differences
between pelt samples of the more surface-active deer mouse (mean
500, median 300 ng uranium/g) and those of the subterraneandwelling pocket gopher (mean 200, median 120 #g uranium/g). Food
habits of the small mammals also vary appreciably (Martin, Zim, and
Nelson, 1951). The pocket gopher is a vegetarian, and therefore it is
heavily dependent on plant roots and other vegetative parts. The diet
of the deer mouse shifts from a preponderance (94%) of seeds, fruits,
and roots during winter to mostly animal foods (76% large insects
and other invertebrates) during spring and then to mostly (68%)
plant foods during summer. The food habits would presumably
influence the concentrations of uranium in internal organs, although
appreciable amounts of soil and uranium are ingested by small
mammals during their normal grooming habits. The apparent low
fraction of uranium transferred from the GI tract to blood
presumably accounts for the modest concentrations found in
internal organs and mitigates the consequences of ingestion of
uranium. The amounts of uranium in lung samples oi deer mice and
pocket gophers collected during the spring of 1977 were similar to
one another and to carcass values, which argues against appreciable
inhalation of resuspended particles.
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The uranium concentration values for tissue samples shown in
Table 2 illustrate that the range of values was extremely large, often
positively skewed, and highly variable. Such characteristics are
indicated by CV's almost consistently greater than 1.0, which
complicates the strict interpretation of the data and suggests that a
much greater sample size would be necessary to provide conclusive
results. These conditions apparently result from the particulate
nature of uranium, its density and mobility in the environment, and
the variable habits of the animals.
SUMMARY AND CONCLUSIONS

During the past 3 years, we have been studying the fate of some
70,000 kg of natural and depleted uranium dispersed in the LASL
environs during conventional explosives tests that occurred from
1949 to 1973. The initial objectives of our studies have been to
determine the concentrations, distribution, and traxisport of uranium
in soils and concentrations of uranium in selected biota.
Concentrations in surface soils (0- to 2.5-cm depth) at 10 m from
the detonation point averaged 4500 jug/g; concentrations in surface
soil at 50 to 200 m from the firing point were generally less than
15% of that value. Concentrations at a depth of 20 to 30 cm at the
50-m radius from the detonation point averaged 100 /zg/g and for the
5- to 10-cm depth at 200 m averaged 17 /zg/g. These values are about
50 and 10 times as great as, respectively, the background uranium
levels in area soils, which range from 0.2 to 1.2 /ig/g; this emphasizes
the mobility of uranium into the soil profile. The spatial variation, as
determined by computing the CV for duplicate soil cores taken
0.5 m apart, was found generally to increase with distance from the
detonation point and with depth into the soil profile.
The distribution of uranium for all sampling locations in the six
soil size fractions for the 0- to 5- and 5- to 10-cm depths indicated
that about 70% of the total uranium and 60% of the soil mass were
associated with soil particles that were less than 500 jum. For the 0to 5-cm depth, the uranium associated with the <500-jLtm size
fractions increased from 50% at the 10-m sampling locations to
nearly 90% at the 200-m sampling stations. The ratio of the total
uranium in the smallest size fraction (< 53 jum) to those in the largest
size fraction (2 to 23 mm) sampled for the two depths i n c i v ^ d
from 1.1 and 2.5 at 10 m to 18 and 21 at the 200-m sa >
• .-;...->g
locations, respectively. These distribution patterns sugges
t
mobilization and physical transport, via surface water anu \ :,
mechanisms, of uranium associated with small soil particles, i <
occurring at this site.
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Alluvium collected 250 m from the detonation point in the
adjacent Potrillo Canyon drainage area had surface concentrations (0to 2.5-cm depth) that averaged 330 jug uranium/g, and, at a distance
of 2.8 km, they were twice background levels. Uranium concentrations were considerably diluted and homogeneously distributed to
sediment depths of 20 cm for sampling locations located 350 to
5000 m beyond the detonation point.
Ratios of plant/soil uranium concentrations ranged from 0.05 to
0.08. Internal tissues of small mammals sampled from the study area
had concentration factors (tissue/soil) of 10~ 3 to 1 0 ~ 4 , although GI
contents of these mammals had uranium levels greater than 10% of
soil concentrations.
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Scintillation Detectors for Radon-222
in Air and Water

GIOVANNI G. MASTINU
Environmental Geochemistry Laboratory, Comitato Nazionale per l'Energia
Nucleare, Casaccia, Rome, Italy

ABSTRACT
A scintillation detector and an emanation circuit that enable sensitive measurements of 2 2 2 R n in water, in field practice, and in laboratory routine have been
developed. Activities as low as 0.1 pCi per sample can be measured with a very
simple procedure. The detector is also well suited to measure 2 2 2 R n in air at
concentrations down to 0.001 pCi/liter if a large-size detector is used.

In the wide field of the natural radioactivity studies, 2 2 2 Rn has a
particular position owing to the importance of its behavior and of its
levels in different areas of research and application.
Populations, in addition to the atmospheric levels, are also
exposed to 2 2 2 Rn and its daughter products at different levels and
from different sources (Gesell and Prichard, 1975), such as building
materials, water supplies, natural gas, closed areas in thermal springs,
mines (especially uranium mines), coal and oil power plants,
geothermal fields, and other sources of technologically enhanced
natural radioactivity (TENR) (Gesell and Prichard, 1975). Radon222 levels are used to study underground water behavior as well as to
forecast earthquakes (Dall'Aglio, 1976).
Licensing for commercial trade of spring water as "mineral
water" or "table water" implies the measure of the 2 2 2 Rn content at
the spring site.
In addition, 2 2 2 R n is a means of measuring le.els of its
progenitor 2 2 6 Ra, which is of primary importance from the health
protection point of view. Radium-226 reaches man from the
environment through the food chain and deposits in bone and other
tissues from which it is eliminated with a very long biological half-life
700
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(International Commission on Radiological Protection, 1972). Radium-226 is injected into the environment not only through natural
pathways but also as a consequence of different human activities
(TENR) such as processing of uranium ore, coal and oil burning in
power plants, and use of phosphatic fertilizers.
REVIEW OF METHODS FOR MEASURING " 2 R n
Various types of detectors for 2 2 2 Rn have been developed and
used according to different working requirements.
High levels of 2 2 2 R n in water can be measured by gamma
spectrometry (Lucas, 1964), whereas low levels can be measured
easily by alpha counting (DiFerrante, Gourski, and Boulenger, 1964;
Lucas, 1957; Evans, 1933; Harley, 1957; Kobal and Kristan, 1972;
Kobal et al., 1974; Malvicini, 1954).
Radon-222 in air can be detected by the "two filters" method
(Thomas and LeClare, 1970), by electrostatic precipitation of alpha
particles (Lucas and Taylor, 1966), or by scintillation counting
(Collinson and Haque, 1963).
General-purpose methods (Lucas, 1964; Blanchard, 1964; ConIan, Henderson, and Walton, 1969; Mastinu, 1975; Pohl and
Pohl-Riiling, 1976) are based on the trapping of radon from the
sample (air or water or solubilized organic or inorganic samples) on a
liquid nitrogen cooled trap (with or without charcoal) and on its
successive transfer to a small-volume counter by different heating
procedures (DiFerrante, Gourski, and Boulenger, 1964; Lucas, 1957,
1960,1964).
Different scintillation counters have been designed and constructed for use in connection with these methods (Damon and
Hyde, 1952; DiFerrante, Gourski, and Boulenger, 1964; Kristan and
Kobal, 1973; Lucas, 1957; Malvicini, 1954; Tysum and VanDilla,
1955) and are all based on the scintillation properties of a thin
ZnS(Ag) layer.
Recently, absorption of radon on silica gel, in a liquid nitrogen
cooled trap, and successive liquid scintillation counting have been
successfully used (Darral, Richardson, and Tyler, 1973).
Other methods (Cigna and Talenti, 1965) are based on recycling
emanation gas through the sample and the detector so that radon is
distributed between the liquid sample and the gaseous phase
according to Henry's law. In this case, at a given temperature the
amount of radon transferred from the sample to the counter depends
on the gaseous-phase volume, which is proportional to the detector
size; thus it may be convenient to go to a large-size detector.
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EMANATION CIRCUIT AND DETECTOR
A modified DiFerrante counter has therefore been studied and
adapted to fit an emanation system of the type described by Cigna
and Talenti (1965). The modified DiFerrante detector is shown in
Fig. 1, and the whole apparatus is outlined in Fig. 2. It is very simple
and consists of a sample container (drechsel bottle), a flowmeter, a
peristaltic pump, a water-cooled trap to remove water vapor, and, of
course, a modified detector. The fraction (F) of the radon in the
sample that is transferred to the detector by recycling the gas in the
circuit by means of the pump increases with the detector volume as
mentioned above; it is plotted in Fig. 3 vs. detector size in the
experimental conditions.
The behavior of the detector efficiency vs. its size has been
studied to achieve the best working condition. The detector
efficiency, in fact, depends on the ZnS(Ag) efficiency, which is a
constant contribution (0.8), and on the collection efficiency (E) of
alpha particles emitted by 2 2 2 Rn. The collection efficiency in turn
depends on the detector radius (R) and the alpha-particle range (K);
i.e.,
E=1
(for R < K/2)
E< 1
(for R > K/2)
E has been analytically evaluated for R > K/2 (see the appendix) and
is plotted in Fig. 4.
The experimental conditions chosen for the emanation circuit are
as follows:
1. Liquid sample volume = 1 liter
2. Gas-phase volume = detector volume + 50 cm3
3. Flush time = 15 min
4. Flow rate = 1 liter/min
5. Flush gad = air
6. Alpha-particle range* = 4.05 cm
7. Sample temperature = 20°C
Under these conditions the total efficiency of the apparatus has
been evaluated and plotted vs. detector radius (R) as reported in
Fig. 5. The total efficiency has a maximum of 0.32 cpm/dpm
(2.1 cpm/pCi) for R = 4.8 cm.
A detector of this size has therefore been constructed and tested
with a set of ten standard samples of activities ranging from 1 to
*In air for the lowest energy alpha emitted in the radon—radon daughters
mixture.
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Fig. 2 Experimental emanation circuit.
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Flow rate: 1 Mte ,'min
Flow time: 15 mm
Flow gas: air
K: 4.05 cm
T: 20°C
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Fig. 3 Plot of the percent F of radon in sample transferred to the
detector after de-emanation vs. detector radius (at the experimental
conditions).
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Fig. 4 Collection efficiency of alpha particles in a DiFerrante
detector as a function of the detector radius and the alpha-particle
range.
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Flow gas: air
K: i.05 cm
T: 20°C
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Fig. 5 Efficiency of the experimental emanation system vs.
detector radius.

350 pCi; the resulting efficiency was 0.30 + 0.02 cpm/dpm
(2.0 ± 0.1 cpm/pCi).
A further improvement has been achieved by filling the detector
with helium before connecting it to the emanation circuit. In fact,
under such conditions, after the de-emanation, the detector is filled
with a helium—air mixture in which the alpha-particle range is
enhanced to about 10 cm; therefore the collection efficiency of
alpha particles is 1 (K -> °R). The total efficiency of the apparatus
then becomes 3.2 ± 0.2 cpm/pCi as experimentally determined with
the aid of the aforesaid standard samples.
The efficiency of this system is, of course, a function also of the
liquid sample temperature; this has to be taken into account in field
work, in which the temperature may vary considerably from sample
to sample. Corrections can be applied very easily with the aid of
Henry's constant tables once the sample temperature has been
recorded. For laboratory practice, corrections are much less important owing to the thermal stability of room conditioning and to
the small dependence of the efficiency on temperature (0.02/°C).
The background of the counter turned out to be 0.07 ± 0.01 cpm
as found in a series of 1000-min measurements in five different
counters. The system background resulted in 0.10 ± 0.05 cpm; owing
to the contribution of the rubber and glass materials of the flushing
circuit, it was possible to measure activities as low as 0.1 pCi.
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Fig. 6 Efficiency of a modified DiFerrante detector vs. its radius
when used for measuring 2 2 2 Rn in air.

DETECTOR FOR MEASURING 2 2 2 Rn IN AIR SAMPLES

The detector described (see Fig. 1) is suitable for measuring
radon in air simply by allowing the air to be sampled to flow through
for the time necessary to attain equilibrium. This can be conveniently obtained by means of a pump equipped with a filter and a
dryer at the air inlet to separate radon from its daughter products
and water vapor.
The total efficiency of the counter for this application has been
plotted vs. detector size (Fig. 6), which indicates that the total
efficiency increases as the volume is increased; thus it seems
convenient to have as large a detector as possible. For routine work a
detector size of 5 in. connected to a phototube of the same size
appears reasonable. In this case it is
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R = 5.6 cm
Efficiency = 2.2 cpm/pCi [2.0 (cpm)/(pCi/liter)]
It is possible to measure 2 2 2 Rn concentration in air as low as 0.01
pCi/liter.
For special applications, of course, a larger detector connected
with a larger phototube can be used; however, this might not be
convenient owing to the cost of materials.
The use of a 12-in. phototube allows a detector of R = 13 cm,
resulting in an efficiency of about 11 (cpm)/(pCi/liter), which
enables the counting of 2 2 2 R n concentrations in air down to
10~ 3 pCi/liter.
Background conditions are attained by repeatedly washing the
detector with aged, dry air taken from a reservoir.
CONCLUSIONS

The method developed is very well suited for the simple
measurement of 2 2 2 Rn in field practice as well as 2 2 6 Ra activities as
low as 0.1 pCi in laboratory routine.
Other advantages of the described detector are ability to measure
222
Rn in both air and water with good sensitivity, low cost, and easy
maintenance.
APPENDIX
Evaluation of Alpha-Particle Collection Efficiency (E)

The detector (see Fig. 1) can be geometrically represented as a
spherical cavity of radius R whose internal surface detects alpha
particles (assumed range K) emitted by a uniformly distributed
amount of 2 2 2 Rn.
First of all, three different conditions must be distinguished:
1. R > K
2. K > R > K/2
3. R < K/2
The third condition leads immediately to E = 1.
Owing to the symmetry of the counter, it is possible and
convenient to study the problem on a two-dimensional scale.
For an alpha particle emitted in elemental volume dV at a
distance OP = x from the detector center O, the probability P(x) of
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R> K

OV = R (detector radius)
PV = K (alpha-particle range)
OP = x (distance from detector center)

R< K

Fig. 7 Geometiical construction for the evaluation of the collection
efficiency of alpha particles emitted at a given point P in the
detector under the condition R > K and R < K.

reaching the detector surface is given by the ratio of the solid angle,
within which the distance of dV from the detector surface is shorter
than K, to Air (dotted areas in Fig. 7). By means of the solid-angle
definition and simple geometric formulas, the aforesaid probability
P(x) is given by
P(x)

1 (x + K)2 - R2
4K
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Since 2 2 2 Rn is supposed to be uniformly distributed within the
detector, in the volume dV there will be dN particles, the 2 2 2 R n
concentration being p = dN/dV.
The number of alpha particles emitted per unit of time in dV
which the detector surface are therefore given by
dn = dN P(x)
By integrating this expression to the whole detector volume, the
number n of alpha particles which are emitted per unit of time in the
detector and which reach the detector surface is obtained
n = / v dn = J v pP(x) dV = p Jv P(x) dV = 4vrp /QR P(X)X 2 dx
In condition 1 integration must be carried out between R and
R — K since P(x) = 0 f or x < R — K. The ratio of the alpha particles
detected to those emitted per unit of time (or collection efficiency)
is therefore given by
i?
4K
K3 3
hl
~ 3R 16R
In condition 2 integration must be carried out between R and
K — R since P(x) = 1 for x < K — R, and an expression has to be
added to account for the contribution of 0 < x < K — R. Therefore
„E = 1-

9K + 3Kr2

^

17K3 +, ( K

U

It can be seen that Ej = E2 for K = R, whereas E2 = 1 for K = 2R as
expected.
The two functions are plotted in Fig. 4 vs. detector radius
expressed as multiples of K.
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Variation of Uranium Isotopes
in Some Carbonate Aquifers

J. B. COWART
Department of Geology, Florida State University, Tallahassee, Florida

ABSTRACT
The 2 3 4 U / 2 3 8 U alpha activity ratio (AR) and uranium concentrations are
reported for 83 springs that issue from carbonate aquifers in Florida, Texas,
Nevada—California, and Israel. Data for each aquifer fall within more or less
mutually exclusive fields. In general, the springs in a humid climate have AR's
approaching secular equilibrium, whereas those in more arid climates have AR's
differing greatly from equilibrium.

The three naturally occurring radioactive decay series, which have
2 3 8 u j 2 3 s u, and 2 3 2 Th as parents, have been used for age dating of
rocks, deep-sea sediments, and coral reefs. The apparently reliable
results suggest that a close approximation to a closed system with
secular radioactive equilibrium must exist.
However, in the near-surface environment of the earth, weathering processes disrupt the closed systems; thus disequilibrium between
the members of a decay series may occur. Differences in chemical
behavior of adjacent members of the series, e.g., between 2 3 4 U and
230
T h or 2 3 0 Th and 2 2 6 R a , can cause these members to separate.
Rosholt (1957) demonstrated the significant disequilibrium between
many members of the 2 3 8 U series.
On the basis of a few measurements and by analogy with the
essentially constant 2 3 5 U—23 8 U relationship, it was assumed until
the early 1950s that radioactive equilibrium existed between 2 3 4 U
and 2 3 8 U. These isotopes are separated by two short-lived nuclides,
234
T h (tii =24.1 days) and 2 3 4 Pa (t^ =1.18min). In 1955
Cherdyntsev, Chalov, and Khaidarov reported the existence of a
measurable disequilibrium between 2 3 4 U and 2 3 8 U. Since that time
711
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it has been demonstrated that the disequilibrium can be found in
most groundwaters, rivers, lakes, the ocean, and in some rocks,
minerals, and uranium ores. In almost all natural waters, 2 3 4 U is
found in an amount greater than that which would be in equilibrium
with the 2 3 8 U . It is inferred that the rocks from which the uranium
is derived have a deficiency of 2 3 4 U.
Much of the previous work on sedimentary rocks has focused on
the character of the ore itself. Relatively little work has been done
on groundwaters or on carbonate aquifer environments.
The present investigation is part of an ongoing study of uranium
isotopes in groundwaters to determine their efficacy for age dating of
water and for insight regarding paleoclimates. The Floridan aquifer
of peninsular Florida, the Edwards aquifer of south-central Texas,
and the Nevada Paleozoic carbonate aquifer of south-central Nevada
are discussed. Also included are the data by Wakshal and Yaron
(1974) from the Judea Group (Cenomanian—Turonian) aquifer in
Israel, which comprise the only other extensive investigation of
uranium isotopes in carbonate aquifer springs.
ISOTOPE GEOCHEMISTRY

Uranium has two geologically significant oxidation states, +6 and
+4. In the oxidized state, uranium is quite mobile. The uranyl ion,
UO| + , forms bi- and tricarbonate complexes that move easily
through oxidized environments (Hostetler and Garrells, 1962;
Lisitsin, 1962). A phosphate complex may also be an important
source of uranium mobility (Langmuir and Applin, 1977).
When reduced to the +4 state, uranium may precipitate, often as
UO 2 . The uranium concentration in waters of reducing environments
is thus quite low, at least an order of magnitude less than that in
waters of oxidizing environments.
In environments where sufficient vanadium is present, uranium
may form the mineral carnotite, even under oxidizing conditions.
Although such ore formation has occurred in the calcretes of Western
Australia and South-West Africa (Carlisle, 1978), this does not seem
to be true in most limestone.
The uranium concentration in marine limestone is probably quite
constant. The limestone of the Judea Group (Wakshal and Yaron,
1974) has concentrations in agreement with the compilations
presented by Rogers and Adams (1969).
It hao been thought since discovery of the disequilibrium that the
isotopic fractionation between 2 3 4 U and 2 3 8 U is associated with the
radiogenic origin of 2 3 4 U . Consistent with this hypothesis are the
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following considerations: there is no significant biological uptake of
uranium; the ratio of masses of 2 3 4 U and 2 3 8 U precludes important
mass effect fractionation; and the other naturally occurring isotope,
23s
U, has a constant ratio to 2 3 8 U.
The fractionation mechanism can be categorized into two
different, but related, types: selective leaching of 2 3 4 U and direct
alpha recoil transfer of a 2 3 4 U precursor. These two mechanisms are
discussed in the article by Osmond and Cowart (1976).
Each of these mechanisms probably plays a dominant role in
certain environments. Each can explain 2 3 4 U in groundv/aters except
that the extremely high excesses found in old water {Kronfeld and
Adams, 1974; Cowart and Osmond, 1974) are most likely to be the
result of alpha recoil rather than selective leaching.
A deficiency of 2 3 4 U in groundwater must be explained
somewhat differently because presently there is no known mechanism by which 2 3 8 U can be selectively leached. A possible
explanation is that in certain environments a change in conditions
from reducing to oxidizing can give rise to waters deficient in 2 3 4 U.
For instance, under reducing conditions alpha recoil could transfer
decay-produced nuclei from the solid to the liquid phase and thus
cause a 2 3 4 U deficiency in the solid phase. If redox conditions
changed so that the rock were then bathed by oxidizing waters,
which were dissolving the rock, the uranium released first would be
deficient in 2 3 4 U. Continued dissolution of the rock would lead to
the release of either equilibrated uranium or uranium with a slight
excess of 2 3 4 U, depending on the rate of dissolution.
Rather than use the 2 3 4 U / 2 3 8 U mass ratio, which is about
1/18,100, it is convenient to use the alpha activity ratio (AR), which
at secular equilibrium is equal to unity. Thus a deficiency of 2 3 4 U is
signified by an AR less than one and an excess is signified by an AR
greater than one.
METHODS

The 7-liter and 14-liter samples were analyzed by using isotope
dilution methods and an alpha pulse-height analyzer. Methods are
discussed in the article by Osmond, Kaufman, and Cowart (1974).
AREAS
Floridan Aquifer

The Floridan aquifer is part of an artesian aquifer system that
extends over 82,000 square miles in the states of Florida, Alabama,
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Georgia, and North and South Carolina. In Florida the Tertiary
limestones, which comprise the aquifer, crop out along the Gulf
Coast in a belt extending from Tallahassee to Tampa and inland to
the vicinity of Gainesville. The limestones and the overlying beds dip
at a low angle under both the Atlantic and Gulf coasts. The rocks of
the aquifer range in age from Eocene to Miocene. The Miocene
Hawthorn formation, composed of clays, sands, and some limestones, forms a covering or confining bed. The Hawthorn originally
covered most, if not all, of the presently outcropping aquifer.
The aquifer is recharged in areas where it is at the surface, where
it is covered by a thin and/or permeable overlying bed, or where the
confining bed is breached by sinkholes. Potentiometric highs may
indicate the location of significant recharge, although in the Floridan
aquifer there are areas that can maintain a potentiometric high
because of relatively low permeability and consequently slow lateral
flow of water (Healy, 1975). Recharge may occur even in areas of
low potentiometric surface, although the distance of travel before
discharge may be short.
Most of the major Floridan aquifer springs discharge in the
outcrop area of the Tertiary limestones. However, some springs are
located in areas where the areal extent of the confining beds
indicates that the discharging waters must have traveled some
distance from the recharge area under artesian conditions. These
springs include Rock, Wekiwa, Blue (Volusia Co.), Ponce de Leon,
Alexander, Juniper, and Silver Glen (see Table 1). Also, the only
thermal spring analyzed for this study, Warm Mineral Springs, is
located about 65 km from the nearest outcrop of aquifer rocks.
The Floridan aquifer discharges more than 6900 x 106 m 3 of
spring water per year (5 thousand million gallons per day) (Rosenau
and Faulkner, 1975).
Edwards Aquifer

The Edwards aquifer is a prolific source of water in south-central
Texas near San Antonio. The Cretaceous Edwards and associated
carbonate rocks crop out on the Edwards Plateau and in a belt
parallel to and on the coastward side of the regional Balcones Fault
Zone (Maclay and Small, 1976).
The major catchment area for the aquifer is the Edwards Plateau.
The surface streams that originate on the plateau are formed by
springs and groundwater seepage from the limestones. As the streams
flow coastward, they lose much of their base flow to the fractured
rocks, which are a surface expression of the Balcones Fault Zone.
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TABLE 1

URANIUM ISOTOPE DATA OF CARBONATE
AQUIFER SPRINGS
234

Name

U / 2 3 8 U alpha
activity ratio

Uranium concentration,
pg/liter

Wakulla Springs*
Rainbow Springt
Silver Springsf
Homosassa Springs
Ichetucknee Springs!

Floridan Aquifer
0.88 + 0.05
1.02 ±0.05
1.03 ±0.03
0.93 ± 0.07
0.69 ± 0.02

0.58
0.15
0.79
0.58
0.87

±
±
±
±
±

0.02
0.02
0.03
0.06
0.02

Hornsby Springs!
Little River Springs!
Poe Springi
Troy Spring!
Horn Springs

0.89
0.63
0.90
0.72
0.92

±
±
±
±
±

0.03
0.01
0.01
0.01
0.04

0.63
1.24
0.94
0.95
0.41

±
±
±
±
±

0.02
0.02
0.01
0.03
0.03

Warm Mineral Springs
River Sink Spring
Spring Creek Rise§
Jenny Spring
Manatee Springs

1.49
0.79
0.84
0.93
0.81

± 0.05
± 0.07
± 0.04
± 0.04
± 0.03

0.12
0.62
0.41
0.39
1.05

±
±
±
+
±

0.01
0.06
0.02
0.02
0.04

Weeki Watchee Springs
Sulphur Springs Spa
Lithia Springs
Salt Springs (Hernando Co.)
Chassahowitzka Run

0.73
0.88
0.67
0.74
0.85

± 0.04
± 0.04
± 0.04
± 0.06
± 0.06

1.16
1.91
0.71
1.02
0.77

±0.07
±0.12
± 0.04
±0.11
± 0.06

Crystal Springs
Blue Springs (Levy Co.)
Bug Spring
Rock Springs
Wekiwa Springs

0.72
1.19
1.01
1.22
1.46

±0.05
±0.15
±0.06
± 0.06
+ 0.10

0.50
0.08
0.28
0.52
0.41

±
±
±
±
±

Blue Springs (Volusia Co.)
Ponce de Leon Springs
Alexander Springs
Juniper Springs
Silver Glen Springs

1.04
1.03
1.40
1.19
1.15

± 0.06
± 0.06
± 0.09
±0.08
±0.06

0.27
0.31
0.15
0.14
0.37

±0.01
± 0.01
±0.01
± 0.01
± 0.02

Salt Springs (Marion Co.)
Wacissa Springs (Aucilla)
Fannin Springs
Hart Springs
Wekiva Springs

1.25
0.93
0.96
0.97
1.06

±0.08
± 0.08
± 0.06
± 0.04
±0.07

0.33
0.38
0.49
0.57
0.12

± 0.02
± 0.02
± 0.03
± 0.02
±0.01

Health Spring
Bobhill Springs
Three Sisters Spring
Charles Springs
Allen Mill Pond Spring

0.75
0.79
1.00
0.98
1.03

± 0.03
± 0.05
± 0.06
± 0.08
±0.06

1.73
0.94
0.18
0.34
0.61

±
±
±
±
±

0.03
0.01
0.01
0.03
0.03

0.11
0.07
0.01
0.02
0.04
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TABLE 1 (Continued)
234

U/ 2 3 8 U alpha
activity ratio

Name

Uranium concentration,
fig/liter

Blue Springs (Lafayette Co.)
Blue Springs (Madison Co.)
Suwannee Springs
St. Marks Spring
Rhodes Spring

1.00 ±0.04
0.95 ± 0.05
0.79 ± 0.08
0.91 ± 0.05
0.87 ± 0.04

0.70 + 0.03
0.24 ± 0.01
0.18 ± 0.01
0.38 ± 0.02
0.42 ± 0.02

Natural Bridge Spring
White Springs
Suwanacoochee Spring
Falmouth Spring
Running Spring

0.92 + 0.04
0.96 ± 0.05
0.83 ± 0.03
0.83 ± 0.03
0.88 ± 0.03

0.37 ± 0.01
0.38 ± 0.02
0.81 ± 0.04
0.89 + 0.04
0.74 ± 0.03

Branford Spring
Convict Spring
Steinhatchee Spring
Waldo Springs
Vogt Springs

0.65 1 0.04
0.91 ± 0.03
1.01 ± 0.10
1.01 ± 0.07
0.91 ± 0.08

1.54 ± 0.11
0.49 ± 0.02
0.09 ± 0.01
0.23 1 0.01
0.13 ± 0.01

Edwards Aquifer
1.19 1 0.04
1.07 ± 0.06
1.23 ± 0.06
1.1610.06
1.22 1 0.07

0.81 ± 0.04
0.74 1 0.05
0.70 + 0.04
0.7810.05
0.67 ± 0.04

Comal Springs^
Hueco Springs^]
San Marcos Springf
San Pedro Springs^
San Antonio Springs^

Nevada Paleozoic Carbonate Aquifer
Ash Meadows Discharge Area
Devils Hole
2.85 10.13
Fairbanks Spring, northeast
2.60 ±0.13
Big Springs
2.87 ± 0.15
Fairbanks Spring, southwest
2.77 1 0.09
CrystalPool
2.69 10.10
KingSpring
2.75 10.13

3.0510.26
2.38 1 0.19
2.49 ± 0.16
2.19 + 0.09
2.67 10.12
2.82 + 0.17

Pahranagat Valley Recharge Area
Hiko Spring
Ash Springs
Crystal Spring

4.481 0.18
2.61 10.12
3.8010.29

3.12 10.09
2.48 1 0.09
3.30 ± 0.20

Death Valley—Furnace Creek Discharge Area
TexasSpring
Nevares Spring
Travertine Spring

2.55 + 0.13
2.2110.14
2.46 ±0.10

2.74+0.17
1.20 ±0.08
2.96 + 0.15
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T A B L E i (Continued)
234

Name

U / 2 3 8 U alpha
activity ratio

Uranium concentration,
jug/liter

Judea Group (Cenomanian—Turonian) Aquifer

En Tiriyya Spring**
En Misrafot Spring**
En Ziv Spring**
En Hards lit Spring**
Gaaton (Anqalit) Spring**
Gaaton (Tina) Spring**
En Zuf Spring**
En Hashayara Spring**
En Giah Spring**
En Shefa Spring**

1.14 + 0.05
1.52 ± 0.03
1.37 ± 0.04
1.35 ±0.04
1.36 ± 0.03
1.26 ± 0.03
1.24 ± 0.05
1.28 ± 0.10
1.33 ± 0.05
1.34 ± 0.03

0.75 10.04
1.35 ± 0.05
1.00 ± 0.05
0.79 ± 0.05
1.00 ± 0.05
1.01 ± 0.05
1.00 ± 0.05
1.09 ± 0.06
0.93 ± 0.05
0.98 ± 0.05

*Data from Kaufman, Rydell, and Osmond, 1969.
tData from Osmond, Kaufman, and Cowart, 1974.
iData from Briel, 1976.
§Data from Cohen, 1977.
f Data from Cowart, 1977.
**Data from Wakshal and Yaron, 1974.

Much of the recharge of the Edwards aquifer is achieved in this way.
Significant recharge also results from rainfall on the outcrop area.
Natural discharge occurs at large springs, which are located near
the down-dip limit of the oxidized aquifer. The oxidized aquifer ends
abruptly along a well-defined line; coastward from this line the
waters are highly reduced and are high in chloride, sulfate, sulfide,
and other constituents. No springs are known to emanate from this
reduced zone.
From 1945 through 1974, the springs in the Edwards aquifer
discharged an average of 424 x 106 m 3 of water per year (307
million gallons per day) (Maclay and Small, 1976).
Nevada Paleozoic Aquifer

The extensive and highly fractured Paleozoic carbonate rocks in
eastern and south-central Nevada serve as a source for several groups
of springs. In addition, springs in Death Valley, Calif., are fed by
waters from the Paleozoic carbonates.
Determination of the watershed for these discharge areas and the
movement of water within the carbonate rocks is complicated and
probably involves interbasin flow (Winograd and Thordarson, 1975).
On the basis of stable isotope data and water budget considerations,

718

COWART AND OSMOND

the water that discharges in the Ash Meadows area of south-central
Nevada is believed to result from the mixing of waters which
recharge the aquifer 50 to 100 km east of the springs with those
which recharge the aquifer in the Pahranagat Valley, some 150 km
northeast of the springs (Winograd and Friedman, 1972). The Death
Valley springs are thought to be derived, at least in part, from waters
from the Ash Meadows area.
The springs in the Pahranagat Valley, Ash Meadows, and Death
Valley areas discharge about 48 x 106 m 3 of water per year (35
million gallons per day) (Winograd and Friedman, 1972).
Judea Group (Cenomanian-Turonian) Aquifer

The Judea Group aquifer is located in Galilee, a mountainous
terrain in northern Israel. It is bounded on the west by the
Mediterranean coastal plain, on the east by the Jordan Rift Valley,
and on the south by structural depressions. To the north Galilee
merges with the Lebanon Mountains (Wakshal and Yaron, 1974).
The Upper Cretaceous Judea Group aquifer is a marine carbonate
that is overlain by a chalk aquiclude of Paleocene age. The aquifer is
about 700 m thick and is a well-developed karstic system. The
springs, which are the natural outlets for the system, yield about
150 x 10 6 m 3 of water per year (109 million gallons per day)
(Wakshal and Yaron, 1974).
RESULTS

Results of our analyses and data from other investigations are
listed in Table 1 and plotted in Fig. 1. Uranium isotope data for each
of the aquifers discussed in this paper fall into a field which is rather
well-defined and which has little or no overlap with fields of other
aquifers. In the case of the Floridan and Nevada aquifers, a subgroup
can be recognized and is delineated by a broken line in Fig. 1.
The subgroup in the Floridan aquifer is formed by springs that
discharge some distance from the Tertiary limestone outcrop; thus
the water issuing from the springs is thought to have traveled at least
10 km beneath the confining bed. Also included in this group is a
thermal spring, Warm Mineral Springs, which has a somewhat higher
temperature than other Floridan springs (36°C vs. about 22°C) and
has a considerably higher total dissolved solids content.
In the Nevada Paleozoic aquifer, all spring? issuing in Ash
Meadows are similar with respect to uranium isotopes. Two samples
from the Pahranagat Valley springs have higher concentrations than
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Nevada
Paleozoic
carbonate
aquifer

1

2
3
_ 2 3 4 U/ 2 3 8 U ALPHA ACTIVITY RATIO

4

Fig. 1 Uranium concentration vs. uranium isotope activity ratio for
spring samples from four carbonate aquifers, showing nearly
exclusive plotting fields. Symbols for the Floridan aquifer field data
are: •, samples with AR's less than equilibrium. -•-, samples at or
near equilil rium. o, samples with AR's greater than equilibrium.
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other samples, and one sample from the Death Valley springs has a
lower concentration and AR than the other springs.
Both the Edwards aquifer and the Judea Group (Cenomanian—
Turonian) aquifer fall into tight, very well-defined fields that overlap
somewhat (see Fig. 1).
DISCUSSION
The general consistency of the uranium concentration and alpha
AR for a given aquifer and the disparity between different aquifers
suggest that the mechanism or mechanisms involved in uranium
mobilization operate to a different degree in the various locations.
Selective leaching and /or direct alpha recoil transfer are assumed to
be responsible for the isotope fractionation.
In all these aquifers the water flows through carbonate rocks, the
effective porosity is mostly secondary, and the springs discharge
water that has remained in an oxidizing environment since infiltration. Portions of the Floridan aquifer may be an exception to this.
Many differences exist between the settings of the various
aquifers in terms of age of aquifer rocks, elevation, amount and rate
of water flowing through the aquifer, geological history, distance
that water travels, and uranium concentration of the aquifer rock.
A general relationship was found between the amount of water
flowing through an aquifer (which is, in part, a function of rainfall
and other factors), the AR, and, to some extent, the uranium
concentration of the water. Of the aquifers studied, the Floridan
aquifer has the greatest amount of water flowing through it, the
lowest AR's, and the lowest uranium concentrations: however, it has
some higher concentrations as well. The other extreme is the Nevada
aquifer, which has the highest concentrations and AR's and is located
in one of the most arid regions of the United States. The Edwards
and Judea Group aquifers are in subhumid to semiarid rainfall zones
and are intermediate between the extremes in uranium isotope data
also.
A geological history of changing conditions may account for the
variability of uranium concentrations and the existence of AR's less
than unity in the Floridan aquifer. If, a few hundred thousand years
ago, most or all of the presently outcropping aquifer rocks had not
yet been stripped of the confining Hawthorn formation, it is likely
that 2 3 4 U was being selectively mobilized, as it still is today under
similar conditions (the subgroup of the Floridan aquifer in Fig. 1).
At that time the aquifer rock would have had surface areas depleted
of 2 3 4 U. With lowered sea levels promoting rapid erosion of the
confining Hawthorn, the exposure of the Tertiary limestone aquifer

URANIUM ISOTOPES IN SOME CARBONATE AQUIFERS

721

would allow oxidizing and slightly acid water to dissolve the surfaces
that were depleted of 2 3 4 U and thus generate water with AR less
than unity. Such mobilization could continue up to the present. The
relatively high uranium concentration of some low AR waters may
reflect this active rock dissolution or it may be due to mobilization
of previously precipitated films of uranium associated with the
organic rich zones that are found within the limestones.
The uranium concentration in water is partially a function of the
uranium concentration in the rocks. Uranium concentration in
limestones is fairly constant (Rogers and Adams, 1969). However,
the only rock concentration information on the studied aquifers is
for the Judea Group (Wakshal and Yaron, 1974); so this factor
cannot be further assessed.
The age of the aquifer rocks should not affect the uranium
isotope character of the waters because the age of all rocks studied is
far greater than the time needed to establish secular equilibrium.
Elevation of the aquifers is important only because it might be a
controlling factor for rainfall and groundwater flow rate.
The distance that water travels through the aquifer may influence
the AR under reducing conditions (Kronfeld and Adams, 1974;
Cowart and Osmond, 1974), but studies in the Edwards aquifer
under oxidizing conditions suggest that the uranium isotope character of water is picked up soon after infiltration and thereafter is
rather stable (Cowart, 1977).
Although the contributing factors are obviously complex, uranium in limestone aquifer waters in arid climates, where the ratio of
water to host rock is low, appears to be characterized by both higher
AR's and higher uranium concentrations than that in aquifers in
more humid climates.
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Migration of Heavy Natural Radionuclides
in a Humid Climatic Zone

N. A. TITAEVA, R. M. ALEXAKHIN, A. I. TASKAEV, and V. I. MASLOV
Biological Institute, Komi Branch, USSR Academy of Sciences,
Syktyvkar, USSR

ABSTRACT*
Regularities and biogeochemical peculiarities of the migrations of heavy natural
radionuclides in the environment are examined, with special reference to two
regions in a humid climatic zone representing natural patterns of radionuclide
distribution and to four plots artificially contaminated with high levels of
natural radioactivity more than 20 years previously. It was determined that the
migration of thorium, uranium, and radium isotopes through the
rock—water—soil—plant system is dependent on many physicochemical
properties of these radionuclides, their compounds, and the local environment.
Isotopic activity ratios provide a useful tool for studying the direction of
radionuclide migration and its influence on observed distribution patterns.

The extensive peaceful use of atomic energy is accompanied by
incorporation into biogeochemical cycles of not only man-made
radionuclides as new environmental components but also increased
quantities of heavy natural radionuclides, which are transferred from
deep layers of the earth to the surface as a result of the industrial
activities of man. Expansion of the mining and metallurgy industries
and the processing of uranium raw materials, especially underground
extraction of uranium, are sure to result in the release into the
biosphere of wastes having increased contents of heavy natural
radionuclides. Wastes containing high levels of radium, which are
kept in tail storehouses, are of great importance in this context.
Increases in radiation background are related to the use of
materials with high levels of natural radionuclides (e.g., mineral
•Prepared by the editors.
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fertilizers, building materials, and fossil fuels) in different branches
of the national economy and the release of more highly radioactive
underground water.
It is obvious that scientists should direct their attention to the
biogeochemistry of heavy radionuclides, both under natural conditions and in technologically enhanced natural radiation environments. We should note that the biogeochemistry of many man-made
radionuclides ( 90 Sr, 1 3 7 Cs, etc.) has been studied in more detail
than that of the major heavy natural radionuclides, even though in
many cases the radiation doses to organisms, including man, from
natural radionuclides may be higher than those from man-made
radionuclides.
At the present stage of radioecological development, an enormous amount of information is available about the character of the
distribution of the most investigated radionuclides ( 2 3 8 U, 2 3 2 Th,
226
R a , and 2 2 2 Rn). We should study other natural radionuclides;
such information is important in estimating the radiation dose to
living organisms. Dose calculations based on concentrations of a
single natural radionuclide for the objects in the biosphere are
unacceptable, either because they do not take into account contributions of radiation from other members of decay series or because
they proceed from the assumption of radioactive equilibrium. We
know well that, in such an "open" physicochemical system as the
terrestrial environment, radioactive equilibrium is generally disturbed. This fact should be taken into account in studies of heavy
natural radionuclides whose migration rates have been changed by
anthropogenic influence.
When we study migration, it is important to consider radionuclides that belong to each series simultaneously and apart from
dose calculation. The character of any deviation from radioactive
equilibrium may serve as a good indicator of the direction of
migration of different radionuclides and radioactive elements as a
whole.
This paper deals with the results of long-term studies on
migration of 10 heavy natural radionuclides: 2 3 8 U , 2 3 4 U , 2 3 2 T h ,
23O T h )

228Th;

228Raj

226 ^

2 2 4 ^

210p O )

m

d

222Rn

W g

studied rocks, drainage water, bottom sediments, soils, and plants in
regions with natural distributions of radionuclides and in plots where
anthropogenic effects have been introduced.
Data shown in Tables 1 and 2 are averaged ratios of decayproduct activities to activities of parent radionuclides (radioactive
equilibrium corresponds to the ratio 1).

TABLE 1
Mean Activity Ratios for Regions of Natural Radioactivity
Number
of
samples

Northern region
Granitoids
Weathering products of
shale
Water
Soda extract from
shale
Bottom silt
Southern region
Sand with weathered
granite
Water
Bottom silt

_
238

Uranium series
U : 2 3 4 U :2 3 0 T h :

2
m
>

Thorium series
5

Ra

232

Th:228Ra:228Th

228

Th/228Ra

228

Th/232Th

12

1

: 0.87 :

1.8

2.0

1
10

1
1

: 0.65 :
: 1.1 :

2.7
0.8

27.1

0.98
9.2

0.51
1.3

1
14

1
1

: 1.32 :
: 1.0 :

1.9

4.9

1.9
2.4

1.08
0.75

5
10
12

1
1
1

0.7

0.33

0.85

1

en

>
5.0

: 2.3 :
: 2.1 :

4.1

x
>

1.6

1.1
2.6

: 0.76
: 3.7
14.2 : 1.3

0.17

1.3
7.0
4.8

D

>
CO

O
<
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The objective of our investigations was to determine the main
regularities of natural migration of heavy radionuclides by means of
the radioactive equilibrium lethod.
Two natural regions were chosen for study. They are in the
northern and southern parts of a humid climatic zone and are
distinguished mainly by the climate, landscape, mineralization, pH,
and water composition under active water-exchange conditions. They
are identical in geological structure, however, both being located
within the limits of a granite intrusion. In the northern region water
has a 2 3 8 U content of 0.01 to 1.0 x 10~ 6 g/liter, a 2 2 6 R a content
of 0.5 to 1.4 x 10~> 2 g/liter, a 2 3 2 Th content of 0.3 to 2.0 x 1 0 ~ 7
g/liter, a pH of 6, and a mineralization of 0.02 to 0.03 g/liter. The
water is characterized by a bicarbonate—sodium composition. In the
southern region the water has a 2 3 8 U content of 0.3 to 4.0 x 10~ 6
g/liter, a 2 2 6 Ra content of 0.29 to 0.73 x 1 0 " 1 2 g/liter, a pH
ranging from 7.2 to 8.2, and a mineralization of 0.20 to 0.90 g/liter.
Sulfate bicarbonate— and chloride bicarbonate—magnesium—calcium
waters predominate (Titaeva and Veksler, 1977).
The following regular changes of isotopic ratios, which are
typical for both regions, should be noted. All the radionuclides
mentioned are capable of going into water in the belt of active water
exchange, but to different extents. This leads to disturbance of
radioactive equilibrium in the decay series in water and rocks.
Naturally the more mobile radionuclides transfer into water very
actively. The daughter radionuclides of the same elements are more
readily leached than the parents ( 2 3 4 U > 2 3 S U ; 2 2 8 T h > 2 3 2 Th,
224
R a > 2 2 8 Ra, etc.), and all uranium isotopes are more readily
leached than thorium isotopes. At this time, changes take place in
water activity ratios in comparison with equilibrium (at equilibrium
the ratio of activities is equal to 1): 2 3 4 U / 2 3 8 U > 1; 2 3 8 U /
230Th>

t

Since the isotopic balance as a whole in rocks is not disturbed, as
opposed to that in penetrating waters, we find a deficiency of more
mobile radionuclides in rocks, e.g.. daughter radionuclides in
comparison with parents and uranium isotopes as a whole in
comparison with thorium isotopes. Thus the ratios of radionuclide
activities in weathered rocks will be: 2 3 4 U / 2 3 8 U < 1 ,
228

T h /

232

T h <

I, 2 3 8 ^ 2 3 0 ^ < j

The regularities of displacement of radioactive equilibrium in the
rock—water system occur in different regions—in Kazakhstan
(Syromyatnikov and Ivanova, 1968), in the Urals, in the Yakut
Autonomous Soviet Socialist Republic, and in Kamchatka. We chose
three isotopic ratios that can be used as indicators of the interactions
of the phases. The major direction of radionuclide migration

TABLE 2

Mean Activity Ratios for Soils with Technologically Enhanced Contamination
Genetic
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depth, cm
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Fig. 1 Uranium and thorium isotopic ratios in the rock—watersediment system, o, rock and weathered-rock products, D, silt
sediments. U, water. N, northern territories; S, southern territories.

(uraniu. \ to thorium) can be defined according to deviations from
equilibrium, e.g., the transfer from solid to fluid phase (desorption
and dissolution) and from fluid to solid phase (sorption).
In bottom sediments of continental reservoirs (rivers, streams,
and lakes) the deviations from equilibrium in the decay series are
intermediate between those of rocks and waters (Fig. 1). These
deviations depend on the predominance of one or another way of
transfer of nuclides into sediments. If most of the uranium and
thorium precipitates to the bottom of the stream flow from soluble
forms, the values of the indicator ratios will be similar in sediments
and water. This is typical for silt enriched by organic matter, as well
as for low peat beds and for other soils of subaqual genesis. The
character of the deviations is the same for sandy and other
coarse-grained sediments and weathered rock products.
A similar situation exists with regard to soils with normal
moisture. These regularities are more typical for regions with
uranium deposits, where the total quantity of uranium included in
water migration is sufficiently high. Thus the 2 3 4 U / 2 3 8 U ratio
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increases most from the bottom upward in profiles of humus
horizons (Malyshev, Sharkov, and Sokolova, 1971). A decrease in the
234
U / 2 3 0 T h ratio for soils with dark content of radioactive
elements in relation to the equilibrium state indicates a total removal
of uranium, with some accumulation in the humus horizon (Rosholt,
Doe, and Tatsumoto, 19G6; Hansen and Stout, 1968). In soil
horizons an equilibrium 2 3 4 U / 2 3 8 U ratio arises from the compensation of two processes, leaching and subsequent sorption. All
interactions in the rock—soil system occur on the surface of soil
particles; hence the shift of radioactive equilibrium is marked only
for fine fractions, <1 ixxn (Megumi and Mamuro, 1977).
The regularities developed in this paper, as well as data on
distributions of radionuclide concentrations and leaching, have made
it possible to construct a qualitative migration scheme for uranium,
thorium, and radium under soil surface conditions. In zones of active
water exchange, all three elements are leached from rocks (the
daughter isotopes are leached faster than the parent isotopes). The
ability for hydrogeneous migration faEs in the order U > Ra > Th.
Uranium is more immobile in chalk saline surface water and is able to
remain in the soluble state for a long time and to be transported by
flow streams for long distances. It is fixed by bottom sediments
actively when a sorption barrier is encountered. The fall of
oxidation—reduction potential plays a major role in uranium
fixation. Radium isotopes are taken out of rocks more intensively in
comparison with thorium isotopes. In areas where water from granite
joints reaches the surface, however, it is not unusual to observe
thorium concentrations in water of the magnitude of 10~ 8 to 10~ 6
g/liter when the thorium to uranium ratios are 1 to 5. In surface
waters with low salt concentrations, tne lesser mobility of radium
and thorium compounds results in fast sorption of radionuclides on
walls of water-filled joints and on bottom sediments in places where
this water discharges into riverbeds or flow streams.
The interchange of sorption and desorption contributes to the
transfer of these elements both from the bottom upward and in the
horizontal direction. Lateral removal determines the movement of
radionuclides from source rocks to accumulative hydromorphic
rocks. Movement occurs when radionuclides are in the soluble state
and when they are a part of the clay fraction (this latter movement
results in enrichment of hydromorphie soils by radionuclides,
primarily by uranium isotopes). For a humid climatic zone,
particularly in the northern region, there is reason to believe that not
only uranium hut also thorium and radium migrate in the form of
water-soluble fulvatic complex compounds. Radionuclide fixation by
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soils results from sorption on silty material and organic matter,
precipitation with sesquioxides, etc. In addition, accumulation on
reductive barriers (e.g., gley and soddy accumulative horizons) is
specific to uranium. Overall, the migration order U > Ra > Th is
preserved.
There are few data on the behavior of heavy radionuclides in the
rock—plant system. Many investigators conclude that the concentration of heavy radionuclides in plants is a factor of 10 lower than that
in soils.
According to the degree of biological uptake into plants, the
radioactive elements are arranged in the following order:
Ra > U > Th. The distribution of heavy radionuclides in plants has
an acropetal character (Popova, Kodaneva, and Vavilov, 1964), with
the sorption process playing an important role in the enrichment of
the underground organs of plants with heavy radionuciides (Baranov
and Kunasheva, 1954). The coefficient of biological accumulation*
for radium is greater than 1; for uranium and thorium in most cases
it is equal to 1. The dependence of the coefficients of biological
accumulation on plant species has been studied very little. The data
obtained by Gruzdev (1972) indicate that the coefficients of
biological accumulation for uranium, thorium, and polonium for the
lower plants of the northeastern part of European USSR exceed 1
and that for these regions they exceed those for higher plants.
As a whole, in the Komi Autonomous Soviet Socialist Republic,
the coefficients of biological accumulation for different plant species
for uranium range from 0.03 to 0.6 ±n woody plants, shrubs, and
grasses and from 1.4 to 12.1 in moss and lichens; for thorium, from
1 to 1.6 in some moss and lichens; for radium, 1 (up to 131.7). The
content of heavy radionuclides in the ash of different plant species in
the Komi Autonomous Soviet Socialist Republic varies over wide
limits: n • 10~ s to n • 10~ 3 % for 2 3 2 Th; n • 10~ 6 to n • 10~ 2 %
for 2 3 8 U ; n • 10" 1 ' t o n - 10~ 8 % for 2 2 6 Ra; and up to n • 10~ 8
Ci/kg for 2 J °Po (Gruzdev, 1972).
The influence of anthropogenic factors on radionuclide migration
was studied on two types of soils with different contamination
genesis. Plots Nl and N3 were formed by long-term discharge of
deep-layer waters on the diurnal si ace of radioactive edge waters
(Titaeva et al., 1977); plots N2 and N4 were formed by the release of
ore-processing products. Plot Nl is a soddy meadow type of soil; plot
N3, a soddy podzolic type; and plot N4 a gley high podzolic type.
*The ratio of the radionuelide concentration in plant ash to that in soil
(Ed.).
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The contamination d plot N2 is associated with the processing of
rocks containing uranium. The release of contamination components
to plots N2 and N4 ended 20 years ago. The plots are characterized
by extremely irregular contamination, neutralization of the upper
layers of the soil cover, and increasing calcium content. As a result,
the gamma activity on the soil surface increased by a factor of 100
because of sharp increases in the concentrations of radionuclides
belonging to the natural decay series (see Table 2).
Of all the radionuclides concerned, only 2 3 2 T h content is
identical with that in soils of the same type outside the contaminated
plots. The activity of uranium isotopes is higher only in plots N2 and
N4, those contaminated by waste material. Clark contents of 2 3 8 U
and 2 3 2 T h enabled us to use them as standards of natural
background when we analyzed isotopic spectra of contaminated soil.
The isotopic spectra, given in Table 3, serve to illustrate the absence
of radioactive equilibrium in the uranium and thorium series. The
TABLE 3

Mean Contents of Radionuclides of the Uranium and Thorium Series
in Root Volume Soil (pCi/g)
Plot
number
Nl
N2
N4

238

U

1.3
19.0
61.6

234

U

1. 2
23. 1
31. 2

232

Th

0.73
0.64
0.59

230

Th

27.7
1654.0
6356.0

228Th

40
105
272

"6Ra

273
950
382

224

Ra

8.66
5.44
3.07

210

Po

213
1117
275

degree of equilibrium changes strongly with depth. The reason for
these changes is associated, on the one hand, with the disequilibrium
of the source of contamination and, on the other, with the different
migration abilities of radionuclides in soils.
The highest excess concentrations of radium and thorium decay
products are in surface soil horizons, In soddy meadow soil (plot
Nl), which is rich in organic and mineral colloids, the border of
contamination is particularly sharp, whereas, in soddy podzolic soil
(plot N3), the border is very diffuse. Considering the mobility of
226
R a , we can distinguish a succession of soils:
podzolic > meadow > boggy soils.
Radium fixation by the organic—mineral complexes of the upper
soil horizons proved to be firm in the presence of an excess of
calcium, which aided in the adhesion of organic and mineral colloids
and "locked" Ra2 + (Titaeva, 1967). The structural changes that arise
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in soils under the action of Cl—Ca salt liquors are indicated by a
decrease in the emanation coefficient of radium by a factor of 10 in
comparison with uncontaminated soils. The observation that 2 3 0 T h
penetrates deeper than 2 2 6 R a is at variance with natural migration,
in which radium is more mobile than thorium. It is likely that the
large ion charge of Th 4 T hinders its entrance into the exchange
complex of soils and determines its high mobility. The role of
organic matter in thorium fixation is also significant and may be
responsible for the high 2 3 ° Th penetration into soddy podzolic soil
in comparison with soddy meadow soil. Relatively short-lived
radionuclides of the same elements, 2 2 8 T h and 2 2 4 Ra, behave
differently. In contrast to 2 2 6 Ra and 2 3 0 T h , which penetrated into
soil with the contaminated material, the short-lived radionuclides
accumulated as a result of radioactive decay when contamination was
ended. In this connection they proved to be less tightly bound in
soil. Their distribution in the soil profile corresponds to that of
228
R a , from which they arise. The ratio of 2 2 4 Ha to 2 2 8 Th is less
than the equilibrium ratio (equilibrium is established in a month).
This indicates that 2 2 4 Ra has higher mobility and constant removal
and that its distribution agrees with the common migration order.
The 2 2 4 R a / 2 2 8 T h ratio increases with depth near the equilibrium
ratio and shows maximum intensity of removal from the upper
horizons.
For all types of contamination, almost equal activities of 2 2 6 R a
and 2 1 0 Po are typical; 2 2 2 Rn, which is constantly produced by
226
Ra, moves rapidly from soil to atmosphere as a result of
emanation, convection, and diffusion.
Despite its rather fast incorporation into the upper soil horizons,
relatively large quantities of water-soluble 2 2 6 R a (up to 4%) and
226
R a that is soluble in organic acids (up to 20%) are kept in the
root volume of soil (Taskaev et al., 1976). This indicates that there
are many possibilities for its inclusion in biological migration cycles
via the soil—plant chain after an area is contaminated with radium. A
comprehensive study of the behavior of Ra—Ba and Ra—Ca pair
analogues showed that in contaminated soddy meadow soil radium
behavior agrees with that of barium more than with that of calcium
(Taskaev et al., 1976).
All the radionuclides that were determined to be in the soils were
found in aboveground organs of plants that grew in the contaminated
areas. Concentrations ranged from 0.006 to 183 pCi/g of ash. In
plants that grew outside the contaminated zone concentrations did
not exceed 2 pCi/g. Radionuclides showing maximum activity were
222
Rn (up to 33 pCi/g of raw weight), radium isotopes (up to 10
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TABLE 4

Mean Isotopic Ratios in Soils and Plants
(Activity Units)
234uy

238

Plot Nl
Soil
Plants
Kd*

Plot N2
Soil
Plants
Kd*

Plot N4
Soil
Plants
Kd*

Ivli

u

230Th/
238

U

232Th/
238

U

230Th/
232

Th

228

Th/

232Th

224
226

Ra/
Ra

222

Rn/
Ra

226

1.00
0.67
0.67

55.5
25.4
0.46

0.70
1.66
2.37

37.2
6.92
0.19

50.6
32.3
0.65

0.05
0.56
11.2

0.02
3.70
185.0

0.66
0.71
1.10

268.0
48.6
0.18

0.03
0.13
4.33

2584.0
60.8
0.02

164.0
21.9
0.13

0.03
0.15
5.00

0.06
8.34
139.0

1.11
0.85
0.77

52.6
2.83
0.05

0.01
0.36
36.0

10770.0
17.9
0.001

461.0
30.4
0.06

0.01
0.31
31.0

0.19
4.88
25.6

Plant ratio
Soil i atio

pCi/g), and 2 I 0 P o ; 2 3 2 T h showed minimum activity. A clear
relationship between concentrations of individual radionuclides and
plant species was not noted.
Comparing the isotopic activity ratios in soils and plants
(Table 4), we find different mobilities for isotopes of the same
element when migration in the soil—plant chain takes place.
At first sight there is a contradiction with the usual order of
mobility in the rock—water chain. We can conclude from the
2 3 2 T h / 2 3 8 u r a t i o s t h a t 2 3 2 T b j m o r e s t r o n g l y absorbed by plants.
On the other hand; mobility for the 2 3 ° Th/2 3 8 U pair is in line with
the well-known migration order. Comparing thorium isotopes among
themselves, we discover another paradox: the 2 i 8 T h decay product
(and also 2 3 ° Th) is less mobile than the parent nuclide of this series,
232
Th. The same effect also applies to the uranium isotope pair;
parent 23 8 U is more available to plants than its daughter 2 34 U (plots
Nl and N4).
These apparent contradictions, which have been set up for
abiological objects, are determined by differences in the forms of an
element in soil and arise from the different pathways of these forms
into soils. As mentioned earlier, 2 3 2 Th is combined with soils
genetically and occurs basically in the mineral matrix. The 2 3 0 Th
enters the soil with contaminants and is firmly fixed in the
organic—mineral complex of soil. The 2 2 8 Th is accumulated after
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contamination and, hence, is more mobile than 2 3 0 T h , but it can be
fixed by the organic—mineral complex when transported with soil
waters. The major quantity of uranium in the root volume of soil
appears to have the second sorption origin and to be bound with
organic matter. The radionuclide 2 2 4 Ra, which is constantly
accumulated from 2 2 8 Th in soil and enters the soil solutions
naturally, is more mobile than 2 2 6 R a , which enters with contaminants and is firmly fixed by humus horizons. Therefore, the change
of isotopic ratios in the soil—plant chain derives from the fact that
plants absorb radionuclides from the mineral part of soil or from soil
solutions better than from the organic—mineral complex. The
mohiMty of such an inert element as radon is higher than that of
ra.Uu.n incorporated into tl;e organic—mineral phase of soil. It has
been proposed that radon in the soluble state is able to enter plants
through their roots (Taskaev, Testov, and Popova, 1974). Popova,
Taskaev, and Testov (1974) showed that for 2 1 0 P o there is a
possibility of an aerial route of intake.
TABLE 5

Coefficients of Biological Accumulation
of Heavy Radionuclides
Hot
number
Nl
N2
N4

238

U

0.37
0.12
0.04

234

U

0.30
0.09
0.06

232Th

230Th

0.37
0.39
0.42

0.080
0.005
0.001

:! 2 8

Th

0.25
0.04
0.05

226

Ra

1.65
2.75
3.50

224

Ra

6.0
15.0
26.0

210

Po

0.052
0.046
0.027

The coefficients of biological accumulation (Table 5) serve to
illustrate the conclusions discussed in the preceding paragraphs. The
coefficients of biological accumulation of 2 3 8 U , 2 3 4 U , 2 3 0 Th, and
228
T h for plot Nl, which is contaminated by edge waters, are three
or more times higher than those for plots N2 and N4, where
-ontamination was caused by solid wastes free from mobile forms as
a result of the processing of uranium ore. On the other hand, the
coefficients of biological accumulation of 2 2 6 Ra and 2 2 4 Ra were
lower for plot Nl since radium was firmly fixed by organic—mineral
complexes. Overall, the coefficients of biological accumulation of
radium isotopes range from 1.65 to 26.0; for other radionuclides
coefficients are less than 1.
Biogeochemical peculiarities of the migrations of heavy natural
radionuclides in the environment are determined by their chemical
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properties and half-lives, the physicochemical properties of the
environment, and the peculiarities of the sources and environmental
pathways of the radionuclides (and, thus, by their forms).
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Redistribution of Natural Radioactive Elements
Res iHing from Animal and Plant Life Activity
in Regions with High Radioactivity

V. I. MASLOV, K. I. MASLOVA, and R. M. ALEXAKHIN
Biological Institute, Komi Branch, USSR Academy of Sciences, Syktyvkar,
USSR; Ail-Union Research Institute of Agricultural Radiology, Moscow, USSR

ABSTRACT*
A quantitative assessment is made of the influence of plant and animal life on
the migration and redistribution of naturally occurring radionuclides in several
localized areas with unusually high soil concentrations of 2 2 6 Ra, 2 3 8 U, or
232
T h . In the taiga and tundra zones examined, the effects of radionuclide
accumulation in certain plant species and of the feeding and burrowing habits of
small mammals were particularly significant. The observed regularities have
predictive applications in assessing the redistribution of radionuclides in regions
of high radioactivity.

Biosphere pollution, especially radioactive pollution, is a most acute
problem today, one of vital importance to humanity at large. Natural
radioactive elements, together with the artificial radionuclides that
are now penetrating into all components of natural biogeocenoses
and all parts of natural ecological systems are considered to be the
sources of the total increase in radioactivity level on the earth's
surface. New regions with high radioactivity levels are likely to
emerge, e.g., regions with high concentrations of natural radioactive
elements in the environment. Moreover, we realize the danger of
unwanted contact between biological objects and radioactive elements. Much attention is being given to the study of biogeocenoses
with high radioactivity; to investigations of some regularities in the
distribution, migration, and redistribution of isotopes of uranium,
radium, and thorium; and to observations of their biological effects
*Prepared by the editors.
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on living organisms in natural conditions (Alexakhin, 1968, 1976;
Alexakhin and Naryshkin, 1977; Giljarov and Krivoluckij, 1973;
Il'enko, 1974; Maslov, 1976b; Maslova and Verkhovskaya, 1976;
Odum, 1975; Pertsov, 1973).
In this study we investigated ecological links between biotic and
abiotic components of biogeocenoses and examined the contribution
of some animal species to the process of redistribution of radioactive
elements and to changes in radioactive conditions, paying special
attention to such activities of living organisms as food chains and
digging (Vavilov et al., 1976; Verkhovskaja, Vavilov, and Maslov,
1967; Maslov, 1973, 1974a, 1974b, 1976a; Maslov and Maslova,
1972).
We investigated radium, uranium, and thorium natural biogeocenoses in different zones (middle and north taiga, tundra, and
mountain tundra) with various populations of animals and plants.
The study zones were characterized by a great number of areas
differing in size and levels of gamma radiation. Radioactive features
of the plots involved are described elsewhere (Maslov, 1971,1976b,
1977). Figure 1 is a gamma-survey map of one plot with high
natural radioactivity over an area of about 2 ha; this plot has a most
peculiar irregularity in distribution of radioactive elements in the
upper layers of soil.
The uranium, thorium, and radium distributions along the soil
profiles are irregular in all the plots investigated. The largest amounts
of radioelements can be found in the 10- to 30-cm layer, where
concentrations of uranium, radium, and thorium are 100 to 1000
times more than the dark indexes (Table 1). In the northern taiga all
plots investigated show the largest radioactive-element concentrations in the layers of soil most densely populated by plants and
animals. Most plant roots are found in and most of the soil
invertebrates inhabit soil layers at depths to 30 cm; most of the small
mammals make their holes in these layers also. Thus animals and
plants are in close contact with radioactive elements in the soil.
As is known, the migration of chemical elements, including
radioactive elements, in the soil takes place not only by hydrological
processes along the profiles but also by biogenic accumulation by
plants and the consequent migration to the surface and mineralization of plant litter. The contribution of vegetation to the redistribution of radioelements was estimated from their contents in all species
of herbaceous vegetation, shrubs, and trees growing on the plots. We
determined the total amount of each radioelement transferred from
soil to different plant groups per unit of plot.
Table 2 gives the radionuclide contents of some plants used for
food by muriform rodents. Here we can see only a slight difference
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Fig. 1 Map of the gamma field
of one of the experimental plots.
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TABLE 1

CO

Distribution of Uranium, Radium, and Thorium per Gram of Soil in
Plots with High Natural Radioactivity
Sample
depth,
cm

1—5

5-10
10-15
15—20
20-40
40-50
50-60

Control plot, flood
plain—sodi meadow soil

Radium plot, flood
plain—sod meadow soil

Ra.

Ra,

U,

I O - 1 2 g tar6 g
2.1
2.1
2.2

2.2
0.9
0.9
1.4

1.5
1.0
1.1
1.1

1.6
1.6
1.8

Th;

10
27.3
27.3
17.4
17.4
14.5
14.9
14.9

g

IO-1

2

420
450
600

160
27
10
24

g

u,6

lO" g
1.8
1.4
1.5
1.2
1.5
1.8
1.6

Uranium—radium plot,
gley—strongly podzolic soil

Th,

IO-6

g

14.8
22.0
18."
24 .
16.0
14.5
18.0

Ra,
10"l2g

O
Z

Thorium plot, mountain
gley—podzolic, thin-forest soil

u,

Th,
10 &

46.2
40.0

9.6

1.0

14.6
14.6
10.4
13.2
12.3
20.0

1.08
1.12
1.12

10-* g

Ra,

u,6

io-' 2 g] or g

o
Tl

a

Th,

lO" 6 g

X
1—

390.0
290.0
1920.0
1920.0
39.5
39.5
7.0

2.8

0.7
0.4
0.5
0.9

1.5
1.4

1.02

6.4
6.5
6.5
2.3
2.4

2.8
1.1

143.0
262.0
1240.0
1240.0
100.0
97.0
97.0

•
o
o
<
m
m
r
m
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TABLE 2

Amounts of Radium, Uranium, and Thorium per Gram of Ash in
Plants Growing on Plots with High Natural Radioactivity
Radium plot
Ra,

Plant species
Deschampsia
caespitosa
Alopecurus
pratensis
Bromus inermis
Tri folium
pratense
Lathy rus
pratensis
Vicia sepium
Vicia cracca
Taraxacum
officinale
Achillea
millefolium
Ranunculus
acris
Ranunculus
repens
Veronica
longifolia
Alchemilla sp.
Rumex confertus
Lamium album
Glechoma
hederacea
Chamaenerion
angustifolium
Carex
atherodes
Carex
aquatilis
Salix
phylicifolia
Populus
tremula
Betula
pubescens

u,

Uranium—radium plot
Th,

U,

Ra,

Th,

10~ 8 g

lO^ 1 g

1.9

6.6

1.8

1.1
1.6

2.4
0.8

3.0
1.1

1.9
1.3

0.8

0.8

4.0

4.8

0.8

2.0
4.0
3.5

0.3
0.6
0.7

1.2
1.7
1.5

1.8
4.3
3.3

0.5
1.0
2.7

2.1

1.5

2.0

1.8

2.3

2.1

1.5

3.0

0.9

1.2

3.5

2.3

1.8

2.0

0.3

1.3

2.6

1.2

1.6

6.0

1.3

1.5

8.1

4.2

6.3

1.0
1.9
2.1
1.2

0.2
0.3
2.1
0.6

1.5
1.0
0.9
1.5

1.0

8.0

1.0

1.5

0.7

1.9

0.4

0.3

0.8

2.5

0.6

0.9

2.1

0.8

1.0

4.2

4.5

15.0

3.0

3.5

3.2

3.1

4.0

18.0

2.2

0.5

0.7

4.6

0.9

0.9

4.5

0.9

1.0

8.8

1.2

1.5

7.5

1.9

0.9

8.0

1.8

0.8

10-'2 g

10~ 8 g

10"5 g

0.8

0.7

1.2

0.5
0.3

0.7
0.7

3.6

10-'

2

g

0.6
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(1.5 to 9 times) in the accumulation of uranium, radium, and
thorium by the same plant species growing on the uranium and
uranium—radium plots. The accumulation of radionuclides in plants
on these plots is 100 to 1000 times more than in plants growing on
control plots, however. On the radium plot, the radium content of
grasses is about 100 times higher than dark indexes (in Fleum
pratense and Agropyrum repens, it is 150 times higher than dark
indexes). In the families Leguminosae and Compositae, the radium
contents are 700 and 600 times higher than dark indexes, respectively. The family Ranunculaceae shows the largest amount of
radium; the radium content of Ranunculus repens is 1500 times
higher here than in plants growing on the control plots.
The uranium and radium contents found in the majority of the
plant species growing on radioactive plots appeared to be rather low
and insignificantly different from dark values. Among herbaceous
plants, only Taraxacum officinale and Carex atherodes accumulate 2
to 3 times more uranium than other herbaceous plants. This is also
true for thorium; thorium contents are slightly higher in such plants
as Taraxacum officinale, Lathyrus pratensis, Ranunculus acris, and
Glechoma hedemcea.
The contributions of different plant groups to the process of
radionuclide transport from soil to the surface vary (Table 3). During
TABLE 3

Amounts of Uranium, Radium, and Thorium Accumulated from
Soil by Plants of Different Groups in 1-m2 Areas of Sample Plots
Radioelement content

Number
Sample plots and
plant groups
Control
Grass
Legumes
Herbs—grasslegumes
Radium
Grass
Legumes
Herbs—grass—
legumes
Uranium—radium
Grass
Legumes
Herbs—grasslegumes

u,

Th
10~ 3 g

of

Plant

plots

biomass, g

io- io g

10
8

2000 ±45
2100 ±100

1.4 ±0.01 1.4 ±0.01 2.7 ±0.02
6.3 ±0.02 1.3 ±0.01 1.5 ±0.01

12

2200 ±124

6.1 ±0.02 1.0 ±0.01 2.4 ±0.02

12
10

2250 ± 58
2050 ± 96

10

2100 ±105 44.6 ±0.1

1.2 ± 0.01 2.9 ± 0.01

8
10

1650 ± 37 34.4 ±0.1
2000 ±103 86.1 ± 0.3

7.9 ± 0.03 3.1 ± 0.01
9.6 ± 0.04 1.8 ± 0.01

24

1950 ± 86

7.8 ±0.03 1.9 ±0.01

Ra,

18.4 ± 0.09
81.2 ± 0.2

45.9 ±0.1

10" 5 g

1.6 ± 0.01 2.9 ± 0.01
1.6 ± 0.01 1.6 ±0.01
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the vegetative period all herbaceous plants growing in taiga regions
with high natural radioactivity accumulate from the soil the
following amounts of radioelements per hectare: on the radium plot,
up to 8.1 x 10~ 5 g of radium, more than 100 mg of uranium, and
15 to 30 g of thorium; on the uranium—radium plot, 9 x 10~ 5 g of
radium, up to 1 g of uranium, and up to 30 g of thorium.
Of all the vegetative groups studied, legumes have the greatest
ability to accumulate radioelements from the soil. Despite peculiarities of particular species, the total amount of accumulated radioelements is in good agreement with the total biological productivity.
Plants accumulated radioelements from different layers of the
soil and actively redistributed them among the other components of
the biogeocenosis. Animals, especially muriform rodents, play an
important role in this process as a result of their life activitiesdigging and burrowing, food chains, etc.—and peculiar accumulation
of radionuclides.
Food chains of muriform rodents living in the taiga are rather
wide; voles, for example, may include in their diets from dozens to
hundreds of species of herbaceous vegetation, shrubs, and woody
plants, depending on the ecological conditions of their lives.
Investigation of food chains in two species of voles, Microtus
oeconomus Pall, and Aruicola terrestris L. (taiga vole and water rat),
which are abundant in radioactive plots showed that the radionuclide
contents of their diets increase with increased radioactivity levels in
their habitats. The weight and radioactivity contents of diets change
with seasonal changes of foodstuffs. Table 4 compares these changes.
In the spring the radium content in the diets of tundra voles living on
the radium plot was as high as 7 x 10 —1 i g and on the uraniumradium plot, 10 x 10 — 1 ' g; these levels are 35 to 50 times higher
than those in the diets of the control population of tundra voles.
The uranium contents in the diets of voles from the control and
radium plots did not show any significant difference. We should
note, however, that the uranium contents in the diets of voles
inhabiting the uranium—radium plot were 10 times as much as
those of the control plot throughout the year. The thorium contents
in the diets of rodents were almost the same on all the investigated
plots. It was noted that autumn populations accumulated 7 to 10
times more radium from 1 ha than did spring populations because of
radium's greater numerical abundance in autumn. The total radium
contents in the foodstuffs appeared to be 5 times more in the winter
season (150 days) than in the spring season (60 days).
The largest amounts of thorium and uranium found in the voles'
diets were on the radium plot in autumn. Values decreased a little in
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TABLE 4

JU

Seasonal Changes in Weight and Radioactivity of Diets of Two Vole Species
Control plot
Season
and vole
species
Spring
Taiga vole
Water rat
Summer
Taig2 vole
Water rat
Autumn
Taiga vole
Water rat
Winter
Taiga vole
Water rat

Uranium—radium plot

Radium plot
Radioelement content

Radioelement content
Biomass
Ra,
consumed, g 10 ' ' g

u.7

10~ g

Biomass
Th,
1O~S g consumed, g

Ra,
10"'lg

ED

u,7

10~ g

Radioelement content

Ra,
Th
Biomass
10~ s g consumed, g 1o - " g

Th,
U,
i o - 7 g 10" s g

-1
O
z
Tl

2
-\

98.4
121.6

0.2
0.4

1.4
3.2

4.0
8.0

94.0
118.3

7.1
12.0

2.1
4.3

4.8
8.5

96.3
120.8

10.1
15.0

72.8
118.5

0.3
0.4

1.3
2.8

2.9
4.0

74.4
120.1

5.5
9.1

1.7
4.5

3.6
5.1

74.0
117.9

7.0

64.1
118.9

0.2
0.6

1.3
4.0

5.2
9.0

66.0
102.5

4.0
7.4

3.1
6.0

6.5
10.0

51.7
79.4

0.2
0.7

1.4
3.9

4.8
8.8

51.5
81.3

5.8
10.4

3.0
5.0

5.1
9.4

JO

26.0

5.0
9.1

10.8

15.3
24.3

4.0
5.5

65.5
105.7

6.2
8.4

18.0
35.3

6.2
10.5

o

49.8
80.8

8.6
12.1

14.5
36.0

6.1
8.5

m
m
m
5
m

4.4

t~
3j
Q

r*\

w

I
2

U1
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winter, decreased still further to a minimum in summer, but tended
to increase in the spring. On the uranium—radium plot, the largest
amounts of thorium and uranium in the diets of the tundra voles
were found in autumn and in the diets of water rats in winter and
spring. The variability of radioactivity in the diets of these animals
can be explained by changes in their feeding habits, involving
foodstuffs characterized by various levels of radioactivity. Thus the
high concentrations of radium, uranium, and thorium in the diets of
water rats in winter and spring are explained by the fact that the
basis of the animals' diets during these periods is rootstock, which
absorbs much more radioelements than other parts of the plant.
To determine the total amounts of radioactive elements redistributed by muriform rodents, we must know not only the biomass and
radioactivity of the plants ingested by the animals throughout a
season or a year but also the quantity of radioactive substances
scattered by voles and the amount of food remains. As our
investigations show, the biomass of food remains within a year
reached 84% of the weight of an annual diet. In autumn, for
example, the weight of food remains is much higher than that of an
autumn diet. In autumn a population of taiga voles ingested up to
234 kg of vegetative biomass from a 1-ha area while at the same
time scattering up to 325 kg over the habitat in food remains. In
the spring the average weight of food remains scattered by a water rat
within 24 hr is 301.4 g, exceeding by 10 times the weight of food
remains of a taiga vole and by 30 times that of a bank vole. Over a
period of i year, however, this correlation changes several times. In
autumn the amount of food remains of the taiga vole increased to
89.5 g on the uranium—radium plot, equaling that of the water rat.
In winter the biomass of food remains of the taiga vole reached its
minimum, which was two times less than in spring and summer and
almost six times less than in autumn. In summer and autumn taiga
voles and water rats scattered 25, 5, and 1.5 times more radium,
uranium, and thorium, respectively, on the uranium—radium plot
than on the control plot. The total amounts of radioactive elements
redistributed by water rats as a result of changing their food from
one herb group to another is 2.3 x 10~ 6 g of radium, 1.4 x 10~ 2 g
of uranium, and 22.2 x 10 —1 g of thorium (see Table 5). In 1 year a
population of taiga voles scatters 2.5 x 10~ 6 g of radium,
7.5 x 10~~3 g of uranium, and more than 15.1 x 10 —1 g of thorium
from a herbs—legumes—grasses group growing on a 1-ha plot. On
sample plots covered with legumes, the voles ingest less foodstuffs
and scatter up to 3.2 x 10~ 6 g of radium.
The majority of radioactive elements ingested by voles with
foodstuffs is not accumulated by the organism but is excreted and
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TABLE 5

Contributions of Different Classes of Terrestrial Vertebrates to the
Accumulation of Natural Radioactive Elements (g kr,.~2 year—')
Sample plot and
radioelement
Control plot
Radium
Uranium
Thorium
Radium
Radium
Uranium
Thorium
Uranium—radium
Radium
Uranium
Thorium
Thorium
Radium
Uranium
Thorium

Mammals

Birds

Reptiles

Amphibians

2.5 X 1 0 " 8
1.9 X lO—3
1 X lO"""4

8.4 xio-'°
1.5 x 10- 4
3
1.5 x IO—

5 X 10"' 3
3.5 X 10~ 7
1 X 10~ 6

4.2 X 1 0 - '
4.2 X io— 6
1.4 X 10~*

3.8 X 1 0 ~ 7
5.2 X lO—3
1.4 X 1 0 " '

1.3 x i o ~
4
2.0 x io—
3.6 x IO— 3

8

1.2 X 10—' '
8.8 X 10~ 7
5 X 10~*

2.1 X io- 9
5
1.9 X io2.8 X IO— 4

3.4 X 1 0 ~ 7
1.2 X 10—2
1.3 X 1 0 " '

1 x io~8
2.3 x io—4
3
3.7 X l O "

7X 1 0 - ' 2
9.5 X 10~ 7
4 X 10~ 6

1 X 10"" 9
s
5.6 X io8.4 X 10^*

1.9 X 10—7
1 X lO"2
3.5 X 10—'

7.1 x io—
4
5.1 x 102
1.1 x io~

9

4

6.6 X io—'°
5
1.4 X io6.1 X 10"^

scattered over the habitat in various forms. Our observations showed
that 98% of the total amount of radium ingested by a two-month-old
tundra vole within 24 hr in summer is excreted and only about 2% is
accumulated. Excretior. of uranium is still higher (about 99%), and
the accumulation of thorium is 0.1% or less of that' r the foodstuffs
ingested. Although the organs of muriform rodent., accumulate only
an insignificant part of the radioactive elements passing through their
intestinal tracts, total accumulation of uranium, radium, and thorium
in voles is much higher than that in other species of taiga mammals.
The total amounts of uranium, radium, and thorium accumulated
by animals within 1 year from a unit of given biogeocenosis depends
on the animal species, the state of its population, and its population
density throughout each season. As shown in Table 6, the contributions of different classes of animals to the process of radinelement
redistribution in taiga biogeocenoses are not equal. The majority of
the radioelements is accumulated by mammals, with taiga vertebrates
receiving 95 to 98% of the total amount of radioelements accumulated.
Voles, the most abundant group of taiga mammals, are characterized by the greatest accumulation of biomass from a 1-m2 plot
and also by the greatest amounts of accumulated uranium, radium,
and thorium. Thus, under the conditions of the radium and

TABLE 6

Amounts of Uranium, Radium, and Thorium per Hectare Redistributed Yearly by
Vole Populations as a Result of Food Gathering in the Taiga Biogeocenoses
Food consumed

Population

Plant
food
ingested,
kg

Food remains

Radioelement in food
Th,
Ra
10~2 g

Biomass,
kg

Ra
U
10-' g 10-5

Total

Stored food

Radioelement
Th,

io~

2

Biomass,
kg

Radioelement
Ra,
V
1 0 - ' g 10~3 g

Th,
10"= 1

io~ 3 g

1798

0.6

3.3

112.6

4133

1.58

11.0

224.6

6.5

93.3

Th.

Control Plot
Taiga
vole
Water
rat

1033

0.4

2.1

69.9

765

0.2

1.21

42.7

1136

0.6

3.6

82.7

2882

0.9

6.8

129.9

115

0.08

0.6

12.0

Radium Plot
Taiga
vole
Water
rat

721

9.3

3.0

58.9

490

2.3

3.5

34.4

809

8.53

4.7

77.6

2220

13.6

8.1

130.3

103

1.0

0.9

11.8

1211

11.6

3132

23.13

13.7

222.4

1050

9.9

28.8

81.3

2797

17.0

27.5

144.6

Uranium—Radium Plot
Taiga
vole
Water
rat

569

6.7

13.8

43.0

481

3.2

15.5

35.0

774

7.4

11.9

64.2

1932

8.7

13.5

69.0

91

0.9

1.8

11.4

J>
en

|T

AND ,\ LEXAKHIN

Ra,
10
g

Total radioelement

/IASI.OVA

Total
food
biomass,
kg
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TABLE 7

Contributions of Muriform Rodents to the Total Accumulation of
Radioactive Elements by the Terrestrial Vertebrates of
Taiga Biogeocenoses
Total;accumulated
by whole body of
suiface vertebrates, %

Total accumulated
by mammals,'

Sample
plot

Ra

U

Th

Ra

U

Th

Normal level
of gamma radiation
Radium
Uranium—radium
Thorium

76.9
90.0
91.4
79.0

80.0
90.7
91.6
80.0

70.9
92.8
98.8
80.6

80.0
94.7
94.1
78.9

84.2
94.0
91.6
80.0

78.0
92.8
98.8
82.8

uranium—radium plots, they "gather" as much as 90 to 98% of the
total amount of uranium, radium, and thorium accumulated by all
the vertebrates inhabiting these plots (Table 7).
The largest contributions of muriform rodents to the process of
vertical and horizontal redistribution of radium, uranium, and
thorium in natural biogeocenoses with high natural radioactivity are
a result of their building activities. Their digging as a form of
participation in the process of radioe1 ment redistribution and
migration in natural biogeocenoses is related to many problems in
the study of the ecology of certain species and their living
conditions. On experimental plots that have differed in radioecological conditions for some years, we counted various conditions of nests
(such as occupied, feeding, temporary, and deserted). Table 8
summarizes data on plot colonization; number of nests; nest location
during years of depressed, increasing, and peak population; results of
nest examination; length and total area of corridors and chambers;
location in the soil horizon; total weight of soil; and total uranium,
radium, and thorium content redistributed by the voles.
Table 9 gives data on radioactivity levels in holes located at
various depths, amount of soil redistributed by voles, and uranium,
radium, and thorium contents in all soil horizons of the plot. From
this data we can conclude that the populations of two species of
voles (water rat and taiga vole) living in a 1-ha area of the radium
plot redistribute by their digging activity about 5 x 10~ s g of
radium in years of depressed population, 35 x 10~ 5 g during
increasing population density, and up to 155 x 10~ s g in years of
peak abundance. The weight of soil redistributed in this process is

TABLE 8

Amounts of Radium, Uranium, and Thorium Redistributed Yearly from a 1-ha Plot at Various
Soil Depths as a Result of Digging Activities of Two Species of Muriform Rodent*
Weight of the
soil turned
over by voles
and content

Soil, kg
Radium,
10~ 7 g
Uranium,
io-- g
Thorium,
10-; g

Depth of soil sections, cm
1-5
M.o.

6—10
A.t.

M.o.

11-15

A.t.

M.o.

16-20
A.t.

M.o.

21-40

A.t.

M.o.

18.5

145.7 18.3
18.3

458.4

15.7

1,473.5

Radium Plot
28.4 1,463.3 32.7

77.5

612.0 82.4

2,063.0

93.6

8,832.0

45.4

2.6

64.1

2.4

225.3

3.5

199.6 40.3

1,008.5

29.3

2,772.0

69.2

3.4
25.3

27.2

2,411.0

A.t.

41-50
M.o.

A.t.

M.o.

A.t.

M.o.

A.t.
C/J

1,416.0 2.9

371.3 0.6

108.9 117.1
117.1

5,437.1
14,718.0

8.8

722.0 0.3

55.0 0.01

23.0 308.1

5.0

207.0 0.5

64.9 0.1

18.0

52.1

2,480.7 4.1

15.7

819.6 30.6

24,880.0 302.4

15,736.0 12.1

179.0

O
<

Total

51^-60

17.5

786.0

554.1 1.0

188.3 221.3

10,764.7

1,069.1 3.5

304.4

100.3

7,537.0

1.4

1.2

868.0 40.7

3,561.5

Uranium—Radium Plot
Soil, kg
Radium,
10~ 7 g
Uranium,
10~ 2 g
Thorium,
10~ 2 a

12.7

344.0 13.5

763.0

49.7 1,341.0 39.1

2,212.0

294.4

58.6 1,582.6 54.0

3,052.1

4.3

394.3

1.3

12.2

1,114.0

22.4

1,901.7

16.4

330.2 19.7

15.3

1,302.6

73.0

91.3

4,703.0

120.0

39.0 699,1

51,865.0

57.9 0.2

13.9

7.5 120.0

5,181.0

1,312.2 4.4

387.4

172.7 115.7

6,086.2

O

r
m
X
7%
I
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TABLE 9

Total Amounts of Radium, Uranium, and Thorium Redistributed from a 1-ha Plot
in 1 Year by Two Species of Muriform Rodent as a Result of Digging Activities
Uranium, X 10~ 2 g

Radium, X 10~ 8 g
Taiga
vole

Water
rat

Taiga
vole

Total

Water
rat

Total

Control Plot
Depressed
Increasing
Peak

7
21
215

220
957
6,064

227
978
6,279

5
16
35

23
708
1,009

28
724
1,044

49
238
367

486
9,628
11,930

535
9,500
12,297

34
167
786

38
184
839

45
221
659

478
2,389
10,764

523
2,610
11,423

269
1,056
5,422

21
116
261

389
1,556
6,086

410
1,671
6,347

764

3,660

119,850

123,510

MASLOV. MASLOV/

Population
density phase

Thorium, X 10 ~ 2 g
Taiga
Water
vole
rat
Total

Radium Plot
616
3,081
8,480

4,571
32,000
147,180

5,187
35,081
155,660

4
17
53

Uranium—Radium Hot
Depressed
Increasing
Peak

1,747
6,991
15,080

18,228
127,600
518,650

19,975
134,591
533,730

Increasing

8

169

177

24
119
241

245
937
5,181

Thorium Plot
28

735

ND ALEX

Depressed
Increasing
Peak

I
Z
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more than 5 tonnes. On a 1-ha area of the uranium—radium plot, a
population of water rats removed only up to 5 mg of radium, about
50 g of uranium, and more than 60 g of thorium during a year in the
process of building holes and shelters. On the thorium plot a
low-density population of water rats (in summer the maximum
number of animals was about 10 to 12/ha) removed about 1.2 kg of
thorium from the 1-ha area inside the soil layers in 1 year. The
largest amounts of uranium, radium, and thorium (more than 70% of
the total amount of radioelements) were redistributed by water rats
inside the soil layerc and were brought to the surface in the process
of building feed holes; the soil layer is 10 to 20 cm deep.
All these calculations are for regions characterized by a low
density of voles. Under similar radioecological conditions and with
much higher population densities the amounts of radium, uranium,
and thorium redistributed as a result of digging activities can be
ten times greater.
Complex radioecological investigations conducted in various
natural climatic zones differing in composition and concentration of
natural radioactive elements in the soil have shown that substantial
amounts of uranium, radium, and thorium are involved in the
biological cycle as a result of living activities of plants and animals.
The estimated regularities can be applied to predict the character and
scale of redistribution of radioelements in natural and emerging
biogeocenoses of higher than average radioactivity and to stimulate
sanitary—hygienic and decontamination efforts.
REFERENCES
Alexakhin, R. M., 1968, Present Status and Problems of Radiation Biogeocenology, in Questions in Radioecology, Atomizdat, Moscow.
, 1S76, Essential Questions of Modern Radioecology in the Light of the
Study of the Problem of Radionuclide Migration and the Action of
Radiation on Natural Biogeocenoses, in Problems of Radioecology and of
the Biological Action of Low Doses of Ionizing Radiation, pp. 57-69,
Academy of Sciences, USSR, Komi Branch, Syktyvkar.
, and M. A. Naryshkin, 1977, Migration of Radionuclides in Forest
Biogeocenoses, Science Publishers, Moscow.
Giljarov, M. S., and D. A. Krivoluckij, 1973, Radioecological Investigations in
Soil Zoology, Zool. Zh. (USSR), 50(3).
Il'enko, A. I., 1974, Concentrations of Radioisolopes in Animals and Their
Influence on the Population, Science Publishers, Moscow.
Maslov, V. I., 1971, Methods for Investigations of Animal Radioecology in
Regions with High Soil Radioactivity, in Methods for Radioecological
Investigations, pp. 128-140, Atomizdat, Moscow.
, 1973, Redistribution of Radioactive Elements in Natural Biogeocenoses as
a Result of the Burrowing Activity of Muriform Rodents, in Theoretical and

754

MASLOV, MASLOVA. AND ALEXAKHIN

Practical Aspects of the Action of Low Doses of Ionizing Radiation,
pp. 99-100, Academy of Sciences, USSR, Komi Branch, Syktyvkar.
, 1974a, Methods for the Determination of the Amounts of Uranium,
Radium, and Thorium Accumulated by Populations of Muriform Rodents
Under Various Radioecological Conditions of Natural Biogeocenoses, in
Questions on the Radioecology of Terrestrial Biogeocenoses, Academy of
Sciences, USSR, Komi Branch, Syktyvkar.
, 1974b, Redistribution of Radioactive Elements in Natural Biogeocenoses as
a Result of the Trophic Relations of Muriform Rodents, in Biological
Investigations in the North-East European Part of the SSSR, Academy of
Sciences, USSR, Komi Branch, Syktyvkar.
, 1976a, Accumulation of Natural Radioactive Elements in Populations of
Vertebrates in the Northern Taiga, in Problems of Radioecology and of the
Biological Action of Low Doses of Ionizing Radiation, pp. 156-165,
Academy of Sciences, USSR, Komi Branch, Syktyvkar.
, 1976b, Problems in the Radioecology of Natural Biogeocenoses with
Enhanced Radioactivity, in Problems of Radioecology and of the Biological
Action of Low Doses of Ionizing Radiation, pp. 17-29, Academy of
Sciences, USSR, Komi Branch, Syktyvkar.
, 1977, On the Conduct of Complex Radioecological Investigations in
Biogeocenoses with Enhanced Radioactivity, in Radioecological Investigations in Natural Biogeocenoses, pp. 9-21, Science Publishers, Moscow.
, and K. I. Maslova, 1972, Radioecological Groups of Mammals and Birds in
Biogeocenoses in Regions of Enhanced Natural Radioactivity, in Radioecological Investigations in Natural Biogeocenoses, pp. 161-173, Science Publishers, Moscow.
Maslova, K. I., and I. N. Verkhovskaja, 1976, The Biological Action of Enhanced
Radioactivity on Animal Organisms Under Natural Conditions, in Problems
of Radioecology and of the Biological Action of Low Doses of Ionizing
Radiation, pp. 127-141, Academy of Sciences, USSR, Komi Branch,
Syktyvkar.
Odum, E., 1975, Foundations of Ecology, World Publishers, Moscow [translated from E. P. Odum, 1971, Fundamentals of Ecology, W. B. Saunders Co.,
Philadelphia].
Pertsov, L. A., 1973, Ionizing Radiation in the Biosphere, Atomizdat, Moscow.
Tikhomirov, F. A., 1972, The Action of Ionizing Radiation on the Ecological
System, Atomizdat.
Vavilov, P. P., N. A. Titaeva, V. I. Maslov, and V. I. Ovchenkov, 1976, Migration
of Naturally Occurring Radioisotopes in Natural Biogeocenoses, in Problems of Radioecology and of the Biological Action of Low Doses of Ionizing
Radiation, pp. 46-56, Academy of Sciences, USSR, Komi Branch,
Syktyvkar.
Verkhovskaja, I. N., P. P. Vavilov, and V. I. Maslov, 1967, Migration of Naturally
Radioactive Elements Under Natural Conditions and Their Distribution
According to the Biotic and Abiotic Components of the Medium, Izv. Akad.
Nauk SSSR, Ser. Biol., No. 2.

Normal Dietary Levels of Radium-226,
Radium 228, Lead-210,
and Polonium-210 for Man

RICHARD B. HOLTZMAN
Argonne National Laboratory, Argonne, Illinois

ABSTRACT
A review of the literature and the results of some recent measurements on the
levels in man's diet of the naturally occurring radionuclides 2 6 Ra, 2 Ra,
2l0
P b , and 2 1 0 P o are presented. The mean intakes for standard, or typical,
U. S. diets for these nuclides are:

Nuclide
226

Ra
Ra
Pb
210
Po

228
2I0

Intake,
pCi/day
1.4
1.1
1.4
1.6

Range,
pCi/day
0.7
1.0
1.3
1.3

to
to
to
to

2.4
1.2
1.6
1.6

Intakes in other countries are similar to those in the United States, but in
localized populations the 2 2 6 R a intake can be 8 or more pCi/day. The 2 2 6 R a
contents in diets chosen by individuals ranged from 0.4 to 7 pCi/day. The few
data on 2 2 8 R a show that intake of this nuclide is about 80% that of 2 2 6 R a
except in monazite areas where intakes of up to 160 pCi 2 " 8 Ra/day are
reported, which may be 50 to 100 times as great as that of 2 2 6 R a . Drinking
water contributes less than 5% to daily intake except in special areas. For 2 ' ° Pb,
higher levels have been noted for Germany and the Union of Soviet Socialist
Republics than for the United States, about 4.5 to 6 pCi/day, and the Japanese
diet contains about 17 pCi/day. Persons in the Arctic who consume reindeer or
caribou meat may ingest 2 ' °Pb at the rate of 10 to 40 pCi/day. Normal dietary
levels of 2 ' °Po are about 20 to 30% higher than those of
Pb except in the
Arctic where intakes of 2 I n Po (60 to 100 pCi/day) may be 5 to 10 times as
great as those of 2 1 0 P b . The levels of these nuclides in classes of foods are
compared to show that the higher levels observed in certain diets are due to the
levels in particular foods.
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Because of the high levels of 2 1 °Pb intake in Japan, total skeletal dose rates
in that country are estimated to be more than twice those in the United States.
The use of dietary intake for estimating metabolic parameters, such as intestinal
absorption of 2 6 Ra and "' °Pb, is discussed.

Knowledge of the dietary levels (daily intake rates from the diet) of
the naturally occurring radionuclides is important because these
nuclides contribute a substantial portion of the radiation dose to
man and diet is usually a major source of these nuclides (United
Nations Scientific Committee on the Effects of Atomic Radiation,
1972; National Council on Radiation Measurements and Protection,
1975). The natural dose levels are used as one of the bases for setting
radiation standards. The concentrations in the body also provide
baselines for estimating contamination levels of persons exposed
either industrially or medically. In addition, these data provide a
reference for estimating exposures to the public from technological
enhancement of these nuclides from such operations as uranium
processing and phosphate fertilizer production. In other cases
population growth and movement and industrial development can
produce economic pressures to use water resources containing
relatively high levels of radioactivity. Fossil-fuel power plants can
emit large amounts of these nuclides in the form of both particulates
and vapors, and the radionuclide content of the residual ash can
make it necessary to consider revised disposal procedures for the ash.
Although 4 ° K produces 15 to 20% of the dose to the body from
internally deposited radionuclides, it is of limited interest because, as
an isotope of an essential element, it is homeostatically controlled,
i.e., the body content is not adjustable, and is determined mainly by
body build and health. The radionuclides in the naturally occurring
series 2 3 8 U and 2 3 2 Th contribute 30 to 60% of the dose. The body
contents of these nuclides are dependent on intake, and, in principle,
they are controllable. The total dose to the skeleton is about 50%
externally from cosmic rays and from gamma rays from soil and
building materials, but about 40% is from the alpha-particle sources
from internally deposited radionuclides, as summarized in National
Council on Radiation Protection and Measurements (NCRP) Publication 45 (1975) and by the United Nations Scientific Committee on
the Effects of Atomic Radiation (UNSCEAR) (1972). Even in the
days when nuclear bomb fallout was at a maximum concentration in
the human body, these natural sources produced more than 90% of
the skeletal dose equivalent rate in man.
The radionuclide concentrations in various classes of foods and,
to some extent, in daily intake were summarized by UNSCEAR in
1972 and were summarized for the United States by NCRP in 1975.
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Data for 2 2 6 Ra were summarized by Klement (1965). Jaworowski
(1969) compiled information on 21 °Pb along with some on 2 ' °Po,
and, more recently, Holtzman (1978) listed data on 21 °Pb in diets
and foods. Parfenov (1974) reviewed the 2 ' °Po data.
The dietary content of these nuclides is important since normally
all the 2 2 6 Ra and 2 2 8 Ra, a large fraction of the 2 ' °Pb, and some of
the 2 ' °Po in the body are of dietary origin. The metabolic model for
21
°Pb and 2 i °Po shown in Fig. 1 illustrates the complexity of the

i.i —

1.0
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11/18/67

4

8

f
12
16
1/11/68
6-DAY PERIODS

20

24
•V'22/68

Fig. 1 Metabolic model for 2 ' °Pb and : ' ° Po metabolism for man
(from Holtzman et al., 1974).

TABLE 1

Compilation of Uuily Intake of Riidionuclides
Country
United States

City or region '

United Kingdom

Germany

1966
1959
1965

3

Central Asia

1965

7.9

Leningrad

1968

Rostov-on-Don
Sou thorn Bohemia
Varose
Kowary Valley

1973
1977
1970
1975
1970

Brussels (teenage diets)
Zeist
Buenos Aires

1965
1966
1971

Czechoslovakia
Italy
Poland
France
Belgium
Netherlands
Argentina

1972

:;ii

Ra,
pCi/day

Jl

"l'b,
pCi/day

;

'"Po,
pCi/day

Calcium,
B/day
1.0

1.4

19531977
1B62
1963

USSR

Various cities

3;
"lta,
pC'i/day

Year
(approx.)

2.6
1.2

~ 3.2 lexcrcta)t
•1.6

4.(1

2.8
4.0
~3
1.4

0.5

1.6-2.1
0.5S
-.1.0-1.4
1.1
l.S
0.77

1.2

2.0 (1.1 : (-'a)
0.70
1.3

Reference
See Tables 3 to 5
Turner (1962)
Russell and Smith (1966) and
Smith and Watson (1964)
Hill (1967)
Muth et al. (1960)
Gloebel, Muth, and
Oberhausen (1966)
Marey, Knizhnikov, and
Karmacva (1967)
Yermolaynva-Makovskaya,
Pertsov, and Popov (1969)
Ladinskaya ec al. (1973)
Truello (1977)
de Bortoli and Gaglione (1 972)
Keslevet al. (1975)
Piotrzak-Flis(1972)
Gahinet et al. (1969)
Smeets and van der Stricht (1970)
Smeets and van der Stricht (1970)
Beninson, de Beninson, and
Menossi (1972)
United Nations Scientific
Committee on the Effects
of Atomic Radiation
(1972) (Beninson)

O
N

Brazil
Japan

India

Rio de Janeiro
Entire country
5 districts, 2 cities
U mines ( nonex posed)

1972
1968

-3
14-23

Bombay
Kerala (monazitc
area)

197-1
1951
196G
1966
1970

Bombay

197G

13
0.72
2.85

Lobao and Penna-Franca (1973)
Tnkata, Watanabe, and
Schikawa (1968)
Okabayashi, Suzuki, and Hongo (1975)
Chhabra (1966)
Chhabrn (1966)
Mistry, Bharathan, and
Gopal-AyenB^i' (1970)
Khandekar (1977)

162

Special cases
Arctic dwellers
Canada

19S7
1966

Finland
Alaska
300 g/dayj
500R/duy|

1966
196G
1963

USSR
Brazii
Belgium

S.6
10
10

1972
Araxii-Tapira
(monazite, population
of interest -200)
Factory (Anvers)

100
69

Mill (1967)
Kauranen and Miettinen (.969)

100
60
100

Qeaslcy and Palmer (1966)
Blanchard (1967)
Holtzman (1966, 1968) and
Holtzman and Ilcewicz (1971)
Ramzaevet al. (1974)

40
10-120

Penna-Franca et al. (1970, 1972)

24 (critical yroup)
3000 (maximum)

Kirchmann et al. (1973)
(p. 26.Pt. l;p. 82, Pt. II)

•This may include ; l 0 P o .
fBased on ft'cal excretion rate, which is approximately the intake rale.
.. Caribou ineal intake.
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metabolic pathways and the difficulty in assessing the sources of
nuclides in the body (Holtzman et al., 1974). In most areas of the
United States, about half the 2 ' "Pb derives from the atmosphere and
the other half from food (National Council on Radiation Protection
and Measurements, 1975). Cigarette smokers can derive one-fourth
to one-third of their 2 ' °Pb intake from cigarettes. For - ' °Po only a
small, but possibly significant, fraction (5 to 10%) is normally
derived from food, and very little is derived from the atmosphere
(Holtzman, 1963). It has been estimated that approximately 90%
originates as a decay product of 2 1 " P b in the skeleton (Holtzman,
1965). However, Hill (1967) believed that a large fraction was from
food and that the amounts were dependent on the chemical form of
the : i " P o in food and water. Ramzaev et al. (1974) showed sorra
effect of the chemical form, but, in addition, they showed the
intestinal absorption of : ' "Po to I* 15 to 54%, several times the 6%.
estimated by the ICRP (International Commission on Radiological
Protection, 1960). Kauranen and Miettinen (1969) thought that for
consumers of reindeer meat, who take in large amounts of 2 1 0 P o
relative to 2 l 0 P b , 75% or more of the 2 l " P o in soft tissues was
derived directly from food.
Radium-226 contributes about 10 to 20% of the internal
radiation dose to the skeleton, and its two long-lived decay products,
2lll
P b and 2 l ( ' P o , contribute 50% or more. Much less is known
about 2 2 s Ra than 2 2 '' Ra because the analysis is more difficult,
especially at low levels. Although the 2 2 s Ra series emits more
alpha-particle energy per parent disintegration than does 2 2 f l Ra, for
a similar intake level, it may be less important dosimetrically because
its shorter half-life (5.7 years) leads to generally lower levels in man.
The dosimetry of this series is complex because most of the dose
(and even more so the dose equivalent) derives from the 2 2 H T h
subseries.
DIETARY LEVELS
World Wide

The daily dietary intake? of : 2 h Ra, 2 2 s R a , 2 ' "Pb, 2 ' "Po, and
calcium listed in Table 1 are a compilation of the published data
from eighteen countries published in the last 25 years. One of the
earliest estimates of 2 2 ( ' R a in foods is that of Shandley (1953). The
much earlier values given by Burkser, Schapiro,and Bronstein (1929)
of 0.2 to 13 pCi/kg for seven foods are consistent with recent values.
Frcm measurements of fecal excretion rates, Stehney and Lucas
(1956) estimated the daily intake to be about 1.6 pCi/day. The
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intake values reported in the United States in Table 1 are composites
of more detailed studies listed in Tables 3 to 6.
The mean daily intake from the standard U. S. diets* as
estimated from total food consumption is about 1.4 pCi 2 2 6 Ra/day
(National Council on Radiation Protection and Measurements,
1975). The intakes reported from other countries are similar, ranging
from 0.6 to 3 pCi/day. The normal value, the mean of the daily
226
R a intakes for most of the populations represented here, is
1.6 ± 0.4 pCi/day. Excluded from this estimate are the values given
by Turner (1962), which may include 2 ! °Po and some data with
very high values, and the values for a central Asian city in the USSR
(Marey and Karmaeva, 1965; Marey, Knizhnikov, and Karmaeva,
1967) and an area in Belgium possibly contaminated by effluents
from a radium plant (Kirchmann et al., 1973). The 2 2 b R a intake in
Kerala State, India (Chhabra, 1966) is higher than the other 2 2 6 R a
data from India owing to higher levels of uranium and thorium in
the Kerala monazite sands.
Potable water usually contributes little to the daily intake of
nuclides; but, as illustrated in Table 2, an intake of up to 40 pCi
226
Ra (assuming 1.2 liters/day intake) may exceed that in food by a
factor of 30 in some places, such as Illinois and Iowa. These areas
have a population of about 1.5 million whose drinking water
contains more than 2 pCi 226 Ra/liter (Petersen et al., 1966). Because
these data are illustrative of situations in special areas, these waters
will not be considered as part of the normal diet, and their
contribution to intake will not be discussed further here.
The few data on the dietary levels of 2 2 8 Ra show the daily
intake to be somewhat lower than that of 2 2 6 Ra, about 1.1 pCi/day
(Petrow, Schiessle, and Cover, 1965). For lack of more complete
information, it can be assumed that the normal dietary levels of
2 28
Ra are about 70% of those of : 2 6 Ra. Special situations in which
thorium is concentrated can increase the intake substantially. Thus in
the monazite regions of Brazil, the intake of 21i Ra is 10 to 240
pCi/day (Penna-Franca, 1968' Penna-Franca et al., 1970,1972) and,
in India, 160 pCi/day (Mistry, Bharathan, and Gopal-Ayengar, 1970).
Only a few hundred people in Brazil consume the high-level diets.
The dietary intakes of 2 ' °Pb and 2 ' °Po vary much more than
do those of 2 26 Ra, from about 1.4 to 40 pCi/day for 2 ' °Pb and 1.6
to 100 pCi/day for 2 ' °Po. Because of this variability, and especially
•"Standard" diet is a sampling of a typical diet, the per capita intake based
on the total food consumption in the region of interest divided by the
population size.

TABLE 2

Examples of Radionuclide Levels in Potable Waters
Radionuclide, pCi/liter
Country /region
United States
Northern Illinois

Iowa
USSR
Central Asian city

Italy
Northern
Daily intake
Brazil
Various
Caxambu
Iran
Mazandaran

'Ra
0.04-25
2-36

228

C

D.D

Q

Pb

Po

Reference

0.00—0.20

Holtzman (1964)
Schliekelman (1976)
Marey, Knizhnikov, and
Karmaeva (1967) and
Marey and Karmaeva
(1965)

Q

O.o

0.02-94
1.6-94

J

Lucas and Ilcewicz (1958)
Krause (1960) and Lucas
and Krause (1960)
0.03—0.08

0-2.1
0.46

0-13
0.65

0-11

J

1—8
(228Ra/226Ra
= 0.12-0.71)

0.3—7.6
0.26-20
n

Ra

0-191
2.7-191

Allegrini el al. (1972)
Allegrini et al. (1972)
et al. (1974 )
Hainberger et al. (1974)
Khademi and Tahsili (1972)

i
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that between countries, it is not reasonable to obtain worldwide
normal values for these nuclides. The dietary levels, however, are
probably normal within the countries and regions for which they
were determined. The large number of 2 ' °Pb data from the United
States, excluding Alaska, show that the normal intake is about
1.410.3 pCi/day. The representativeness of the reported dietary
levels in other countries is much less certain.
The higher levels of these nuclides are due to particular sources,
such as reindeer and caribou meat, in the diet of some residents of
the Arctic: Laplanders in Sweden, Finland, and the U.S.S.R. and
Eskimos and Indians in Alaska and Northern Canada (Holtzman,
1966, 1968; Holtzman and Ilcewicz, 1971; Hill, 1966, 1967;
Kauranen and Miettinen, 1971; Beasley and Hanson, 1967; Beasley
and Palmer, 1966; Troitskaya et al., 1973; Persson, 1972; Nizhnikov
et al., 1973). In Japan the high levels are due mainly to the high
concentrations of 2 i n P b in fish (70%). which is a diet staple
(Takata, Watanabe, and Schikawa, 1968); an additional 20% of the
210
Pb intake is from vegetables. The high level of : i 0 P o
(Okabayashi, Suzuki, and Hongo, 1975) may have similar sources.
This value may not be very representative, however, since it was
reported in only one set of diets from a cafeteria in a uranium mining
complex.
The values for fish given by Takata, Watanabe, and Schikawa
(1968) and the values for diets given by Okabayashi, Suzuki, and
Hongo (1975) are consistent with those reported by other investigators (Folsom, Wing, and Hodge, 1973; Folsom and Beasley, 1973;
Holtzman, 1969; Teplykh and Ramzaev, 1974), which run from 1
to 100 pCi/kg (wet weight) for 2 ' °Pb and even higher for 2 ' °Po. It
can be inferred that the contribution of 2 2 6 Ra is appreciably lower
since the concentration is only 0.7 pCi/kg and that of the 2 2 8 T h
(2 2 8 Ra) is only 0.28 pCi/kg (Teplykh and Ramzaev, 1974).
Intermediate levels of abouc 4 to 6 pCi/day for 2 ' °Pb and 2 ' °Po
(somewhat higher than in the U. S. cities) were found in Germany
(Gloebel, Muth, and Oberhausen, 1966) and in non-Arctic areas of
the Union of Soviet Socialist Republics (USSR) (YermolayevaMakovskaya, Pertsov, and Popov, 1969; Ladinskaya et al., 1973).
In the United States

The dietary levels in the United States are presented separately
because of the more extensive and detailed data than have been
presented elsewhere. The methods of study within a single country
are also varied, such as standard diets, dietitian-chosen diets, and
institutional diets.
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The normal dietary intakes of the nuclides and stable calcium are
listed in Tables 3 to 5. Table 3 contains data based on standard diets,
i.e., a sampling of a typical diet, the per capita intake, based on the
total food consumption in the city of interest divided by the
population size. Data in the other tables are from diet samples
submitted for analysis by dietitians or from hospital diets. The levels
of 2 2 6 R a and 2 1 0 P b in the standard Health and Safety Laboratory
TABLE 3

Daily Radionuclide Intake from Standard Diets in the United States
City
New York

Year
(appiox.)

--6Ra.
pCi/day

1961

2.4»

1.1

1966
1968
1963

1.6
1.8

1.0
1.0

22
"Ha,
pCi/day

San Francisco
Infant
Chicago
Infant
San Juan,
Puerto Rico

Calcium
g/day

1.2

1970
1972-1973
Infant

210
Pb,
pCi/day

1 .2
1.2

1965

0.48

1961
1966
1968
1965

1.7*
0.76
0.88
0.50

1961
1963

1.9*

1965

0.58

1.35

1963

0.68

0.51

1.35
IX

Reference
Hallden and Fisenne (19611
and Hallden, Fisenne, and
Harley (1963)
Fisenne and Keller (1970)
Fisenne and Keller (1970)
Petrow. Schiessle, and Cover
(1965)
Morse and Wei ford (1971)
Bogen, Welford, and
Morse (1976i
Harley, Harley, and
Fisenne (1965)

1.1
1.0
1.0
1.35

Hallden and Fisenne (1961)
Fisenne and Keller (1970)
Fisenne and Keller (1970)
Harley, Harley, and
Fisenne (1965)

1.1

Hallden and Fisenne (1961)
Petrow, Schiessle, and
Cover (1965)
Harley, Harley, and
Fisenne (1965)

0.99

Hallden and Harley (1964)

*These values appear to be somewhat greater than the true value [Fisenne and Keller (1970)|.
They are presented because of their extensive use.

(HASL) diets in Table 3 (Fisenne and Keller, 1970; Morse and
Welford, 1971) were fairly uniform for the various cities, although in
San Francisco the 2 2 6 R a levels of 0.8 pCi/day were somewhat lower
than those from New York and elsewhere (Tables 4 and 5). The
2 26
Ra levels in San Juan were also low, but in this city the calcium
level was also lower. The levels of 2 2 6 Ra intake in five cities in an
early work of Michelson (1961) appear to be high relative to those
cited above, about 3 pCi/day, which indicates contamination of the
samples. However, in subsequent papers (Michelson et al., 19G2;
Michelson, 1965), the levels were much lower, in the range of 1 to 2
pCi/day.

TABLE 4

Daily Radionuclide Intake from Diets Submitted by Dietitians and Others in the
United States
Location

•i6Ra,
pCi/day

Year
(approx.)

:l0
Pb,
pCi/day

Boston

1966

Chicago

1961
1956
1966

Hospitalf
Ho*pitalt
New Orleans

1967
1968
1966

Los Angeles

1966

1.3

Palmer, Alaska

1966

1.4

Honolulu, Hawaii

1966

1.4

Rochester, N. Y.
5 U. S. cities

1953
1959

22 U. S. cities,
56 teenage diets
California
20 cities (hospitals)
6 sets, July 1 9 7 1 Dec. 1972
New York
(uranium miner)

Calcium,
g/day

1.5*
0.7
1.7 (excreta)

1
1.6*
1.3

068

1.6

0.22
0.24

1.6

1.7 (estimate)
2.2-4.4
(1.4-2.4
pCi/g calcium)
Mean
1.8 pCi/g calcium
1963
5
~2.5 pCi/g calcium
1971—1972 0.4—2.7
=1.2
Mean
1972

2l0
Po,
pCi/day

1.64

Reference
Magno, Groulx, and
Apidianakis (1970)
Michelson et at. (1962)
Stehney and Lucas (1956)
Magno, Groulx, and
Apidianakis (1970)
Holtzman et al. (1974)
Spencer etal. (1973)
Magno, Groulx, and
Apidianakis (1970)
Magno, Groulx, and
Apidianakis (1970)
Magno, Groulx, and
Apidianakis (1970)
Magno, Groulx, and
Apidianakis (1970)
Shandley (1953)
Michelson (1961)

Michelson (1965)
1.0

1.83

California State
Department of Health
(1974)
Cohen, Jaakkola, and
Wrenn(1973)

•Results given in pCi/kg. It is assumed that the daily intake is 1.75 kg/day [Fisenneand Keller (1970)).
tThe 22 6 Ra and ' °Pb—2' °Po resuits are from similar diets in the same metabolic ward.
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In an early review of dietary intake of the natural radionuclides,
Klement (1965) compiled an extensive list of 2 2 6 R a data from the
U. S. Public Health Service (U. S. Public Health Service, 1962). The
U. S. Public Health Service values (about 3.5 pCi/kg or 6 pCi/day)
are not entered here because they appear to be high, based on the
statement in the U. S. Public Health Service report (p. 225) that the
BaSO4 used to coprecipitate the radium may have also carried
additional nuclides.
TABLE 5

Daily 2 ; '' Ra, -' " Pb, and Calcium Intake from Various U. S. Regions
(25 Major Cities) and Average Dietary- Levels of : : 6 Ra by Age at Different
Times in 1961 (Summarized from Michelson et al., 1962)*
January 1961
::

''Ra,
pCi/g calcium
(~pCi/day)
Region
Northeast
North central
South
West

0.6
1.5
0.9
0.8

Average dietarv level of
" 6 R a b y agef
In Tant
Low income teenager
Middle income teenager
Middle income adult

(0.9)
(2.0)
(1.7)
(0.7)

May—June 1961
Ra,
pCi/g calcium
Calcium
(-pCi/day)
g/day

:
"'Pb.
pCi/day
(1.75 kg
for adult)

Calcium,
g/day

1.1
1.9
2.1
1.6

l.H
1.9
1.9
1.9

l.H
1.5

1.0
1.7
1.7

(10)
(1.8)
(2.0)
(l.E)

::6

0.81

16
1 .7

2.0
1.7
1.3
1.4

1.2
1.8
1.6

0.82

•These are mainly diets for teenagers which are probably larger than average for the entire
population. It is assumed that the average diet contains about 1 g of calcium, thus the value* of
" 2 Ra/g calcium, etc., will be used.
tCo<*rected for a food intake of 1.75 kg/day compared to a mean intake of 3.5 kg/day for
these samples.

The 2 2 8 R a values were similar in New York, Chicago, and San
Francisco.
The 2 ' °Pb values were similar in most of the cities studied
regardless of the type of diet sample obtained, namely, the standard
diets (Morse and Welford, 1971), children's institutional diets for
ages 9 to 12 (Magno, Groulx, and Apidianakis, 1970), or dietitiansupplied diets for teenagers (Michelson et al., 1962).
Dietary levels of 2 2 6 R a and 2 I °Pb appeared to vary little with
time (Fisenne and Keller, 1970; Bogen, Welford, and Morse, 1976).
The diets of infants are of interest in that, although the radium
intakes of 0.5 to 0.6 pCi/day were low, they were in the range of
values for adult diets.
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The Chicago hospital diet had a much lower level of 2 2 6 R a
(Spencer etal., 1973) and a slightly lower level of 2 1 0 Pb (Spencer
etal., 1977) than did the standard and other institutional diets,
possibly because they lacked fresh vegetables, as can be seen in the
comparison of these diets with the standard HASL diet discussed by
Kramer, Spencer, and Hardy (1973).
The extensive data of Michelson etal. (1962) summarized in
Table 5 indicate that in January 1961 diets for teenagers normalized
to an adult level of calcium of 1 g/day in cities in the north central
states had higher levels of both 2 2 6 Ra and 2 1 0 P b than the other
regions. In the May—June collections, however, they were all more
uniform and higher in 2 2 6 Ra ( 2 ' °Pb was not determined in this set).
The dietary calcium levels showed no seasonal changes. There were
some differences in dietary intake with age, that of infants and adults
generally being lower than that of teenagers. Teenagers fromlow-income homes had more dietary radium than those from
middle-income homes in January but less in May and June.
VARIABILITY

One of the problems in studying dietary intake is the variability
of the intake over the periods studied. Thus in studying the
individuals one must exercise care in estimating dietary levels and in
obtaining the individual values. Moreover, the diets should be
collected over extended periods of time to reduce the effects of
short-term variations.
Possible variability is illustrated in Fig. 2 for 2 ' °Pb and 2 ' °Po
intake from diets in a metabolic ward of a hospital (Holtzman et al.,
1974). The dietary levels (one 2-day diet in each 6-day period) vary
20% or more from the mean over the 27 periods studied, although
the diet was designed to be constant in other factors, such as calorie
content, protein, and calcium. Also, most of the foodstuffs had been
acquired at one time. These variabilities do not appear to be artifacts
of analysis in that the analyses were done at different times and not
necessarily in order of collection. The 2 I Q Pb, in particular, has a
periodicity of about 48 days.
Diets can also vary significantly in nuclide content ( 2 2 o Ra) from
subject to subject, as shown in Table 6 from analyses done in our
laboratory at the Center for Human Radiobiology, Argonne National
Laboratory, from duplicate diets from 11 subjects who chose their
own diets while maintained on a metabolic ward at the Massachusetts
Institute of Technology Clinical Research Center, Cambridge, Mass..
for 2 to 16 days. These subjects ranged in age from 65 to 90 years.
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Fig. 2 Daily contents of 2 ' ° Pb and 2 ' ° Po in the diets of subjects
measured in representative 6-day samples (from Holtzman et al.,
1974).

Data for subject 12 were from 12 consecutive 1-day diets chosen by
a dietitian from another metabolic ward at the Manteno State
Hospital, Manteno, 111.
The individual intake levels of 2 2 6 R a in 48 1-day self-chosen diet
samples ranged from 0.4 to 7 pCi/day, whereas the 12 from the ward
ranged from 0.8 to 2.4 pCi/day. The mean dietary intakes of the
subjects ranged from 1.1 to 5.3 pCi/day. The females had a slightly,
but not significantly, lower mean value than did the males. The
calcium levels of the females averaged 0.6 g/day compared to a
significantly higher mean value of 1.1 g/day for the males. This latter
value was the same as that in the diet in the other ward. The
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- Ra-to-calcium ratio was 4.1 pCi/g in the females compared to 2.5
pCi/g in the males. The : 2 t l R a contents of those diets were about
equal to the standard U. S. value or higher, 5 of the 12 sets being 1.5
to 3.8 times as great as that value.
The variability of diet for a single individual over time is
illustrated in Table 7 for 16 duplicate diet samples from subject 4 of
Table 6. The 2 2 6 Ra intake varied from about 1.2 to 4.2 pCi/day, and

TABLE 6

Individual Dietary Levels of : : " Ra and Calcium in Diets
Analyzed at ANL

Subject*

No. of diets
days

:

11

: i

Ra,

pCi/day

Calcium.

g/day

Radium/calcium
ratio.
PCi/g

Female
1
2
3
4
5

o

3
6
16
3

Mean ± standard error

1.12
1.15
1.21
2.53
3.65

0.44
0.19
0.51
0.48
1.43

1.7
6.3
2.4
6.3
3.6

1.93 ± 0.51

0.61 ± 0.21

4.1 ± 1.0

Male
6
7
S
9
10
11

5
2
o

1
3
o

Mean ± standard error
12

12

1.28
1.36
1.51
2.23
2.59
5.32

0.85
1.73
0.32
1.09
1.11
1.67

2 38 - 0.62

1.13 ± 0.22

2.5 ± 0.6

1.07

0.96

1.11

1.5

0.78
5.0
2.1

22
3.4

*The collections lor subjects 1 to 11 were ad lib diets of patients maintained
on a metabolic ward, whereas that of subject 12 was a fixed diet used in another
metabolic ward.

even during the one period, October 1974. from 1.6 to 4.2 pCi/day.
The mean 2 2 6 Ra in November 1971 of 1.75+0.29 pCi/day was
significantly lower than the 1974 value of 2.89 + 0.26 (P < 0.02).
The mean calcium rates for the two periods were essentially identical
at 0.48 g/day.
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TABLE 7

Daily Dietary Levels for a Single Subject*
Radium/calcium,
Ka,

pCi/day

Mean ± standard error

Calcium,
g/day

November 1371
0.30
2.68
1.18
0.67
2.10
0.27
1.18
0.70
1.62
0.27
0.44 ± 0.10
1.75 ±0.29

ratio,
pa/day
8.8
1.8
7.7
1.7
6.1

1.75 ±0.29

October 1974

Mean ± standard error
Mean ± standard error
for the two periods

3.74
2.81
3.87
2.31
4.19
1.59
2.32
3.64
2.68
2.69
2.00
2.89 ± 0.26

0.77
0.60
0.82
0.58
0.34
0.35
0.58
0.26
0.52
0.46
0.17
0.49 ± 0.06

2.53 ±0.23

0.48 ± 0.05

4.8
4.6
4.7
4.1

12.4
4.6
4.0

13.9
5.1
5.9

11.9
6.4 ± 0.9

•Subject No. 4 from Table 6.
FOODS

Variabilities of total dietary levels between investigators often
appear as differences between particular foods or classes of foods.
Measurements on the amounts of the 2 3 8 U and 2 3 2 T h series in
foods were made by Mayneord's group (Mayneord, Radley, and
Turner, 1959, 1960; M^yrord and Hill, 1964; Hill, 1965, 1967;
Turner, 1962). In some of these studies, however, values were
attributed to the 2 3 8 U series without distinguishing between 2 2 6 Ra
and 2 l 0 P o . Muth etal. (1960) presented some 2 2 6 R a values for
foods.
Many of the more recent studies on diet since those of HASL in
1961 (Hallden and Fisenne, 1961) present data on individual foods
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[Fisenne and Keller (1970), Gloebel, Muth, and Oberhausen (1966),
Ladinskaya et al. (1973), and others listed in Tables 8 and 9 ] . For a
comparison of data from different workers and different countries,
the intakes from the individual foods are combined into estimates of
intakes for each category of foodstuff. Such comparisons of levels of
2 26
Ra and 2 2 8 Ra are given in Table 8. A similar compilation is given
for 2 ' °Pb and 2 ' °Po in Table 9. As noted earlier the differences in
total diet appear to be caused by differences in intake from
particular classes of foods. In Japan (Takata, Watanabe, and
Schikawa, 1968) not all the classes were covered, but estimates were
made for the missing classes. Some questions could be raised
concerning the data of Gloebel, Muth, and Oberhausen (1966) in
that the total yearly food consumption appeared to be low, about
280 kg, compared to about 630 kg (1.75 kg/day) in the United
States and USSR. Their weights for foods consumed appeared to be
low in most categories, but especially in vegetables and cereals. If the
actual consumption were higher, however, the intake levels would be
even greater than those in Table 1.
DOSE RATES AND METABOLIC PARAMETERS

The higher dietary intakes may significantly increase the radiation doses to the body, especially to the skeleton, since the nuclides
are bone seekers. Thus, because the normal dietary intake of 2 ' °Pb
in Japan is about 10 times as great as that in the United States, the
bone concentrations in Japan should be about five times as great as
those in the United States (v/here about one-half the 2 ' °Pb is of
atmospheric origin), about 700 pCi/kg ash or 350 pCi/kg bone. The
dose equivalent rates* to the bone are about 350 mrems/year to
osteocytes and about 210 mrems/year to the Haversian system from
the 2 l 0 P o alpha particles supported by the 2 l 0 P b . Thus the total
dose equivalent rate to the osteocytes in Japan is about 2.5 times as
great as that in the United States.
The effect of a similarly increased 2 2 6 Ra intake would be less
since 2 2 6 R a concentrations and dose rates in the body are about
one-seventh those of the 2 ' °Pb for a similar dietary intake rate.
Finally, these data can be used to estimate some of the metabolic
parameters for these nuclides, such as intestinal absorption, under
environmental conditions. Despite similar dietary intakes of 2 2 6 R a
and 2 1 0 P b in the United States and expected similar biological
*The RBE quality factor for alpha particles is assumed to be 10.

TABLE 8

Comparison of Daily Dietary Intake of 2 2 6 Ra and 2 2 8 Ra from Various Classes of Foodstuffs
326

228

Ra pCi/day
India J

United States
New York
City*

Foodstuff
class
Cereals
Meat, fish, eggs.
and poultry
Milk and dairy
Vegetables
Green etc.
Root
Other
Miscellaneous
Water

San
San Juan,
Francisco* Puerto Ricot

Bombay

Kerala
State

Ra,pCi/day

United Statesf

Italy §

India**

Varese

New York
City

Chicago

San
Francisco

Kerala
State

0.58

0.39

0.14

0.42

1.48

0.81

0.42

0.30

0.3T

0.46
0.14

0.11
0.05

0.01
0.02

0.05
0.039

0.50
0.19

0.04
0.03

0.14
0.05

0.12
0.12

0.08
0.10

62.7
15.3

0.30
0.27

0.22
0.06

0.53

0.44
0.12

0.30
0.15

0.38
0.08

9.4
29.6

3.38

r
N

0.20
0.02
Total

18

0.03
0.9

•Fisenne and Keller (1970). \
tHallden and Harley (1964).
iChhabra(1966).
§de Bortoli and Gaglione (1972).
^Petrow. Schiessle, and Cover (1965).
"Mistry et al. (1970).

0.89

0.44

0.01

0.06

0.29

0.07

0.7

0.77

3.35

1.4

42.5
0.01
1.2

0.99

1.0

163

2
2

TABLE 9

United States
Foodstuff
class
Cereals
Meat, fish, eggs,
and poultry
Milk and dairy
Vegetables
Root (potatoes)
Green vegetables.
pulses, and fruit
Total
Carbohydrate
Other
Water
Daily tote's

2l0

Pb.'
pCi/day

2lo

Pb,t

pCi/day

0.41
0.16
0.16

0.16
0.15

Union of Soviet Socialist Republics
210

Pb4
pCi/day

210

Po,t

pCi/day

2.6

1.0

0.74
0.17

1.8

0.07

210

Po.§
pCi/day

Japan

Germany
210

Pb- :!lu Po,«(IpCi/day

< 2 1 °Pb/ 2 l 0 Po~1.0)

210

Pb,**
pCi/day

India
:lo

IETA

Comparison of Daily Dietary Intake of 2 ' °Pb and 2 ' °Po from Various Classes of Foodstuff
Po,tt
pCi/day

33

r-

0.9

0.9

0.5

0.93

m
m

0.9
0.2

1.5

12 (fish)

0.13

0.11
0.05

Q
Tl
M

0.32

1.77

»

01

0.16
(0.48)

0.2
2.6

1.1

0.76
0.14
0.1
1.3

1.2

0.6

~4

0.1 (tea)

0.12

0.06

6.2

4.0

•Morseand Welford (1871).
tBogen, Welford, and Morse (1976).
ILadinskaya et al. (1973).
§ Yermolayeva-Makovskaya, Pertsov, and Popov (1969).
^JGIoebel, Muth, and Oberhausen (1966).
**Takata, Watanabe.and Schikawa (1968).
ttKhandekar(1977).

0.25

»

of

5

0.01
2.8

4.6

17

1.4

-o

>
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half-lives (of at least 10 years), the concentrations of " 1 0 P b (70
pCi/kg ash) are about 3/ 2 times as great as those of 2 2 6 R a (20
pCi/kg ash) (National Council on Radiation Protection and Measurements, 1975) (one-half the 2 l 0 P b is not included here because it
derives from atmospheric sources). The gut absorption of radium is
given as 30% (International Commission on Radiological Protection,
1060) and measured for simulated radium dial paints as 20%
(Maletskos et al., 1969). Lead absorption is given as 8% (International Commission on Radiological Protection, 1960) and measured
by Hursh and Suomela (1968) at 1.3 to 16% ( 2 ' 2 Pb) in three men,
by Ramzaev et al. (1974) at about 46% in nine men ( 2 ' °Pb), and by
Blake (1976) as 13 ± 2.6 (standard deviation) % for seven subjects
after 96 hr ( 2 0 3 P b ) . In the last case an addiiional three men
exhibited retentions of 23 to 67%.
The absorption for the case of continuous intake can be
estimated from the single exponential model of the ICRP (International Commission on Radiological Protection, 1960), which assumes
a constant body size (adult) and a continuous exposure for times
long compared i,o the half-life (T,2). Thus
_ 0.693 mC
•2

Tf
II,

f
12

where T,2 = the effective half-life of the nuclide in the body, assumed
to be 10 years for these nuclides [my estimate, modified
from ICRP (International Commission on Radiological
Protection, I960)]
mC = mass (m) of the organ of interest multiplied by the
concentration (C) to give the total amount of the nuclide
in the organ
I = daily intake
f, = fractional transfer of the nuclide from the gut to blood
f 2 = fractional transfer from blood to the organ of interest
For 2 2 6 Ra with 50 pCi in the skeleton and an intake of 1.5
pCi/day, ftf2 =0.006. If f2 is 0.5 (International Commission on
Radiological Protection, 1960), then f, = 1.2%. For 2 ' °Pb with 150
pCi in the skeleton (that derived from food) and with f2 = 0.28, the
gut absorption is 6.7%. Thus the radium value is much lower than
that assumed by ICRP, whereas the 2 ' °Pb value is consistent with
their value.
This discrepancy is probably caused by the simplicity of the
single exponential model. The radium is excreted at a high rate soon
after absorption; thf.t is, the residence time of most of the radium is
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short. Thus, with the fractional retention described by the Norris
power function, R = 0.54 t~° 5 2 (Norris, Tyler, and Brues, 1958),
only about 50% of the radium reaching the blood is retained after
the first day. An exponential curve with a 10-year half-life tangent to
the power function extrapolates to 1.5% of the absorbed radium, i.e.,
the fraction with the 10-year half-life. With an absorption of 0.2
(Maletskos et al., 1969; International Commission on Radiological
Protection, 1973) and f2 = 0.5, the effective absorption is about
0.6%, a value close to the 1.2% above (taking into account the
assumptions). The rapid initial excretion of the radium implies that
most of it does not go to the bone; that is, the ICRP value of 0.5 for
f2 is much too large. The absorption can be considered an effective
absorption for long-term intake. A similar argument should apply to
2
' °Pb; although with a high initial retention and smaller exponent
(about 0.28), the discrepancy between the single exponential and
power function is much smaller.
CONCLUSIONS

The dietary intake of 2 2 6 Ra appears to be fairly constant with
time and location and, in the absence of special conditions, to have a
normal value of about 1.6 ± 0.4 pCi/day. This indicates that, in the
absence of measurements, the concentration in the diet, and
consequently that in the body, can be predicted to within a factor of
about 2. The very limited data on 2 2 8 Ra do not permit any estimate
on the constancy of the intake other than by analogy to 2 ' 6 Ra.
The dietary intake rates of 2 ' °Pb vary with country, but the
variation of intake within countries usually cannot be assessed
because of limited data. The extensive data from the United States,
however, shows a normal value of about 1.4 pCi/day with little
variability (±0.3 pCi/day).
The 2 ' °Po data are also limited, but normal values can be
inferred to be about 1.6 pCi/day on the basis of its association with
210
Pb.
Special conditions can contribute to appreciably greater intakes,
such as 2 2 8 Ra in monazite areas and 2 l 0 P b and 2 1 0 Po for
consumers of reindeer meat. In most of the areas studied, the
populations actually experiencing the higher intakes are small. Most
of the Japanese population, however, takes in high levels of 2 ' °Pb,
and probably 2 ' °Po also, from seafood.
The normal 2 2 6 Ra levels exhibit seasonal variability (Michelson
etal., 1962; Michelson, 1965). The dietary levels of 2 1 0 Pb and
2
' °Po in caribou meat show seasonal variations of 25% or more from
winter to summer, which make estimates of intake more difficult.
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The data summarized here may be useful in estimating the
metabolic parameters of interest and in making them more selfconsistent to more reliably estimate body content and dose rates
from dietary and other intake information.
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Thorium in Human Tissues
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ABSTRACT
The human tissue contents of natural alpha-emitting isotopes of thorium
( 2 2 8 Th, 2 3 0 T h , and 2 3 2 T h ) were determined in six sets of samples from
Colorado and two lung samples from New York. Lung, lymph nodes from lung,
liver, kidney, spleen, and bone were obtained at autopsy, and radiochemical
analyses were made by tissue digestion, solvent extraction, electrodeposition on
platinum, and solid-state alpha spectrometric measurements. Thorium-230 and
T h are distributed similarly in the body, with major amounts present in bone
(60%), followed by lung (20%) and lymph nodes (6%). Concentration decreased
in the order lymph nodes > lung > bone > liver, kidney, and spleen. Thorium228 is found primarily in bone (95%), and concentration decreases in the
order lymph nodes > bone > lung > liver, kidney, and spleen. For all isotopes
the median ratio of concentration in lymph nodes to lung was about 15.
Thorium-230 (but not 2 3 2 T h ) was significantly increased in lung and skeleton
samples from an underground hard-rock miner. Thorium-230 is apparently a
good indicator of lifelong exposure to dusts containing trace 2 3 Th. Doses were
highest to lymph nodes in the occupational exposure case, 5 to 10 mrads/year,
depending on whether or not the daughter products of z 2 S T h were assumed to
be absent or in equilibrium with the parent. The ratio of 2 3 0 T h to 2 3 2 T h in
Colorado tissue samples without occupational expo-'ire (1.4) was comparable to
that of controls (1.0) and probably reflects the rela 've geochemical abundance
of the isotopes in local soils.

The major objective of this study was to determine the thorium
content of man. This is of interest from a variety of points of view.
First, thorium is a naturally occurring element with four radioactive
alpha-emitting isotopes that could accumulate in the human body.
783
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The degree to which they accumulate in man is largely uninvestigated, with the exception of a series of measurements of 2 3 2 T h in
bone (Lucas, Edginton, and Markun, 1970). Measurements of
thorium in soft tissues, such as lung, are sufficiently scattered and
scarce to preclude the extraction of much useful information from
them. The manner in which thorium distributes among the organs in
man and the dose to man from the isotopes of thorium should be
understood. Also, since thorium is the natural element most
chemically and biologically analogous to plutonium, an understanding of its distribution in the human body would be useful in inferring
the long-term accumulation in man of plutonium from the environment. Another objective of this research was to determine whether
people living in towns containing uranium mill tailings exhibit
elevated levels of 2 3 0 T h in their tissues in comparison with control
populations.
Since this paper deals with preliminary information on samples
from eight individuals, the conclusions drawn are limited. They do,
however, represent the only reported analyses of 2 2 8 Th, 2 3 °Th, and
2 32
Th in the major organs in which their deposition is expected in
the human body, namely, lung, lymph nodes, liver, skeleton, and
kidney.
PHYSICAL PROPERTIES OF THORIUM ISOTOPES

The positions of the long-lived thorium isotopes 2 - 2 Th, 2 3 O Th,
and 2 2 8 Th in their decay series are shown in Fig. 1. Thorium-230
(half-life, 8.0 x 10 4 years) is a long-lived member of the uranium
series, and 2 3 2 T h (half-life, 1.39 x l O 1 0 years) is the parent of the
thorium series. Because 2 2 8 Th is the daughter of 2 2 8 Ra and because
its half-life is short compared with man's lifetime, its amount and
distribution in the human body should differ from amounts and
'iktributions of 2 3 0 T h and 2 3 2 Th. In addition, the alpha energies of
'..'/:i* nuclides, as well as the alpha energy of 2 2 "Th, which does not
%'y.;/ In nature, are noted (Fig. 2).
WFTHODS
f ta approach was to collect major portions of lung, liver, lymph
•..••u-i, 5k«;l«don, and kidney at autopsy. Subjects for this study were
;.«.=?*?.sMy victims of accidental deaths chosen to represent a normal
y.xs.lxiinti. Most of the results reported here are on samples from
.-..-,-;-- r.« 7/iui lived in a western mining town containing a uranium-
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y
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8.0 x 104 years

218 Po
"'Pb

Fig. 1 Mode of decay for thorium and uranium series.

tailings pile. The several control tissues (lungs only) were samples
from an eastern area.
The tissues were digested chemically, and the thorium was
removed by solvent extraction and electrodeposited on platinum
planchets. The alpha spectra were measured with a silicon surface
barrier detector. This technique allows us to measure the three
isotopes of thorium ( 2 3 2 Th, 2 3 0 Th, and 2 2 8 T h ) simultaneously,
along with 2 -yTh, which is added as a tracer to determine the yield.
A resulting alpha spectrum of a human lung sample is shown in
Fig. 2. We can see the rough equivalence in order of magnitude of the
three thorium isotopes present and the degree of separation of the
peaks associated with the technique, as well as the separation of the
tracer, 2 2 l ) Th, from the spectra of the other thorium isotopes.
Accordingly, a single measurement allows us to determine three
isotopes plus the radiochemical yield for the tracer.
Thorium was measured in six sets of tissue samples (four men
and two women, ages 26 to 83) obtained from Colorado. Two of
the subjects had occupational exposure to mine atmospheres; one
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Fig. 2 A typical alpha spectrum of a human lung.

was a mining engineer and the other a hard-rock miner who had also
worked in silica quarries. These two samples are grouped as
occupational exposure, as opposed to general background exposure.
Both the subjects smoked two packs of cigarettes per day; one had
smoked for 25 years. The other four subjects were not known to be
heavy smokers; two were identified as either nonsmokers or rare
smokers.
Pertinent information on pathology and habits was collected.
Date of death, age at death, body weight, sex, race, primary and
secondary causes of death, and gross weights of wet tissues were
recorded, along with any information on the general condition of the
subject—specifically, any evidence of lung, liver, or kidney degeneration or impairment or of carcinomas or tumors. Personal information
regarding the subject's residence, employment history and smoking
habits was also recorded. Details are summarized in Table 1.
Radiochemical Determination of Thorium

The method used to determine thorium in soft tissues was
developed in our laboratory (Singh et al., 1977). Weighed amounts of
tissue were transferred into proper size beakers and spiked with 1 to
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TABLE 1

Personal Information on Subjects
Case
number

Age

Sex

Occupation

b

72

M

7

81

M

11

83

M

25
44
48

76
63
26

M

Retired hardrock miner
Retired brick
mason
Retired security
guard
Housewife
Mining engineer
Housewife

F
F

Smoking
habits
Very heavy*
None
Rarely
None
Very heavyf
Unknown

Cause of death
Pneumonia, tracheal
ulceration
Pneumonia, heart
disease
Pneumonia, heart
disease
Heart disease
Heart disease
Automobile accident

*40 cigarettes/day for 25 years.
f2 to 3 packs/day from puberty to age 61.

2 dpm of 2 2 9 T h tracer. The suitability of this tracer is documented
elsewhere (Wrenn et al., 1978). The tissues were wet ashed with
nitric acid and a mixture of nitric and sulfuric acids, and finally a few
drops of nitric acid and hydrogen peroxide were added until the
evolution of brown fumes ceased. Thorium was coprecipitated with
iron by ammonium hydroxide. Finally, the precipitate was dissolved
in 1 : 1 HNO 3 , and the acidity was adjusted to AM. Thorium was
extracted twice in 25% tr:-lauryl amine (TLA), in xylene, preequilibrated with AM HNO3 and back extracted with 1OJW HC1 twice. The
aqueous phase was evaporated almost to dryness. treated with 10 ml
of 2M H 2 SO 4 , and then further evaporated to 1 to 2 ml. At this
stage organics from TLA entrained with HC1 were decomposed by
adding a few drops of nitric acid, and the solution was evaporated to
dryness. The residue was dissolved in l m l of 2M H.,SO4 and
transferred to the plating cell. The beaker was washed twice with
1 ml of 2M H2 SO 4 , and the washings were transferred to the cell
also. Thorium was electroplated onto a platinum planchet and
counted by alpha speetrometry with a surface-barrier silicon diode.
This method could not be used for bone samples because of the
high amounts of combined phosphate and calcium together, but a
method reported by Petrow and Strehlow (1967) gave satisfactory
radiochemical recoveries.
Thorium Content of Man (Literature)

The little information available on the content of thorium in
human tissues was reviewed recently (Wrenp, 1977). Most of the
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work was done either by fluorometric analysis (Petrow and Strehlow,
1967) or neutron activation (Clifton, Farrow, and Hamilton, 1971;
Budinger et al., 1972), both of vMch measure the 2 3 2 Th isotope.
Hill (1962) made alpha spectromei/ic measurements of human tissue
using a pulse-counting ion chamber, but the spectrai resolution was
not sufficient to give useful measurements of 2 3 0 Th.
Most of the work reported has been on bone samples. Lucas,
Edginton, and Markun (1970) reported 0.1 to 72 ng/g rib ash in 38
human samples, with a suggestion of increasing content with age.
Petrow and Strehlow reported 10 ng/g ash in a composite sample
from adult, skeletons. Clifton, Farrow, and Hamilton (1971) reported
a range of 0.8 to 164 ng/g in bone ash from 13 nonoccupationally
exposed persons.
Hill (1962) reported that in nine lung samples 2 3 2 Th values
ranged from 0.2 to 1 pCi/kg wet weight, with upper limit values for
230
T h of 0.4, 0.3, and 1.0 pCi/kg. Budinger et al. (1972) reported
the equivalent of 10 pCi/kg in one human lung and 0.2 pCi/kg in
liver.
Comparison with Animal Studies

The metabolism of thorium has been reviewed by several
investigators, notably Albert (1966) and those in the Light Water
Breeder Reactor Program (1976). Lanz et al. (1946), investigating
the metabolism of carrier-free 2 3 4 Th in NaCl injected in rats, showed
that, exclusive of that remaining at the site of injection, the skeleton
was the major locus of deposition and had the highest concentration.
In 1953 Hamilton et al. observed similar distribution of 22-7 Th in
rats after intramuscular injection as the citrate, but less thorium
remained at the site of injection. In both cases the distribution was
similar to that inferred here for man.
In u. .gs that had inhaled ThO 2 , lymph nodes were found to
contain 50-fold higher concentrations than lung tissue 6 years after
exposure (Hodge et al., 1960, unpublished communication). In five
human lungs the median lung-to-lymph-nodes ratios of 2 3 ° Th and
232
T h concentrations are 15 and 14, respectively. The low content
of thorium in the reticuloendothelial system (liver and spleen)
suggests that the thorium in leaving the lung behaves like the
monomeric form. This is consistent with the observed thorium
content in dogs after injection of the citrate (Stover et al., 1960) and
in rats after inhalation of thorium oxide (Boecker, Thomas, and
Scott, 1963). The results in man are qualitatively similar to the
distribution observed in animals.
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RESULTS AND DISCUSSION
Concentration of Thorium in Man

Concentrations of the three major isotopes of thorium, 2 2 X Th,
T h , and 2 3 2 Th, in lung, lymph nodes, liver, bone, kidney, and
spleen are given in Tables 2, 3, and 4, respectively. The concentrations of 2 2 KTh are highest in lymph nodes (2 to 18 pCi/kg), followed
by bone (0.5 to 2.3 pCi/kg) and lung (0.05 to 0.37 pCi/kg). In liver
and kidney 2 2 8 Th concentrations are lower, ranging from 0.1 to 0 5
and 0.05 to 0.35 pCi/kg, respectively. This spleen contained the lowest concentrations of 2 2 8 T h , ranging from 0.005 to 0.21 pCi/kg.
Thorium-228 levels appear to be highest in smokers' lymph nodes.
The reason for this may be that tobacco accumulates radium (Tso,
Harley, and Alexander, 1966), including 2 2 8 Ra, which decays to
22s
Th.
Concentrations of 2 3 0 T h follow a similar pattern in organ
distribution, except that the lung contains the second highest levels
after lymph nodes, with bone in number three position. Also,
concentrations of 2 3 O Th in liver, kidney, and spleen are very similar
to those of 2 2 8 Th, ranging from 0.2 to 0.8 pCi/g in liver, 0.3 to
1.40 pCi/g in kidney, and 0.25 to 1.5 pCi/g in spleen.
Concentrations of 2 3 2 T h followed the same trend as 2 3 0 T h .
Levels were 4.6 to 17.5 pCi/g in lymph nodes, 0.02 to 0.61 pCi/g in
lung, 0.10 to 0.44 pCi/g in bone, 0.06 to 0.32 pCi/g in liver, 0.06 to
0.33 pCi/g in kidney, and 0.10 to 0.15 pCi/g in spleen.
The fact that concentrations of 2 3 0 Th were slightly higher than
those of 2 3 2 Th in most of the soft tissues may reflect the local
relative geochemical abundances of the uranium and thorium series
(National Council on Radiation Protection and Measurements,
1970,. For example, the concentration of 2 3 0 T h in Chicago air is
almost twice that of 2 3 2 Th and 2 2 8 Th (Sedlet, Golchert, and Duffy,
1973). The trend was entirely different in bone concentrations,
however. Results of the determinations of 2 2 8 Th, 2 3 °Th, and 2 3 2 Th
concentrations in bone for each individual subject are given in
Table 5. For all except one subject (case 6), where 2 3 0 Th was
predominantly high in all the tissues, concentrations of 2 2 8 Th were
2 to 10 times higher than those of 2 3 2 Th. This suggests that the
major portion of 2 2 8 T h in bone is a result of the intake of
transportable 2 2 8 Ra, which concentrates in bone and then decays to
2l0

22

8Th

Two of the six subjects from Colorado showed clearly elevated
T h levels in comparison with other subjects. In the hard-rock
miner, concentrations were almost an order of magnitude higher in
230

Concentrations of
Case
number

Lung

Th in Human Tissues (pCi/kg wet weight)

Lymph
nodes

Liver

Vertebral
wedge

Kidney

Spleen

0 .08 ± 0.02
0 .13 ± 0.01

0.06 ± 0.01

Subjects with Occupational Exposure
6
44

0.67 ± 0.24
0.36 ±0.05

7
25
11
48

0.37
0.32
0.22
0.05

11.7 ± 2.4
17.4 ± 2.9

0.05 ± 0.01
0.51 ±0.17

0.54 ± 0.12
0.04 ± 0.01

iSubjects with No Known Occupational Exposure

Mean
Median
Number of
sample.;

±0.10
± 0.07
± 0.04
± 0.01

6.9 ± 1.2
7.0 ± 1.9
1.6 ± 0.9

0.22 ±0.06
0.15 ± 0.06
0.02 ± 0.006

2.3 + 0.74
0.71 ±0.21
1.8 ± 0.38

0. 31 ±0.09
0. 07 ± 0.03

0.24
0.27

5.2
6.9

0.13
0.15

1.6
1.8

0. 35 ±0.03
0.24
0.31

4

3

3

3

3

0.37 ± 0.08
0.13 ± 0.03
0.25
0.25
2
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TABLE 2
2 28

TABLE 3

Concentrations of
Case
number

Lung

6
44

12.3 ±0,.8
2.0 + 0, 1

23

°Th in Human Tissues (pCi/kg wet weight)

Lymph
nodes

Liver

Vertebral
wedge

Kidney

Spleen

1.4 ±0.2
0.37 ± 0.10

1.5 ± 0. 2

Subjects with Occupational Exposure
37.0 ± 4 . 0
19.6 ± 2 . 2

0.82 ±0.07
0.46 ±0.13

10.3 ± 0.4
1.0 ±0.1

H
O

c

s
i

c

Subjects with 1No Known Occupational Exposure
7
25
11
48
Mean
Median
Number of
samples

0.39
1.2
0.20
0.94

± 0. 08
± 0. 1
± 0 . 04
± 0. 27

12.1 ± 1.7
17.8 + 3.4
10.8 ±4.8

0.26 ± 0.05
0.19 ± 0.07

0.88 ± 0.36
0.22 ± 0.11
0.17 ± 0.12

0.63 ±0.16
0.27 ± 0.09

0.68
0.67

13.6
12.1

0.18
0.19

0.42
0.22

0.50 ±0.20
0.47
0.50

4

3

3

3

3

0.08 ±0.02

0.23 ±0. 07
0.25 ±0. 06
0.24
0.24
2

CO
CO

m
CO

TABLE 4

Concentrations of
Case
number

Lung

23 2

m

Th in Human Tissues (pCi/kg wet weight)

Lymph
nodes

Liver

Vertebral
wedge

Kidney

Spleen

0.61 ± 0.18
0.43+ 0.04

4.6 ± 1.4
5.7 ± 1.2

0.06 ±0.02
0.15 + 0.08

0.32 ± 0.07
0.10 ± 0.04

0. 11 ± 0.04
0. 17 ± 0.07

0.12 ± 0.04

11
48

Mean
Median
Number of
samples

0.60 ±0.08
0.61 ± 0.08
0.24 ± 0.05

8.7 + 1.4
17.4 ±3.6
6.5 + 3.8

8.7

0 .15
0 .11

0.44 ± 0.25
0.11 ± 0.08
0.17 ± 0.12
0.24
0.17

3

3

3

0.02 + 0.01
0.37
0.42
4

0.32 ±0.06
0.11 ± 0.05
0.02 ± 0.01

10.9

3D
>

o

oi
zm

Subjects with No Known Occupational Exposure
17
25

I

5

Subjects with Occupational Exposure
6
44

z
o

0. 20 ±0.08
0. 06 ± 0.04
0. 33 ± 0.J7

0.10 ± 0.05
0.15 + 0.08

0.20
0.20

0 .13
0 .13

3

2

>
n
n
o

O
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TABLE 5
228

Concentrations of
Th, 2 3 °Th, and 2 3 2 Th in Human
Vertebral Wedge (pCi/kg wet weight)
Case
number

Age

6
44
25
11
48

72
63
76
S3
26

228

0.54
0.04
2.27
0.71
1.83

Mean
Median
Number of
samples

232

2 3OTh

Th

10.33
0.98
0.88
0.22
0.17

+ 0.13
± 0.01
± 0.74
± 0.21
±0.38

+
+
±
±
+

0.32
0.10
0.44
0.11
0.17

0.40
0.12
0.36
0.11
0.12

Th

±0.07
± 0.04
±0.25
± 0.08
±0.12

1.08
0.71

2.52
0.88

0.23
0.17

5

5

5

TABLE 6

Comparison of Thorium Concentrations in Lungs of
Nonoccupationally Exposed Residents of
New York and Colorado (pCi/kg wet weight)
Case
number

230

228Th

Th

232,

Th

Colorado
7
25
11
48

0.37
0.32
0.22
0.06

+
±
±
±

0.10
0.07
0.04
0.01

0.39
1.21
0.20
0.94

i:0.08
i: 0.11
i: 0.04
i:0.27

0.60 ±
0.61 ±
0.24 ±
0.02 ±

0.10
0.08
0.05
0.01

New York
2
3

0.33 ± 0.04
1.06 ± 0.17

0.37 i: 0.04
1.43 dt 0.11

0.40 + 0.04
1.33 + 0.11

most of the tissues; in lymph nodes, levels were around three times
higher, probably as a result of his 40-year occupational exposure.
The limited conclusions to date suggest that, even though the
Colorado subjects of this study lived in the vicinity of uranium mine
tailings, they do not have any clearly elevated 2 3 0 T h concentrations
in their lungs in comparison with residents of New York, who are not
exposed to such tailings. The thorium concentrations in lungs of
nonoccupationally exposed New York and Colorado residents are
given in Table 6. For these individuals the total thorium alpha
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activity in lungs (2 2 8 Th, 2 3 °Th, and 2 32 Th) ranged from 0.7 to 2.1
pCi for Colorado residents and 1.1 and 3.8 pCi for New York
residents, assuming a lung mass of 1 kg for all subjects. The 2 3 0 Th
range was 0.20 to 1.21 in the four samples from Colorado and 0.37
to 1.43 in the two New York samples.
Distribution of Thorium in Man

The total content of thorium in man can be estimated by
multiplying the observed concentrations in various tissues by tissue
mass and summing. One problem is that we have not analyzed all
organs, but, on the basis of studies in animals, we have collected the
organs that should contain most of the thorium. Table 7 shows the
TABLE 7

Derived Median Thorium Isotope Distributions
in Human Organs* (%)
Tissue
sample

228

Th

Lung
Lymph nodes
Softtissuesf
Skeleton

1.8
0.7
2.6
94.9

Total amount in
organs, pCi

15.2

23O

Th

21.0
6.0
17.0
56.0
3.14

232

Th

20.0
6.0
13.0
62.0
2.20

*Masses of organs were normalized to standard
man masses to perform the calculation. Values chosen
were lung, 1 kg; lymph nodes, 15 g; skeleton
(consisting of mineral bone, red and yellow marrow,
and cartilage), 8 kg; kidney, 0.31 kg; liver, 1.8 kg; and
spleen, 0.18 kg.
tSpleen, liver, and kidney.

distribution by organ for the three isotopes of thorium. As would be
expected, 2 3 0 T h and 2 3 2 Th are distributed similarly. About 20% of
the body content is in the lung and close to 60% in the skeleton; the
lymph nodes contain 6% and the soft tissues, liver, spleen, and
kidney, a residual 15%. We recognize that errors are possible as a
result of the small number of samples and of failure to include
muscle and other soft tissues and blood. There is some confusion in
the literature since Clifton, Farrow, and Hamilton (1971) concluded
that blood contained a significant proportion of total-body thorium
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in some nonoccupationally exposed people. Their method of analysis
was neutron activation of the 2 3 2 Th isotope and radiochemical
separation of the 2 3 3 Pa activation product.
Thorium-228 is distributed quite differently than 2 3 2 Th and
23O
Th, with 95% in the skeleton and only 1.8% in the lungs. The
228
T h in the skeleton presumably is a result of ingrowth from
22 8
Ra, which is known to deposit ir jone. Radium is known to be
readily taken up from diet, especially in comparison with thorium. In
addition, the total 2 2 8 T h content of the body was three times the
sum of the contents of 2 3 °Th and 2 3 2 Th.
Radiation Dose to Man

We recorded the limits of some dose calculations among the
highest and lowest samples. First, we noted that the 2 3 °Th series was
present in Colorado residents in slightly greater abundance than was
232
T h . Normalized to the whole-body content, there is roughly a
40% excess of 2 i 0 T h over 2 3 2 Th. This may result from the relative
geochemical abundance of the two isotopes in that part of the
country, but this has not been established by analyses of soil. The
ratio is slightly less and closer to 1 in lung tissue from two New York
City residents. In any event, we would expect the ratio of the two
isotopes to reflect the relative geochemical abundance as indicated
by thorium in airborne dust in the areas where people have livei-.
Radiation dose is calculated according to the formula
D = 18.7CE
where D is the dose rate (mrads/year), C is the activity concentration
in tissue (pCi/g), and E is the energy absorbed per disintegration
(MeV). Since it is impossible to calculate the dose rate accurately
without knowledge of the degree of equilibrium of the 2 2 8 T h
daughters, we made the calculations using the two extreme assumptions: (1) no daughters are present, and (2) all the daughters are
present in equilibrium.
By our calculations the total dose of all three thorium isotopes in
the occupationally exposed former miner is between 4.8 and 10.5
mrads/year in lymph nodes and 1.2 and 1.5 mrads/year in lungs. In
nonoccupationally exposed subjects from New York City, the dose
to lungs was 0.2 to 0.6 mrads/year, assuming equilibrium of the
228
T h daughters, and the dose to the skeleton ranged from 0.02 to
0.4 mrads/year. We used the assumption of equilibrium because it
appeared to us to be most reasonable here.
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CONCLUSIONS

1. All thorium nuclides were concentrated in lymph nodes of the
lung. In five lung samples the median lymph-nodes-to-lung ratios of
the concentrations of 2 2 8 Th, 2 3 0 T h , and 2 3 2 Th were 19, 15, and
14, respectively.
2. All three nuclides were measurable in lung, lymph nodes, liver,
bone (vertebrae), kidney, and spleen. Concentrations decreased in the
order lymph nodes > lung > bone > spleen, liver, and kidney for
23
°Th and 2 3 2 Th and lymph nodes > bone > lung, spleen, liver, and
kidney for 2 2 8 T h .
3. Interestingly, liver concentrations were low. Animal experiments with soluble forms of thorium showed low depositions in
kidney and liver, in contrast to studies in which thorium was
administered in the colloidal form, which accumulates in reticuloendothelial tissue in spleen and liver.
4. In bone 2 2 8 T h levels exceeded those of both 2 3 0 T h and
232
Th by considerable amounts. We hypothesized that 2 2 8 Th in
bone reflects the 2 2 8 Ra parent, which is known to be readily
accumulated from diet.
5. Thorium-230 levels appeared to be elevated relative to those of
232
Th, although the ratio was consistent.
6. Thorium-230 levels in lung or lymph nodes appeared to be a
good indication of occupational exposure to dusts, as shown by the
elevated 2 3 0 T h levels in a former underground hard-rock miner and
quarry worker.
7. Both skeleton and lung seemed to be good integrators of
232
Th and 2 3 0 T h . Although the highest concentrations were found
in lymph nodes, lung, and skeleton, in that order, the highest total
accumulation was in the skeleton. Thus we hypothesized that the
skeleton is a good integrator of the total lifetime thorium input to
the human body.
8. The data suggested that 2 3 °Th and 2 32 Th in lymph nodes are
good indicators of occupational exposure to dust. On the other hand,
high 2 2 8 Th levels in lymph nodes may indicate heavy smoking.
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DISCUSSION
Cheng: What is the mechanism for the thorium isotopes that
appear in the human body, i.e., through inhalation or ingestion? I am
concerned about the mineral dusts containing the thorium isotopes
which can be inhaled by uranium occupational groups.
Wrenn: The distribution in the body leads us to conclude that
232
Th and 2 3 °Th appear to be accumulated primarily by inhalation,
whereas 2 2 8 Th appears to be accumulated via its parent, 2 2 8 Ra,
through ingestion.
We believe the 2 3 0 Th identified in the skeleton of the former
hard rock miner may be a good indicator of cumulative lifetime
exposure to mineral dusts.
Van Middlesworth: It would be interesting to measure thorium in
lungs and lung lymph nodes from human beings and animals that
have lived near coal-burning power plants.
Wrenn: Yes, it might, but unless we can identify a really dirty
situation, I am afraid it might be difficult to distinguish a change. We
have no current plans to do such a study.
Van Middlesworth: If you could prepare radioautographs of
lymph nodes, you may find localized sources of thorium, and that
could mean some cells may receive biologically important doses.
Wrenn: I think there is undoubtedly a nonuniform dose
distribution pattern in lymph nodes, but I have no direct measurements to show it. Neutron-induced fission track radioautography
might be the best way to investigate it.
Bonka: I am not surprised about the greater 2 3 0 T h concentrations in the organs of people in New York. I think that there is an
influence of burned fossil fuel! If I may come back to the last paper
of Mr. Holtzman, I want to say that the greater intake of 2 2 6 Ra and
the other natural radionuclides in West Germany vis-a-vis the United
States is probably due to the great amount of coal burned in West
Germany.
of

Wrenn: With regard to your statement about our measurements
Th in human lung, I don't agree with your statement, which

230
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seems to me is a speculation unsupported by evidence. First, the
230
Th content is very low in an absolute sense. Extremely sensitive
techniques were required to detect it, by radiochemical analysis of
large tissue samples obtained by autopsy. The values in New York
lungs were comparable to, although slightly higher than, those
obtained from Colorado lungs.
Second the contribution of fly ash from the burning of coal
would be the only important source of the isotopes in any fossil fuel.
Oils and natural gas would be low. In New York City the
contribution of fly ash from combustion of coal to total suspended
particulates is very low and has been low for the past decade. Surely
lung values reflect inhalation over the last 5 years or so, and
therefore it is unlikely, in my opinion, that the thorium in lungs
from New York is from fossil-fuel combustion.
Holtzman: (Comment) The 2 2 8 Th value in bone is about 0.006
pCi/gram ash—similar to the levels of 2 2 8 T h in human bone
reported by Lucas, Holtzman, and Dahlin, Science, 1965.
Wrenn: We are gratified to see the similarity of the results, even
though the samples came from a geographically distant area.

Natural Radioactivity in Indian Foodstuffs

B. Y. LALJ.T and T. V. RAMACHANDRAN
Air Monitoring Section, Bhabha Atomic Research Centre, Bombay, India

ABSTRACT
This paper presents results of gamma spectroscopic measurements of natural
radioisotopes in some foodstuffs that form the principal ingredients of a
composite Indian diet. A brief description of sampling and measurement
procedures is given, along with the natural radioactivity from 4 0 K , 2 2 6 R a , and
* * Th. The assessment of daily intakes of these isotopes was made on the basis
of average daily intake of foodstuffs for the people of Bombay and its environs.
The radioactivity content varied from 2.8 to 23.4 pCi/kg for 2 2 6 R a , 0.9 to 24.3
pCi/kg for 2 2 8 T h , and 1,200 to 12,000 pCi/kg lor 4 0 K . The average daily
intakes of 2 2 6 R a , 2 2 8 T h , and 4 0 K were 3.8, 3.6, and 1,960 pCi, respectively,
for the period from 1970 to 1974.

Radioactivity in the diet of man consists of fallout radionuclides and
natural radioactivity from the two primordial radioactive series with
218
U and 2 3 2 T h as parents and from 4 0 K. The decline in
weapons-testing programs since the test moratorium in 1962 resulted
in a significant decrease in fallout radioactivity after 1968. This
enabled measurements of natural radioactivity in foodstuffs to be
made by using the simple technique of gamma spectrometry
(Gustafson and Brar, 1964). Lalit and Ramachandran (1976)
measured radioactivity of natural and fallout origin in composite diet
samples (called Thali*). This provides perhaps the simplest way of
•Approximate composition of the composite diet sample called Thali is:
Rice

100—150 g

Curds

Wheat

150—200 g

Miscellaneous (raw

Pulses, in curry form
Vegetables, including potatoes

100—125 g
100—150 g

onion, papad,
picklcis, pic.)

All components are in cooked form, hence values ar<? wtt w<!ii!htK.
800

75—100 g
25 g
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assessing the daily intake of radioactivity of natural origin. The
composite diet consisted of a number of different types of foodstuffs
(e.g., rice, wheat, potatoes, pulses,* and leafy vegetables) in different
proportions, depending on food habits. We analyzed the individual
ingredients of the composite diet for radioactivity content to gain
some information on the contribution of various food items to total
radioactivity. This paper gives the results of measurements of the
226
Ra, 22S Th, and 4 ° K content in the foodstuffs mentioned, which
form part of the composite diet for the period from 1970 to 1974.

SAMPLING AND MEASUREMENT PROCEDURES
About 5-kg samples of food items for analysis were collected
from the market quarterly. The samples were ashed at about 350°C
to minimize losses of ' 3 7 Cs during ashing. After ashing, the samples
were transferred to airtight plastic containers (6.5 cm in diameter
and 7.5 cm high) and stored for a minimum period of 1 month to
allow radon and thoron daughter products to come to radioactive
equilibrium with their parent 2 2 6 R a and 2 2 8 Th. The equilibrated
samples were then counted on a 12.5- by 10.0-cm Nal(Tl) integral
assembly housed in a 15-cm-thick lead shield lined with cadmium
and copper. Leafy vegetables and potato samples were counted for
400 to 500 min. Samples of rice, wheat, and pulses were counted for
1000 min because they have lower radioactivity content in comparison with the other vegetables sampled. The counting and calibration
procedures are given elsewhere (Lalit and Ramachandran, 1976).
Details of the calculations are given briefly here.
The energy regions used for estimating various isotopes, the
conversion factors, and the minimum detectable levels for the system
used are:
Isotope
40

K
Ra
228
Th
226

Energy region, Conversion factor,
MeV
pCi/cpm

1.28-1.58
1.62-2.02
2.42-2.77

Minimum detectable
level, pCi

97.8
36.9
67.2

15.4
4.0
5.0

Concentrations of 2 2 8 T h , 2 2 6 R a , a n d 4 0 K were d e t e r m i n e d in t h e
energy regions b y the following e q u a t i o n s :
C3=T2.62

C2 = T , . 7 6 - O . 8 I C 3

C, = T

1 4 6

* [Editors note: Beans and peas are examples of pulses. ]

-0.89C

3

-
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where C 3 , C 2 , and C, are actual counts, in their respective energy
regions, for 2 2 8 T h , 2 2 f i R a , and 4 0 K ; and T \ . h 2 , T. . 7 h , and T , . 4 f ,
are total counts (corrected for background) observed in the spectra
of the respective energy regions of 2 2 8 T h , 2 2 " R a , and 4 0 K . The
total counts were used to estimate the concentrations of the isotopes
if and only if they were one standard deviation above the level in the
background in their respective energy regions.
RESULTS AND DISCUSSIONS

Results of the radioactivity measurements are given in Table 1.
Concentrations of radioisotopes are reported in picocuries per
kilogram of dry weight for rice, wheat, and pulses and picocuries per
kilogram of wet weight for potatoes and leafy vegetables. Results are
TABLE 1
Natural Radioactivity in Indian Foodstuffs: Average Annual
Values, 1970—1974
Foodstuff
and year
Rice
1970
1971
1972
1973
1974
Wheat
1970
1971
1972
1973
1974
Pulses
1970
1971
1972
1973
1674
Potatoes
1970
1971
1972
1973
1974

Concentration,* pCi/kg
226
228
Ra

4 0

K

Th

1660
1500
1680
1240
2340

8.0
6.4
6.0
4.4
6.1

15.2
13.5

4150
3430
3750
3900
3220

14.5
10.5

12.9

10960
9970
11980
12080
12900
4890
4660
5190
4440
4350

8.7
6.9
9.8

Potassium,*
g/kg

Activity
ratio,
228
Th/ 2 2 6 Ra

2.0
1.8
2.0
1.5
2.8

1.9
2.1
1.5
1.6
1.6
0.9
0.6
0.9
0.8
0.8

7.5

6.4
6.9

14.9
12.7

11.9
10.6

4.9
4.1
4.5
4.7
3.8

5.8

13.1
11.9
14.3
14.5
15.6

0.1

23.4

0.6
0.4
4.1
4.3
4.1

15.9

22.9

2.8
8.8
4.3
9.8

0.9
3.8
6.8

5.8
5.6
6.2
5.3
5.2

1.4
0.3
0.4
1.6
1.7

13.5
6.9
9.7

0.03
0.6
0.4
0.2

17.1
(Table continues on following page.)
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Foodstuff
and year
Fish
1971
1972
Mutton
1970
Spinach
1970
1971
2 972
1973
1974
Chawli
f Vigna
sinensis)
1970
1971
i972
1973
1974
Fenugreek
1970
1971
1972
1973
1974

Concentration,* pCi/kg
40

"8Th

R

Potassium,*

Activity ratio.

2060
2330

16.8
8.8

3.9
7.3

2.5
2.9

0.2
0.8

1780

9.0

5.5

2.1

0.6

4710
3840
3270
2760
2720

9.3
4.9
8.6
5.3

3.7
6.1
6.4
9.2
7.9

5.6
4.6
3.9
3.2
3.2

0.4

'2.0

5.8
6.7
4.2
7.0
6.9

0.3
0.6
1.6
0.9
0.6

4.6
4.3
3.7
2.6
5.7

1.2
0.7
2.4
1.5
1.0

4870
5640
3470
5900
5880
3860
3640
3110
2210
4790

12.1

6.0
9.9
6.4
8.2

5.6
9.9
7.6

23.0

13.1

19.8
14.9

24.3
10.0
10.5
14.0

4.4
9.4
6.4

6.5

1.24
0.7
1.7
0.7

*AU values except rice, wheat, and pulses are wet weights.

accurate to about ±20%, except for 4 0 K, where they are within
±10%. Table 2 gives the average daily intakes of various food items
for the western region of India, calculated from data given by the
Indian Council of Medical Research (1964). Also given are the daily
intakes of various isotopes in the foodstuffs we sampled, in picocuries
calculated on the basis of the data given in Table 1. Figure 1 shows a
typical background spectrum for our laboratory environment.
Figures 2 and 3 show gamma-ray spectra of typical leafy vegetable
and wheat samples, respectively.
It is well known that 4 0 K is the predominant radioactive
component in normal plant foods and animal tissues. As seen in
Table 1, pulses contain the maximum amount of 4 0 K activity, about
10,000 to 12,000 pCi/kg. Potassium-40 levels in wheat, potatoes, and
leafy vegetables ranged from 3,000 to 5,000 pCi/kg for most
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TABLE 2

Average Daily Intake of Different Foodstuffs and of Natural
Radioactivity for Midwestern Part of India, 1970—1974
Foodstuff
Rice
Wheat
Pulses
Leafy vegetables
Potatoes and other
vegetablest
Meat and fish
Milkt
Total

Average daily
intake,* g

Intake, pCi
226

Ra

"8Th

40

K

Potassium
intake, g

140
100
70
10

0.87
1.20
0.83
0.10

1.51
0.97
0.19
0.10

240
370
810
40

0.28
0.44
0.97
0.05

70
20
125

0.58
0.22

0.72
0.11

330
40
130

0.39
0.05
0.16

3.8

3.6

1960

2.34

*Values are averages for Maharashtra and Gujarat states.
fMajor contribution is from potatoes. Other vegetables included have
radioisotope contents of the same order as potatoes.
tpotassium content in milk is the average value for 1970—1974. Data from
Mishra, Lalit, and Ramachandran (1976).

samples; levels in rice, fish, and mutton were comparatively low, in
the range of 1,200 to 2,000 pCi/kg. Since potassium entering the
human body is under close homeostatic control, variations in the
compositions of the diet and in 4 ° K levels have little effect on the
radiation dose received. Average daily intake of potassium was
2.34 g, which is comparable with the reported values of 1.4 to 6.5
g/day for some other places in the world (Eisenbud, 1973).
Large variations were observed in the 2 2 6 Ra and 2 2 8 Th levels in
the food samples (Table 1). The content of 2 2 6 Ra varied from 2.8 to
23.4 pCi/kg. Variations of 2 2 8 Th content were from 0.4 to 24.3
pCi/kg. The activity ratio of 2 2 8 Ra/2 2 6 Ra reported in the literature
was 0.25 to 0.5 (Eisenbud, 1973). Only 2 2 8 Th values are reported in
this paper because 2 2 8 Th is not likely to be in equilibrium with
228
Ra in samples of vegetable and animal origin having a life span of
a few months to a few years. For nearly 60 to 70% of the samples,
however, the 2 2 8 T h / 2 2 6 R a ratio ranged from 0.2 to 0.9. The
remaining samples had ratios greater than unity. For most of the rice
samples, this ratio was greater than unity; for wheat samples, less
than unity; and for food samples of animal origin, less than 0.8.
Because such details as radioactivity status of the soil, origin of the
sample and storage periods for the cereals and pulses are not known,
this ratio is not discussed in further detail.
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Fig. 1 Typical environmental gamma radiation spectrum of the
12.5- by 10-cm Nal(Tl) detector.

Some of the trends observed in variations in natural radioactivity
are: (1) The samples that had somewhat higher levels of 2 2 6 R a
activity also had a higher content of 2 2 8 Th. Since the thorium and
uranium contents of the soils bear a constant ratio of 3.8 for most
Indian soils (Mishra and Sadasivan, 1971) and since 2 2 8 Th in
foodstuffs has 2 2 8 Ra as precursor following the same metabolic
pathways as 2 2 6 Ra, 2 2 8 T h levels are expected to approximate
226
R a levels. (2) Leafy vegetables show somewhat higher levels of
40
K, Z 2 6 Ra, and 2 2 8 Th during the latter half of the year. These
samples were grown mostly during the rainy season (June to
October), when ample moisture was available in soil and air to
promote somewhat enhanced uptake of the radioisotopes through
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Fig. 2 Gamma spectrum of a typical chawli sample, August 1970.

soil and air (Russell, 1966). Potato samples collected from January
to April also had somewhat higher concentrations of 2 2 6 Ra and
228
Th. The explanation is probably the same as that given for leafy
vegetables. The 3- to 6-month delay in the rise of levels, compared
with those in leafy vegetables, is attributed to storage and transport
of the foods from one area to another. (3) Samples of rice, wheat,
and pulses show no significant trends. Wheat samples grown in the
western and northwestern parts of India show somewhat lower
natural radioactivity content compared with that of wheat grown
overseas. This is in line with the lower natural radioactivity of Indian
soils. The average values for Indian soils are 4.5 ppm of 2 3 2 Th and
1.2 ppm of 2 3 8 U ; these are lower than the average global values of
11.4 and 3.0 ppm for 2 3 2 Thand 2 3 8 U , respectively (Adams, 1962).
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Fig. 3 Gamma spectrum of a typical wheat sample, May 1971.

Mishra and Sadasivan (1971) found that 2 3 2 Th and 2 3 8 U contents
are low in the soils in the western and northwestern parts of the
country, where the wheat samples were grown.
Table 2 gives the average daily intakes of different types of
foodstuffs for western parts of India. These data were obtained from
values available in diet surveys for Maharashtra and Gujarat states.
Millets are not considered here. Daily intake of millet is about 200 g,
and the few measurements made on millet indicate that its natural
radioactivity content is comparable to that of wheat. Thus its
omission will not alter the nature of our discussion.
The daily intakes of 2 2 6 Ra, 2 2 8 Th, and 4 ° K given in Table 2 are
calculated on the basis of the intake data given in column 2 of the
table and the average values of these isotopes in different foodstuffs
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for 1970—1974, obtained from Table 1. Thus the values given are
average daily intakes for this period. Table 2 also gives the total daily
intakes of these isotopes in the different foodstuffs considered here.
These total values can be compared with the daily intake values
reported earlier for these isotopes from the composite diet samples
(Lalit and Ramachandran, 1976). The average daily intake values for
1970—1974, from the composite diet samples study, are: 2 2 6 Ra, 4.5
pCi; 2 2 8 Th, 3.9 pCi; and 4 0 K, 2160 pCi. Our analysis of individual
diet components gives values of 3.8, 3.6, and 1,960 pCi for daily
intakes of 2 2 6 Ra, 2 2 8 Th, and 4 0 K, respectively. Thus the daily
intake values for natural radioactivity found by these two studies
agree within 20%. The analyses of composite diet and milk samples
for intake of naturally occurring radioisotopes give a reasonable
assessment and can be used instead of analyses of individual food
components to make estimates of daily intake. Assessment made
from analysis of Thali samples is also more realistic because it
accounts for losses of radioactivity in preliminary treatment of
foodstuffs (e.g., washing, soaking, peeling, and fermentation) and for
further losses, if any, in heating and cooking procedures.
The daily intake .dues of 2 2 6 R a and 2 2 8 T h for India are
somewhat higher than those given for western countries, e.g., the
United States and the United Kingdom. Daily intake values for New
York were found to be 1.8 and 1.2 pCi for 2 2 6 R a and 2 2 8 Ra,
respectively, and for the United Kingdom, 1.2 pCi for 2 2 6 Ra
(UNSCEAR, 1972). Data on 2 2 6 R a in New York City diets
(Eisenbud, 1973) and the following discussion in this paper show
that the natural radioactivity content of nonvagetarian food items is
low compared with that of foodstuffs of plant origin. In the United
States, 36% of all food items are of animal origin and 48% of plant
origin, whereas in India the respective values are 9 and 84%
(Sukhatme, 1961). Fats and oils are not included in these statistics.
These percentages explain the higher values of 2 2 6 R a and 2 2 8 Th
radioactivity intake in Indian diets. It is clear from Table 2 that
about 75% of the intakes of 2 2 6 Ra, 2 2 8 Th, and 4 ° K radioactivity is
from cereals and pulses. These food items also constitute about 75%
of total daily diet on weight basis. Daily intake of 4 0 K from
pulses is 45% of the total 4 0 K intake because of the high potassium
content of this foodstuff. Considering the specific radioactivity of
"ie food items sampled, we find that rice is somewhat low in 2 2 6 Ra
and 4 ° K content, that meat and fish have low levels of 2 2 8 Th and
40
K radioactivity, and that for pulses the specific radioactivity of
228
Th is low and that of 4 0 K is high in comparison with other
foodstuffs.
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Radium-226 Levels in Italian
Drinking Waters and Foods

G. G. MASTINU* and G. P. SANTARONIf
•Environmental Protection Division, CNEN Casaccia Rome, Italy, and tlstituto
Nazionale della Nutrizione, Rome, Italy

ABSTRACT
Levels of 2 2 6 Ra in Italian waters and foods were measured. Results were similar
to those found in other countries, except for some mineral waters with 3 2 6 Ra
concentrations above 1 pCi/liter and up to 19 pCi/liter. No definite correlation
was found between the 2 2 6 R a concentrations measured and the high natural
background radiation levels determined in central Italy in previous work.

Natural radioactivity is an environmental factor that has been present
at the earth's surface since the formation of the planet. It has,
therefore, affected most kinds of living organisms, to differing
degrees, and probably contributed to their evolution. The development of wider knowledge in this field has been repeatedly recognized
as the starting point for evaluating the impact of technological
developments in nuclear and conventional industrial activities on the
environment and human health (International Commission on
Radiological Protection, 1959; Commission of European Communities, 1974; UNSCEAR, 1977).
In fact, the growing rate of human activities in nuclear and
non-nuclear fields calls for data to evaluate the exposure of man ai
natural levels. These data provide information on human exposure to
low levels of radiation and on possible dose—effect relationships
which is necessary for radiation-protection purposes in the siting
of nuclear installations (International Commission on Radiological
Protection, 1959). Other fields of application are studies of the
transfer mechanisms of natural radionuclides from the environment
810
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to man through the food chain and of man-made exposure from
natural sources (Gesell and Prichard, 1975).
SAMPLING AND RESULTS

In Italy, extensive studies of natural radioactivity covered only
external radiation exposure (Cardinale et al., 1972). Other works
(de Bortoli and Gaglione, 1972; Allegrini et al., 1972) indicated that
the use of mineral water may give a consistent dietary contribution
to internal contamination because of the presence of 2 2 6 R a
(Mastinu, 1975; Mastinu and Santaroni, 1973).
This paper summarizes the results of a survey of 2 2 6 Ra levels in
some diets and foods. Its objectives are to evaluate 2 2 6 R a intake
levels for the Italian population at large and to recognize population
groups possibly exposed to higher intakes as a consequence of
dietary habits and of the geomorphological conditions of their
environments.
Particular concern was given to mineral water since it is widely
consumed as table water and is a major constituent of the diets of
bottle-fed infants (Allegrini et al., 1972; Frittelli and Mastinu, 1973).
Therefore, all 207 mineral waters sold and consumed in Italy were
sampled with the additional aim of looking for possible correlations
between terrestrial radiation variations throughout the country
(Cardinale et al., 1972) and 2 2 6 Ra levels in water tables.
The locations of mineral springs and of those containing 2 2 6 Ra
in concentrations greater than 1 pCi/liter are shown in Fig. 1.
Concentrations of 2 2 2 Rn in mineral water, obtained from licensing
data, are given in Fig. 2, and measured 2 2 b Ra concentrations and the
ratio of radium to calcium (pCi 2 2 6 Ra/g Ca) are shown in Figs. 3 and
4, respectively. Levels of 2 2 2 Rn are in the medium range, and 2 2 6 Ra
concentrations for most waters range from less than 0.08 to
1 pCi/liter. About 30 samples, however, have concentrations above
1 pCi/liter and up to 19 pCi/liter. These values are similar to those
found in other countries (Lucas and Ilcewicz, 1958; Lucas, 1960,
1961; Petersen etal., 1966; Remy and Pellerin, 1968; Heinberger
et al., 1974). The samples were collected from the same water that
goes to consumers. A preliminary study showed that 2 2 6 R a
absorption by walls of standard, commercial glass containers was
negligible in the considered concentration ranges.
Ten of the largest water supplies (largest on the basis of surface
reservoirs and/or water tables) were also sampled to test their
contribution to the daily intake of 2 2 6 Ra. Surface waters showed
concentrations below 0.04 pCi/liter and concentrations in under-
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Fig. 1 Locations of mineral water springs in Italy. Single points
may represent several springs.

ground waters ranged from 0.04 to 0.3 pCi/liter. To ascertain
possible transfer to man of 2 2 6 Ra in the soil through the food chain,
we analyzed milk and food samples. Milk from the 15 main
producers of Italy was analyzed. The areas of origin of the samples,
together with their respective 2 2 6 R a concentrations and radium/
calcium ratios, are given in Fig. 5. As can be seen from the figure,
concentrations range from 0.08 to 0.51 pCi/liter and are similar to
those measured in northern Italy by de Bortoli and Gaglione (1972)
and in the United States by Morse and Welford (1974).
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Fig. 2 Concentrations of 2 2 2 Rn in some Italian mineral waters, as
reported in the licensing data.

Ten samples of adult diets were collected in each of four towns
characterized by different geographical, social, and pollution conditions. A large town, an industrialized town, and two country towns
with different socioeconomic conditions were selected. Daily intake
of 2 2 6 Ra ranged from concentrations of 0.3 to 2 pCi, and ratios
ranged from 0.1 to 0.9 pCi 2 26 Ra/g Ca. These values are comparable
to those measured in normal background areas of other countries,
which ranged from 0.2 to 4 pCi 226 Ra/day, and from 0.3 to 4 pCi
226
Ra/g Ca (Hallden and Fisenne, 1961; Northeastern Radiological
Health Laboratory, 1969; Fisenne and Keller, 1970; de Bortoli and
Gaglione, 1972; California Department of Public Health, 1972, 1974;
Morse and Welford, 1974; UNSCEAR, 1977).
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Fig. 3 Concentrations of 2 2 6 R a in Italian mineral waters. Values
indicated as 0 to 0.08 were below minimum detectable concentration.

The diets of teenagers in boarding schools in three large towns in
northern, middle, and southern Italy were also sampled. The
locations of these towns and of those selected for adult diet sampling
are shown in Fig. 6, together with their respective daily intakes of
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Fig. 4 Radiutn/calciuni ratio in Italian mineral waters.
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Ra and radium/calcium ratios. The values measured ranged from
0.3 to 0.9 pCi 226 Ra/day and from 0.3 to 1 pCi 2 2 6 Ra/g Ca. These
values are comparable to those found in other European countries
for adolescents' diets, which ranged from 0.5 to 2.8 pCi 226 Ra/day
and from 0.5 to 2.2 pCi 2 2 6 Ra/g Ca (Smeets and van der Stricht,
1970).
To test first-year diets, we sampled 23 of the most widely used
infant foods, including powdered milk, cereal flours, and food
supplements, and evaluated daily intakes, according to the recom-
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Areas of origin of
milk samples

Fig. 5 Areas of origin of milk samples from 15 main Italian milk
producers, together with 2 2 6 Ra concentrations (pCi/liter) and
radium/calcium ratios (pCi 226 Ra/g Ca), in parentheses, of each

mended allowances, for four different ages, 1 month, 3 months, 6
months, and 12 months. A similar evaluation for the three last
periods was applied to diets based en cow's milk, for which an
average value of 2 2 6 Ra was calculated from the milk concentrations
measured throughout the country (see Fig. 5). Since mineral water is
used in these infant diets, tha 2 2 6 Ra concentrations were estimated,
on the basis of the type of water recommended, to range from 0.1 to
4 pCi/liter, and the daily intake for each diet was derived from these
figures (Table 1). The results are summarized in Fig. 7, together
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Fig. 6 Geographical distribution of the sampling areas for teenagers'
{'.-) and adults' (•) diets. Average daily intakes (pCi : : '' Ra/day) and
ratios of radium to calcium (pCi 2 ' 6 R a / g Ca), in parentheses, in
each area are shown.

with daily intake ranges for adults' and teenagers' diets. First-year
diets may result in higher 2 2 " R a intakes, the lowest values being
those of the diets based on cow's milk. This may be caused by the
widespread use of mineral water, which has : : < ' R a concentrations 10
to 100 times those of tap water. Adults' and teenagers' diets
containing tap water, in fact, showed much lower values of daily
intake of 2 2 6 Ra.
Figure 8 shows picocuries of 22h Ra per kilogram of sample
measured or estimated (in first-year diets). Concentrations higher
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TABLE 1

Daily Intake of 2 2 6 R a a n d 226 Ra/Ca
Ratios in First-Year Diets
Age, months

Dally intake,
pCi 2 2 6 Ra

Ratio,
pCi 2 2 6 Ra/g Ca

1
3
6
12

0.7—2.2
0.17—3.2
0.7—4.5
1.2—5.9

0.30—13
0.24—15
0.8-11
1.8-13

i

i I

i I i i r
I j l j j Measured values
RsS Estimated values

milk
3 months

milk
6 months

• 12 months

Teenagers

I Adulu

I
2

3

I

I I I I I

4
5
6
INTAKE. pCi

9

10

Fig. 7 Daily intake ranges of 2 2 6 R a for the diets tested. Bare
labeled "milk' in the first-year diets show estimated values for
infants' diets based on cows' milk.
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Fig. 8 Ranges of 2 2 6 Ra concentrations in the diets tested and in
other environmental media.

than normal are found in some mineral waters and in diets in which
they are prominent. If the radium/calcium ratios of the various
samples are considered (Fig. 9), we can see that the widest range of
variation occurs in mineral waters. Ratios for all other samples are
around 1, the value found by other investigators (Hallden and
Fisenne, 1961; de Bortoli and Gaglione, 1972) and indicated as the
normal value (UNSCEAR, 1977).
On the basis of previous studies (International Commission on
Radiological Protection, 1959), the uptake of some elements by man
seems to depend on the matrix in which they are found. Hence,
because elements have higher exchange power and greater availability
in ionic form (as in water) than when bound in organic matter,
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Fig. 9 Ranges of radium/calcium ratios in the diets tested and in
other environmental media.

element uptake from water is greater than that from other items of
the diet. Also, it has been proved that uptake of elements from soft
water is greater than that from hard water (Crawford and Clayton,
1973). Thus, if calcium content is taken as an indicator of water
hardness or softness, the radium/calcium ratio may provide further
information on the ability of radium to enter human metabolism.
DISCUSSION
Natural background radir.tion exposures higher than those
considered normal (~100 mrads/year) were found in a large area of
central Italy (see Fig. 10) in a survey carried out in past years
(Cardinale et al., 1972). The measured average exposure of 180
mrads/year was related to the volcanic rock formations that
characterize Latium and Campania (Adams, 1977). Nevertheless,
within each sampling area considered, 2 2 6 R a intakes and concentrations in the different environments showed a larger variability, in
connection with dietary composition, than the variability between
average values from the different areas (see Fig. 6). This can be
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80 mrads/year

~- 160 mrads/year

Fig. 10 Schematic distribution of natural background radiation in
Italy (data from Cardinale et al., 1972).

explained by the fact that diet is mostly based on foods produced
outside the sampling areas.
The only correlation we found with the natural background
distribution (Cardinale et al., 1972) is represented by a group of four
springs located between Naples and Salerno, which have 2 2 6 Ra levels
ranging from 3 to 19 pCi/liter. A local survey in this area has been
planned to ascertain in detail the natural radioactivity levels in
various links of the food chain. Furthermore, a nationwide survey of
226
R a levels in drinking water derived from water tables, beginning
in the high background radiation areas (Cardinale et al., 1972), has
just been started.
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From the radiation protection point of view, we must consider
that, even if systematic consumption of mineral water with high
226
Ra levels increases the daily intake of this nuclide, intake values
as high as those in high background areas (Penna-Franca, 1977)
cannot be reached and that the population ingesting these mineral
waters is not to be considered an exposed group.
It is notable that mineral water can also give rise to high daily
intakes of 2 6 6 R a in the first year of life (up to 6 pCi/day). Previous
work (Frittelli and Mastinu, 1973) indicated that for some organs the
226
Ra dose received in the first year of life represents a considerable
portion of the dose they receive during the whole life span.
Therefore, when bottle-feeding babies, we should use only mineral
water with the lowest 2 2 6 Ra levels.
Because of these results for infants and of the widespread
consumption of mineral water by the population at large, it seems
reasonable to recommend that maximum permissible concentrations
for 2 2 6 Ra in mineral water be established.
CONCLUSIONS

The results obtained in our survey confirm that dist is the
primary source of 2 2 6 Ra intake in Italy, even though the widespread
practice of using mineral waters as table water may in some cases
contribute substantially to increase intake and possibly uptake. From
the point of view of correlating terrestrial radiation and 2 2 6 Ra in the
food chain, our results confirm only to a very small extent the
expectations based on the results obtained by Cardinale et al. (1972).
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DISCUSSION

Wrenn: (Comment) With respect to intake in man under chronic
intake conditions, the dose to skeleton per unit intake at 2 ' °Pb is
roughly fivefold greater than that for 2 : fa Ra.
Mastinu: After some preliminary results the 2 ' °Pb contribution
to the collective dose of Italian population due to water consumption was determined to be less important than that of 2 2 6 R a
(Allegrini et al., 1972).
Penna-Franca: How do you identify "mineral water" in Italy? Is
cnere a way to class well or spring water as mineral water or can any
of them be bottled as such? Have you analyzed your high 2 2 6 Ra
waters for 2 2 H Ra?
Mastinu: Any spring water or underground water may be
classified as mineral if its chemical composition is unaltered through
time and if it is certified by a clinic as having some beneficial
therapeutic effect. No, we have not yet measured for 22li Ra.
Keefer: Did the total diet samples include mineral water and
other water-based beverages?
Mastinu: Total diet samples included only tap water.
Taniguchi: Have standards for radioactivity in drinking water
been reviewed recently in Italy? If so, what is the current standard
for 2 2 6 Ra in drinking water for the general population?
Mastinu: Maximum permissible concentration for radioactive
elements has been issued in Italy since 1964. The most recent ones
adopt the figure of 3 pCi/liter of soluble 2 2 6 Ra in water. Mineral
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waters, however, are not considered as drinking water, due to their
limited and occasional consumption (average 0.5 liter/day). A limit
of 30 pCi/P of soluble 2 2 6 Ra in mineral water has been proposed.
Van Middlesworth: Have you measured radon in the catacombs?
Mastinu: No, we didn't look into this kind of exposure.

Lognormal Analysis of Naturally Occurring
Radionuclides in Soil and Vegetation
of the Hanford Area

M. L. MILLER, J. J. FIX, and P. E. BRAMSON
Battelle, Pacific Northwest Laboratories, Richland, Washington

ABSTRACT
Lognocma! probability plotting has been used to analyze concentrations of
naturally occurring radionuclides in the soil and vegetation of the Hanford area.
Such plots are useful tools for conveniently cataloging large amounts of data and
providing a first approximation of the variability or similarity of the data. Many
nuclide—media combinations yield a straight line when plotted on logprobability paper. Because the data are represented graphically, the median,
standard deviation, range of data, and any abnormalities can be readily
determined visually.
When Hanford data from the years 1971 through 1976 are analyzed by this
method, the linearity of the plots indicates that the radionuclide concentrations
are lognormally distributed. The data from the plots are used to estimate the
range in concentration of the various radionuclides. With the median values from
the plots ind conversion factors from NCRP Report No. 45 (National Council
on Radiation Protection and Measurements, 1975), the absorbed dose rate
received at i ra above the ground surface from naturally occurring 4 0 K , 2 Th
plus daughters, and 2 3 8 U plus daughters in the underlying soil is calculated to be
approximately 38 mrads/year.

Soil and vegetation samples are routinely collected on the Hanford
Site and surrounding environs as one method of monitoring
radionuclides that potentially originate from Hanford operations.
From these samples a substantial data base has been established that
can be used to estimate expected concentrations of both anthropogenic and naturally occurring radionuclides in the area's soil and
vegetation.
Data from the years 1971 through 1976 were analyzed on a
minicomputer with graphic capabilities by using lognormal proba826
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bility plotting techniques. The data analyzed included both anthropogenic and naturally occurring radionuclides, although, for the
purposes of this report, only the results of the naturally occurring
radionuclides will be discussed.
SAMPLE ANALYSIS

Each soil sample analyzed at Hanford consists of a composite of
five plugs of soil collected from an area approximately 10 m square.
Each plug is about 2.5 cm in depth and 10 cm in diameter. The
sample is oven-dried, and an aliquot is counted on a 60-cm3 Ge(Li)
detector for analysis of gamma-emitting radionuclides. The sample is
then leached with a concentrated HNO3—HC1 mixture (aqua regia),
which is filtered to remove any sediment. Ether extraction is used to
isolate the heavy elements in the solution, and fluorometric
techniques are used to analyze for uranium.
Samples of perennial vegetation are collected in the immediate
vicinity of each soil sampling. The vegetation sample is dried,
pulverized, and counted on a 60-cm3 Ge(Li) detector for analysis of
gamma-emitting radionuclides. It is then ashed in a muffle furnace
and leached with aqua regia. which is filtered and analyzed by the
same procedures as for soil samples.
DATA ANALYSIS

In lognormal analysis the data ave treated in groups rather than as
individual statistics since meaning comes from the relationship
among values. Thus distributions are the primary objects to be
described (Michels, 1971). Statistical validity in plotting requires that
samples be combined into homogeneous groups. In this case results
for a particular radionuclide for all 6 years from all locations were
grouped for analysis. Members of a homogeneous group can be
collectively described by a simple mean value and standard deviation
(Waite and Bramson, 1976).
For a lognormal plot, the raw (random) data are arranged in
order from largest to smallest. Next, the cumulative percent of each
sample, xu is calculated by
v - 1 0 0 ( N i + 0.5)

...

Xi

(i)

^

where N is the population size and i is the individual data rank. The
ranked data are now ready to be plotted.
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Only data points that lie above the approximate detection level
(ADL) for a particular radionuclide are plotted. The ADL for
different radionuclides may vary from sample to sample depending
on the counting time used, the types and quantities of other
radionuclides present, and the mass of the sample. Nonetheless,
less-than-detectable values have an effect on the plot because they
are included in the total N. In the ranking of the data, all values are
considered in assigning position (cumulative percent). Therefore the
presence of any less-than.-detectable values will cause a shift to the
right on the abscissa (probability). This directly affects the geometric
mean, Xg, which is the 50% intercept.
Useful features of the resulting lognormal plot are its degree of
linearity, which denotes data from a common population; the
standard geometric deviation, ag, an indicator of the variability or
range of the data; and the geometric mean, Xg. the median data
value. The values for a g and Xg can be obtained from the graphs by
the ratio of the 84%/50% intercepts and by the 50% intercept,
respectively.
The geometric mean, Xg> is really the median value of the
population sampled. In environmental applications it can often be
used as the "expected value" in lieu of the arithmetic mean. This
substitution often proves useful because the geometric mean is not
skewed by large values at the upper end of the population
distribution. A value for the derived arithmetic mean can be
obtained, if desired, by Eq. 2,
Xa = Xg exp °-]L

(2)

The standard geometric deviation, ag, is an indicator of the
range or closeness of individual data points. A ag equal to 1 would
imply that all data points have the same value. Homogeneity of the
population is necessary if o g is to have much significance. The usual
test for homogeneity is how well the data fit a straight line.
RESULTS
Figure 1 depicts a composite lognormal plot of the naturally
occurring radionuclides 40 K, 2 2 4 Ra, 2 2 6 Ra, and uranium found in
the soil of the Hanford area. The data are well represented by this
plotting method. An estimate of the range of concentrations of the
various radionuclides can be readily obtained from the graph. With
the median values from the graph and conversion factors from NCRP
Report No. 45 (National Council on Radiation Protection and

RADiONUCLIDES IN SOIL AND VEGETATION

829

100

0.01

40
60
80
CUMULATIVE PERCENT

20

Fig. 1 Naturally occurring radionuclides in soil.
TABLE 1

Absorbed Dose Rates from Naturally
Occurring Radionuclides in Hanford Soils
Nuclide

Mean concentration,
pCi/g

40K
2 3 2Th

U (natural)

10
1
0.2

Absorbed dose
rate, mrads/year
14
21.6
2.8
~38

Measurements, 1975), the absorbed dose rate received at 1 m above
the ground surface from naturally occurring 4 0 K, 2 3 2 Th plus
daughters, and 2 3 8 U plus daughters in the underlying soil can be
calculated. (The 232 Th concentration is extrapolated from the
z24
Ra concentration, with which it should be in equilibrium.) As
shown in Table 1, this amounts to about 33 mrads/year.
Figure 2 shows the uranium and 4 ° K concentrations detected in
vegetation in the Hanford area. Again the linearity of the data
indicates that the concentrations are lognormally distributed.
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Fig. 2 Naturally occurring radionuclides in vegetation.

A more complete description of the technique used in this type
of analysis and plots of anthropogenic radionuclide concentrations in
soil and vegetation of the Hanford area can be found in the report by
Miller et al. (1977).
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Radium and Thorium with Barium
in Micro nodules of Cattle Thyroids

L. VAN ? 'IDDLESWORTH
Department of Physiology and Biophysics, University of Tennessee Center
for the Health Sciences, Memphis, Tennessee

ABSTRACT
Radium isotopes were found concentrated in thyioid glands of cattle. The
incidence of measurable radium varied from 80% to less than 0.1% in thyroids
from different abattoirs. The radium was concentrated in microscopic bodies
containing predominantly barium and sulfur and 'ying within the storage of
thyroglobulin, adjacent to follicular colls. Some thyroid cells may receive
biologically significant doses of alpha radiation from these sources.

During routine monitoring of cattle thyroids in the 1960s, it was
observed (Van Middlesworth, 1964) that occasionally a thyroid
contained long-lived radioactivity. During the ensuing years, additional data on this phenomenon have been accumulated. This paper
summarizes the information currently available.
IDENTIFICATION OF RADIUM AND THORIUM

Routinely, 5 to 10 g of thyroid glands were placed in plastic bags
with paraformaldehyde preservative and monitored for radioactivity
in a standard Nal well crystal o cm in diameter by 5 cm thick. In the
absence of radioactive fallout, giands with long-lived radioactivity
usually contained 1.5 to 5 times background gamma radiation
between 0.2 and 0.4 MeV. The radioactivity showed imperceptible
reductions over periods of months. Gamma spectra of 0.07 to 0.7
MeV were accumulated for intervals of 1000 min, and these showed
832
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Fig. 1 Gamma spectra from 5.1-cm Nal scintillation detector
accumulated for 1000 min in 200 channels. The heavy solid line
(—) is background. The light solid line (—) resulted from
3 X 10 ' ' g 2 2 f 'Ra in equilibrium with its daughters. The dotted
line (••••) shows the spectrum from 4 g of a typical cattle thyroid
gland containing approximately 15 pCi of radium isotopes.

patterns compatible with mixtures of 2 2 6 Ra and 2 2 8 T h near
equilibrium with their radioactive daughters (Fig. 1).
A. T. Keane, Massachusetts Institute of Technology, analyzed
one of the original samples by the emission and measurement of
220
Rn and 2 2 2 R n . Four additional thyroid samples and teeth from
two of the cattle were analyzed by R.W.Perkins, Battelle-Northwest
Laboratory, using coincidence gamma spectroscopy (Van Middlesworth et al., 1966). These specific analyses showed that the thyroids
contained 1.6 to 3.0 pCi of 2 2 6 R a and 0.8 to 4.0 pCi of 2 2 8 T h per
gram. These quantities were 10 times greater than those found in the
teeth. More recently, 16 additional thyroid samples were analyzed by
coincidence gamma spectroscopy (Wogman, Brod/inski, and Van
Middlesworth, 1977). The investigators found 0.5 to 25 pCi of
226
Ra and 0.5 to 12 pCi of 2 2 8 T h per gram wet weight of thyroid.
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AVOIDING ARTIFACTS

Fresh cattle thyroids exposed to the atmosphere for 0.5 to 5 hr
showed a radioactivity of approximately two times background,
which decayed within a half-life of approximately 30 min. This
short-lived radioactivity may have been naturally occurring 2 1 4 Pb in
the tissue. It did not appear when the fresh glands were aged 12 to
16 hr in a nitrogen atmosphere.
DISTRIBUTION OF RADIUM IN THYROID GLANDS

Since calcium was found to be distributed in the stored colloid of
the thyroid (Robison, Van Middlesworth, and Davis, 1971), a similar
distribution was expected for radium. However, radioautographs
(Van Middlesworth, 1972) (Fig. 2) showed alpha radiation sources to
be concentrated within discrete bodies or nodules, 5 to 40 /nm in

i

%

•

•

Fig. 2 Radioautograph, exposed 160 days, showing the concentration of alpha-emitting sources within a thyroid follicle and proximal
to follicular cells. The larger of these two radioactive bodies is 30 £tm
in diameter.
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Fig. 3 Energy spectrum of fluorescent X-rays emitted by the
nodule during scanning electron microscopy. The tissue adjacent to
the rodule showed no major fluorescent X-rays except those
characteristic of silicon from the glass support.

diameter, within the storage of thyroglobulin. Usually the radioactive
sources lay against the follicular cells, as shown in Fig. 2, but in rare
cases the radioactive bodies appeared to lie between thyroid follicles.
The chemical identity of the radioactive bodies was determined
by electron-probe microanalysis (Van Middlesworth and Robison,
1975) and by scanning electron microscopy (Fig. 3). Unexpectedly,
we found that the radioactive nodules were composed of barium and
sulfur. The electron micrograph (Fig. 4) suggests that some of the
nodules may have a crystalline structure, possibly BaSO4. Electronprobe microanalysis examination of specimens overlaid by photographic emulsion showed that the nodules were the sources of alpha
tracks and also that they contained predominantly barium and
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Fig. 4 Scanning electron micrographs of thyroid sections showing
barium- and sulfur-containing nodules, some of which show
striations that suggest a crystalline structure. The largest nodules are
10 to 50 jUm in diameter.

sulfur. Barium had not previously been shown to concentrate in the
thyroid. It is now believed that the very poorly soluble barium
sulfate may be a nucleus upon which radium sulfate can precipitate
within the pool of stored thyroglobulin.
SOURCES AND INCIDENCE OF RADIUM-CONTAINING
THYROID GLANDS

Radium-containing thyroids were found in approximately 10% of
275 cattle from Colombia, South America; 5% of 334 cattle from
New Zealand; and 80% of 87 cattle from Nigeria, West Africa
(Ekpechi, Van Middlesworth, and Cole, 1974). Originally, radiumcontaining thyroids were believed to be rare in North America, but
this impression changed with the accumulation of additional data.
From 1973 through 1975, only two radium-bearing cattle thyroids
were found in 1200 cattle slaughtered in Memphis, Tenn. In 1977,
however, 59% of 206 cattle contained 0.2 to 10 pCi 2 2 6 R a / 2 2 8 T h
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per gram wet weight of thyroid. This change in incidence was
associated with the fact that animals from Tennessee were being
grazed more widely in 1977.
It is possible that radium and barium might be found concentrated in all cattle thyroids if adequately sensitive methods were used
for detection. The total accumulation of radium daughters in cattle
thyroid glands may be a function of the animal's age and exposure to
these widely distributed elements.
It is not clear why only cattle thyroids have been found to
contain the isotopes of radium and thorium in relatively high
concentrations. We have tested almost as many sheep thyroid glands
as cattle, but the methods described here have never shown
measurable radium in sheep thyroids.
SIGNIFICANCE

The follicular cells that lie against the radioactive nodules, as
illustrated here, may receive more natural radiation than any
previously reported in mammalian tissues. We estimated that some of
the cattle thyroids contained at least 10p dioactive nodules and
that these sources may emit one to two alpha particles per day.
It is not known if these concentrated sources of natural radium
in thyroid glands are peculiar to cattle. They may also exist in other
species. The biological significance of these observations is still
unknown.
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Radiation Exposure from Radium-226 Ingestion

D. H. KEEFER and E. J. FENYVES
Graduate Program in Environmental Sciences, University of Texas at Dallas

ABSTRACT
The contribution of radium to total radiation exposure resulting from the
consumption of natural levels of 2 2 6 R a in several public water supplies in an
Oklahoma county was determined. A pilot-level study of total diatary intake
indicated that the culinary use of water anomalously high in radium and the
consumption of water-based beverages contributed significantly to radiation
exposure. The mean dietary intake of 2 2 6 R a was 20.6 pCi/day in one
community and resulted in an estimated bone dose of 310 mrem/year.

An investigation was made to estimate the contribution of radium
ingestion to the total radiation exposure of certain population groups
in Ottawa County, Oklahoma, where natural environmental levels of
226
Ra in groundwater is high. The U. S. Public Health Service and
various state health agencies have been aware for many years that
some communities in the United States have higher than normal
concentrations of 2 2 6 Ra in their public water supplies. These
anomalies occur naturally as a result of the presence of 2 3 8 U and
2 26
Ra in water-bearing rock formations that serve as sources for
municipal water supplies. Hydrologic and geologic conditions in
proximity to the aquifer also affect radium concentrations in these
groundwater systems.
Communities that depend on deep aquifers for their public water
may also have surface soils containing 2 2 6 R a completely disassociated from the aquifer below. Locally grown foods, such as
vegetables, commercial crops, and wild edible greens, may assimilate
radium from the soil and thereby contribute to the dietary intake
of the local population. When locally grown foods are prepared for
839
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consumption in the home, the culinary use of radium-bearing water
may increase the 2 2 5 E a concentration in the final product through
evaporative and adsorptive processes. Thus the dietary intake of
small quantities of 2 2 6 Ra from seemingly negligible sources can grow
into a potential radiological health problem.
It is important to know the total dietary intake of 2 2 6 R a
because of the concern about its possible carcinogenic effects. The
common assumption that there is a linear, nonthreshold relationship
involved with this radiological health hazard allows a full range of
possible results, from no apparent effect to terminal bone cancer,
directly proportional to the quantity of radium ingested.
Ottawa County is located in the northeastern corner of Oklahoma, bordered by Kansas on the north, by Missouri on the east, and
by Delaware and Craig counties, Oklahoma, on the south and west,
respectively. The public water supplies of Ottawa County and
vicinity are dependent on the Roubidoux aquifer for potable water
(Fig. 1). The Roubidoux formation, the major water-bearing stratum
of the Canadian Series, which consists primarily of sandstones and
dolomitic limestones, generally lies 1000 ft below the surface in
Ottawa County. Recharge occurs in the Missouri Lake of the Ozarks
and the Clark and Mark Twain national forests (American Association of Petroleum Geologists, 1966). In Ottawa County, wells
tapping the Roubidoux produce yields ranging to 1000 gpm, the
average being about 200 gpm (Marcher and Bingham, 1971).
FACTORS INFLUENCING THE AVAILABILITY OF RADIUM

The Seneca fault, one of two dominant geological features in
Ottawa County, was described by Siebenthal (1908) as partially agraben and partially a faulted syncline, with distributive faults displaced
toward the axis an estimated 90 to 140 ft. Weidman (1932)
considered the Miami syncline to be the most prominent structural
feature in the county. The synclinal axis trends approximately
N 25° E across Ottawa County from southwest of Afton, through
Picher, and on into Kansas. Weidman indicated that minor folds and
small faults that cross the synclinal axis appear to create local
restrictions to water flow. He observed that faulting is common along
the syncline, with displacements having been observed near Afton.
Reed, Schoff, and Branson (1955) stated that, regardless of the exact
geologic nature of these two structural features, whether they are
mostly fault or mostly fold, they are significant hydrologically.
These structural features are believed to be barriers to the movement
of groundwater.
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Fig. 1 Geologic section of Ottawa County, Oklahoma.

Groundwater in the Canadian Series is channeled between the
Miami syncline and the Seneca fault, while being confined vertically
below the Chattanooga shale. Held within these geologic confines and
subjected to excessive drawdowns by area wells, water contained in
the aquifer may experience some deleterious effects associated with
these geologic structures. First, waters may be seeping slowly
downward through the Chattanooga shale, which contains uraniferous
deposits, including 2 2 6 Ra, because of the removal of waters adjacent
to the underside of the shale as the piezometric surface declines.
Second, highly saline waters below the western boundary of the
Roubidoux, which may be seeping into the cones of depression
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created by wells on the eastern slope of the syncline, are possibly
rising into the aquifer as the pressure differential is reduced by heavy
drawdowns. If these saline waters also contain 2 2 6 Ra, then increases
in salinity and total dissolved solids would be accompanied by rising
226
R a concentrations in the public water supplies. In Afton a
correlation appears to exist between increasing dissolved solids and
226
Ra concentrations, on the basis of data covering the period from
1970 to 1975 (Fig. 2). The availability of highly saline radiumbearing waters proximate to the Roubidoux formation in northeastern Oklahoma is evidenced by the analysis of deep area wells
(Siebenthal, 1908; Kerr-McGee Sequoyah Facility, 1973).
Therefore, it is believed that the 2 2 6 Ra and total dissolved solids
anomaly, which exists generally in southwestern Ottawa County and
becomes acute in Afton's water supply, may be maximized by local
faulting and/or access within the cone of depression to an influx of
concentrated radium-bearing brines, which, perhaps, cross under the
syncline or intrude upward from the basal formations below the
Roubidoux aquifer.
APPROACH
It is an exceedingly complex task to evaluate fully a potential
public health problem of this kind, which may affect, in varying
degrees, thousands of individuals. Complicating this undertaking is
the absence of a visible cause-and-effect relationship between radium
ingestion and ill health. The analysis of hundreds of public water
supplies throughout the southwestern states and a review of the
literature of previous 2 2 6 Ra studies indicate that the water supply of
Afton, OJda., has one of the highest known concentrations of 2 2 6 Ra
(11.2 pCi/liter) of any community in this southwestern region of
the United States which has not been considered for radium removal
treatment. Because of this anomaly, water supplies of surrounding
communities have also been studied to determine the extent of
226
Ra contamination within the area.
All incorporated cities and towns in Ottawa County have public
water supply systems that depend on deep wells drilled into the
rocks of the Canadian Series. Deep-well turbine pumps are generally
used to lift the water to surface reservoirs, from which centrifugal
pumps transfer it to water mains or elevated tanks. The water is
usually given no special treatment, but recently chlorine has been
added to some systems. Aeration, received when the water enters the
surface reservoirs, serves to remove most of the hydrogen sulfide
common to waters from area wells.
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Fig. 2 Correlation betveen dissolved solids and 2 2 6 Ra in the public
water supply of Afton Okla. Maximum 2 2 6 R a contaminant levels
are shown and are expressed at the 95% confidence level Numbers in
parentheses are numbers of monthly samples represented by the
means. Data on dissolved solids are from •, Oklahoma State Health
Department; o, Oklahoma Geological Survey; and v, Robert S. Kerr
Environmental Research Laboratory, Ada, Okla. Data on 2 2 6 R a a r e
from •, Public Health Service, Southwestern Radiological Health
Laboratory, Las Vegas, Nev.; n, Environmental Protection Agency,
National Environmental Research Center, Las Vegas, Nev.; and T,
Robert S. Kerr Environmental Research Laboratory, Ada, Okla.
•See Table 1 for data values.

In June 1973, a cursory survey of 2 2 6 Ra in water was made in
communities in the tri-state area of northeastern Oklahoma, Kansas,
and Missouri. The analysis of these samples indicated 2 2 6 R a
concentrations of 1.9 pCi/liter at Picher, 2.5 pCi/liter at Miami and
9.6 and 11.0 pCi/liter at Afton. Previously a 2 2 6 R a value of
10.3 pCi/liter was reported for Afton (Hickey and Campbell, 1968).
This led to a series of seven monthly assays by the Public Health
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Service in 1970 as part of a national survey of radium in water
supplies (Snellings, 1970).
The enormous size of the general food distribution system in the
United States has been shown to minimize any significant variation
in 2 2 6 R a concentrations (Public Health Service, 1969). Therefore
the question of whether or not additional radium was being
contributed to the diet from locally grown garden foods was raised.
If radium was found to be present in food and contributing
significantly to the total dietary intake, then the necessity for
remedial action would be increased. Samples of home-canned and
-frozen garden vegetables and fruits were procured throughout
Ottawa County in December 1973 for testing to confirm or deny the
presence of 2 2 6 R a in locally grown foods (Keefer, 1976). The data
indicated that radium was being ingested in food. Although great
variation was observed in this cursory survey, a correlation appeared
to exist between the radium concentration in water and the radium
content of the home-canned products.. Higher radium levels were
observed in home-canned foods originating in the southwestern areas
of Afton and in Rural Water District Number 2 (RWD 2).
The Federal Radiation Council (1961) established a radiation
protection guideline (this is now the responsibility of the Environmental Protection Agency) limiting the annual average dietary
intake to 20 pCi of 2 2 6 Ra per day. Although this guideline is binding
only on federal agencies, many state health agencies follow the
recommendations. A total diet-sampling plan was designed, following
the technique developed by the Public Health Service (1969) for
their institutional diet program, to ascertain whether these levels
were exceeded in the two areas of Ottawa County exhibiting the
highest concentrations of 2 2 6 Ra in water and home-canned foods.
The criteria for family selection were: (1) They must use the
municipal water supply exclusively while at home. (2) They must
have a garden and consume primarily their own produce, fresh or
canned. (3) They must have children living at home. The Afton
families were considered to be urban in comparison with the rural
farm families in RWD 2 area. Detailed diet-sampling instructions
were provided to each family (Keefer, 1976). The initial 7-day total
diet sampling, conducted in September 1974, was followed by
a second sampling in December and the two additional samplings in
March and July 1975. Because of the high dietary intake levels of
226
R a observed in Afton during the first half of the study, all four
families chosen for the remaining two samplings were from there.
The need for concurrent evaluation of a control population
consuming nonradium-bearing water was recognized. However, be-
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TABLE 1

Radium-226 Analysis Data for Ottawa County
Public Water Supplies, 1975
226

Location*
Afton
North well (12)
South well (12)
City system (12)
Welch well (12)
RWD2well(21)
Fairland system (9)
Miami system (7)
Bluejacket well (11)
Vo Tech well (8)
Picher well (6)
Cardin weli (6)
Commerce system (7)
Quapawwell (6)

Ra, pCi/liter
Range
Meant
13.7 + 0.4
10.2+0.4
11.2 ±0.4
4.7 ± 0.4
3.4 + 0.2
3.4 ± 0.3
2.9 ±0.3
2.4 + 0.2
1.7 ±0.2
1.5 ±0.2
1.1 ±0.2
0.6 ±0.2
0.4 ± 0.2

11.7—15.4
8.3—12.3
9.7—14.4
2.6-7.0
2.8-4.8
1.9—4.5
1.9-4.8
1.6—3.4
1.1—2.7
1.2—1.8
0.4—1.5
0.4-0.9
0.1—0.7

•Numbers in parentheses are numbers of samples
represented by the means.
fPermissible counting error for the mean is expressed at the 95% confidence level and increased in
scale to represent other systematic errors also (Rittenhergetal.,1971).

cause of limitations on sampling and analysis funds and the lack of
significant radium variation in the Public Health Service (1969) diet
studies, which reflect the national dietary intake of radium, it was
felt that the limited affordable sampling should be directed to a
pilot-level study in the areas of suspected highest radium ingestion.
RESULTS
During 1975, a comprehensive sampling and analysis program
was undertaken to study the 2 2 * Ra characteristics of wells tapping
the Roubidoux aquifer and the other strata where water commingles
within the Canadian Series. Twenty wells were assayed periodically,
some more extensively than others (Table 1). The radiological assay
values for the total dietary intake samples of 16 Afton and RWD 2
families are presented in Table 2.
The total liquid intake shown in Table 2 represents the average of
all liquids consumed during the sampling period including those

00
01

TABLE 2

Dietary Intake of Radium-226 by Families in Ottawa County, Oklahoma*
Dailjr liquid
226

Location,
individual,
and month
RWD2
Father
September

December
Father
September
December
Afton
Mother
September
Father
September
March
July
Daughter
December
Mother
March

Milk

Water

pCi/liter pCi/day

intake, liters

Ra ingested in food, 7-day composite samples
pCi/liter

Other liquids

pCi/day

pCi/liter

pCi/day

•J f A,

Solid foods
pCi/kg

pCi/day

Totalf

Radiumbearing
water

226

Ra
intake,
pCi/day
m
m
•n
m

2.7
1.0

0.2
0.4

4.2
2.3

5.9
2.1

4.4
2.7

2.6
1.4

4.5
3.4

6.4
2.1

2.0

1.8

2.0
1.4

15.1
6.0

3.0
1.7

1.2
0.9

2.7
2.7

3.8
3.8

3.1
6.3

2.8
3.2

3.9
4.4

3.9
4.0

2.7
2.4

2.3
1.9

11.7
11.9

&

a-n

m
2

•K

1.9

0.6

11.0

5.5

7.5

3.0

8.0

5.8

1.2

0.9

14.9

1.6

1.0

8.9
8.1

7.6

7.5*
9.1

12.9
12.0
17.3

5.9
4.9

10.0

4.5
0.8
2.0

7.5

6.7
4.6
6.5

2.2
1.6
2.1

2.2
1.6
2.1

25.1
17.4
25.8

11.0

9.9

6.3

1.3

11.8

5.3

1.6

1.1

17.6

9.5

0.0

7.3

19.0

13.7

7.9

2.8

2.6

27.3

2.2

1-1§

1.8

0.4

i

Mother
December
March
July
Mother
March
July
Mother
July
Daily average
RWD2

Afton

.

1.0
0.8
2.3

0.3
0.1
1.2

5.4
8.7
7.9

5.9
3.5
1.6

3.2
5.1
8.3

1.0
7.7
17.4

3.6
13.9
9.4

2.2
5.8
5.1

1.7
2.0
2.8

1.4
1.6
2.0

9.4
17.1
25.3

5.4

1.1

10.0
10.0

1.0
3.0

8.5
11.0

13.6
14.3

5.1
12.5

2.0
5.5

1.7
1.8

1.7
1.6

16.6
23.9

3.5

2.5

7.2

6.5

9.1

5.5

10.9

5.7

2.2

1.5

20.2

0.7

3.9

2.5

4.1

2.3

1.9

11.2

0.9

4.0

10.4

5.3

2.0

1.7

20.6

—

•Analysis of the total diet samples was performed by the Environmental Protection Agency, National Environmental
Research Center, Las Vegas, Nev.
fTotal daily liquid intake values include beverages originating outside the home.
•t Estimated value, sample lost in analysis.
§ Includes 1.2 liters for milk with school lunch during a 5-day period.
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obtained outside the community, e.g., soft drinks and other
beverages assumed to contain negligible amounts of 2 2 6 Ra. This rate
of consumption is comparable to that of standard man (2 liters/day).
Since radium intake depends on the consumption of radium-bearing
waters, these volumes were tabulated separately. The 16 diet samples
assayed must be considered only as a pilot study because of the small
percentage of households they represent in each community. The
226
Ra values for the components of each of the diets assayed and
the total values for 2 2 6 Ra ingestion are representative only of the
specific families sampled. We can assume, however, that these 7-day
composite meals are typical of meals being served in other homes
throughout the respective communities. Therefore it is implied that
the daily 2 2 6 Ra intake values are estimates of radium ingestion by
other residents consuming the same water.
Elementary School Lunch Evaluation

In addition to the total dietary assays of families conducted in
1974 and 1975, 2 2 6 R8. analyses were also performed on Afton
school cafeteria lunches during the month of April 1975. Twenty
daily samples collected by the management were composited into
weekly groups for analysis at the Robert S. Kerr Environmental
Research Laboratory, Ada, Okla. The national diet studies conducted
by the Public Health Service (1969), Atomic 'Energy Commission
(Rivera and Harley, 1964), and Consumers Union (Michelson, 1965)
indicated that the concentration of 2 2 6 Ra in the average daily diet is
less than 0.8 pCi/kg, which gives a total dietary intake of less than
2.0 pCi/day. The 2 2 6 R a concentration in the four weekly lunch
samples from Afton averaged 4.1 ± 1.6 pCi/kg and ranged from 1.4 to
9.1 pCi/kg. Although menu diversity is responsible for some radium
variation, the differing quantities of water used in food preparation
made the most significant contribution. The 2 2 6 Ra contributed by
the culinary water was 1.1 ± 0.1 pCi, for an average 2 2 6 Ra content
of 2.2 ± 0.7 pCi.
During the school day each child consumes water from the
drinking fountains. The quantity of water taken depends on the
child's size, the climatic conditions, and the daily activities. School
officials, who observed the children on numerous occasions, agreed
that in the course of the school day each child consumes a minimum
of one cup (250 ml) of water. Consumption of larger quantities of
water was observed outside in the physical education area. Each child
who buys a plate lunch and drinks at least one cup of water during
the school day is ingesting 2.2pCi of 2 2 6 R a from the food and a
minimum of 2.8 pCi from the water. Therefore the daily ingestion of
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2 26

Ra by children at school equals or exceeds 5 pCi. This time
period accounts for only one-fourth of their meals and is only
one-fifth of the week. This indicates that, considering food and water
consumed both at school and at home, the potential is great for a
child to obtain a high total dietary intake of 2 2 6 Ra each day.
Radium-226 in Locally Grown Foods
The locally grown foods sampled throughout Ottawa County
were primarily potatoes, tomatoes, and corn; additional products
were assayed from Afton. Radium-226 was found to be present in
every locally grown food. Fortunately, the radium concentrations
were less than 3 pCi/kg, with the exception of Afton green beans,
which were 5.3 pCi/kg. The garden that produced the green beans
also yielded potatoes, tomatoes, and corn with less than 0.5 pCi/kg
of 2 2 6 Ra, although radium was available in the soil because it was
irrigated with radium-bearing water. Radium-226 concentrations less
than 1 pCi/kg for these particular food products are comparable with
the other areas of the county. In Afton 67% of the families grew a
vegetable garden in 1975. Comparison of radium values in fresh
produce from these gardens with those from home-canned produce
indicates that a substantial increase in 2 2 6 Ra can be expected in
home-canned vegetables where water systems contain elevated levels
of radium. Although this increase was extremely variable from
garden to garden, the home-canned foods invariably contained more
226
R a because of the radium-bearing water used to process them.
Therefore, it was concluded that the use of radium-bearing water to
prepare locally grown foods for consumption is a more significant
factor contributing to radium ingestion than the natural radium
content of the produce.
Radiation Exposure from Radium-226 Ingestion

The Environmental Protection Agency, Office of Radiation
Programs, set forth the current agency position concerning the
determination of radiation exposure dose from radium ingestion
(Federal Register, 1975, 1976a, 1976b). It is consistent with the
policy statement on the relationship between radiation dose and
effect (Environmental Protection Agency, 1976). Since the Federal
Radiation Council (1961) recommended that ingestion limits for
2 26
Ra for the general population should be based on environmental
studies and not the models used to establish occupational dose limits,
in our study we attempted to determine specifically the 2 2 6 Ra bone
dose factor contributing to the radiation exposure of the population
of concern.
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The Federal Radiation Council ingestion limit (20 pCi/day) is
based on the assumption that the skeletal 2 2 6 Ra burden does not
exceed 50 times the daily dietary intake of radium. This assumed
relationship between ingestion and body burden agrees quite well
with the measurements of skeletal body burdens and radium
ingestion data reported by the United Nations Scientific Committee
on the Effects of Atomic Radiation (UNSCEAR) (1972). Data
presented in the UNSCEAR report confirm that the skeletal burden
is about 40 times the estimated daily 2 2 6 R a intake. Therefore
continuous ingestion of the limit of 20 pCi/day would result in a
skeletal burden of 1000 pCi of 2 2 6 Ra.
To express this body burden in terms of a dose equivalent, the
National Academy of Sciences used the International Commission on
Radiological Protection dose model in preparing the dose estimates
for the Biological Effects of Ionizing Radiation Report (National
Academy of Sciences/National Research Council, 1972). This model
predicts an average dose to bone of about 30 rem/year from a body
burden of 100,000 pCi. A body burden of 500 pCi would, therefore,
cause an average dose of 150 mrem/year (Environmental Protection
Agency, 1976). Each picocurie of 2 2 6 R a ingested per day contributes annually 15 mrem of radiation exposure specifically to bone.
The estimated total dietary 2 2 6 R a intake for representative
RWD 2 families (11.2 pCi/day) contributes 168 mrem/year of radiation exposure to the residents consuming water containing 3.4 pCi/
liter of 2 2 6 Ra. The increased skeletal burden for this population
group is approximately 560pCi of 2 2 6 R a . The estimated total
dietary 2 2 6 Ra intake for representative Afton families (20.6 pCi/
day) contributes 310 mrem/year of radiation exposure to the
residents consuming water containing 11.2 pCi/liter of 2 2 6 R a . The
increased skeletal burden for this population is estimated to be
1030 pCi of 2 2 6 Ra. This body burden exceeds the limits set forth by
the Federal Radiation Council.
The determination of 2 2 8 Ra in a composite of Afton water
samples (1.1 pCi/liter) confirmed the presence of an additional radium
hazard equally as toxic as 2 2 6 Ra (Environmental Protection Agency,
1976c). Since water supplies have been shown to be the major
contributors of radium to the diets of the populations studied, we can
assume that the dietary intake of 2 2 8 R a is proportional to the
2 26
Ra ingested. Thus the radium exposure is increased by approximately 10% of the 2 2 6 R a activity. The increase in radium bone
exposure from 2 2 8 Ra has not been added to the estimated dose from
226
R a ingestion because only one analysis was performed on a
composite sample. The presence of 2 2 8 Ra in the aquifer justifies the
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assumptions made, however, and may warrant further investigation
as set forth under the Safe Drinking Water Act of 1974, P.L. 93-523
(Federal Register, 1976a: United States Code, 1974).
DISCUSSION

The public water supplies of Ottawa County and vicinity come
from the Roubidoux formation, and all wells therein contain 2 2 6 Ra
in solution. The water supplies situated in the western and southern
areas of the county exhibited 2 2 6 R a levels greater than 3.0 pCi/liter,
with the highest 1975 2 2 6 ' 2 2 8 Ra level appearing in the Afton water
supply (12.3 ± 0.4 pCi/liter). A correlation appears to exist between
the total dissolved solids and the 2 2 6 Ra concentration in the Afton
system, where both water quality parameters are increasing rapidly.
Afton was the only community in this study exhibiting such a
deteriorating water quality.
A pilot-level study of the total dietary intake of 2 2 6 Ra of eight
families in RWD 2 and Afton, Okla., consisted of weekly composites
of sixteen total diets assayed throughout 1974 and 1975. Since only
a small number of households were studied in each community, it
can be only implied that the consumption of water-based beverages
and locally grown foods added significantly to the radium ingestion
of other residents served by the same water supply.
The daily 2 2 6 Ra dietary intake for RWD 2 residents was
11.2 pCi, resulting in a bone dose of 168 mrem/year. This exposure
is approximately four times the natural terrestrial radiation background (45 mrem/year) and twice the total natural radiation background (90 mrem/year) estimated for this tri-state area (Environmental Protection Agency, 1972). Ingestion of this quantity of
226
Ra constitutes 56% of the upper limit set by the Federal
Radiation Council (20 pCi/day) and approximately five times the
national dietary intake value. It is estimated that removal of radium
from the RWD 2 water system would decrease the population's bone
exposure by 77%.
The daily dietary intake of 2 2 6 R a by Afton residents was
20.6 pCi, which exceeds the limit for radium ingestion established by
the Federal Radiation Council and results in a bone dose of
310 mrem/year. This level of radium consumption was approximately ten times the national dietary intake value of 2 pCi/day.
Removal of radium from the Afton system would reduce the
population's bone exposure by approximately 88%.
The water supplies of two other communities, Fairland and
Welch, exhibited annual 2 2 6 Ra concentrations of 3.4 and 4.7 pCi/
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liter, respectively. Since the socio-economic patterns of these populations are similar to those of RWD 2 and Afton populations,
residents of the communities are probably consuming beverages
made with radium-bearing water and locally grown food products
prepared with water from the public system and, thus, are ingesting
approximately 11 and 15pCi of 2 2 6 Ra, respectively, each day.
Although the levels of radium ingestion observed for the populations
of RWD 2, Fairland, and Welch are below the, recommended
maximum limit for consumption (20 pCi/day), they represent a
significant fraction of this limit (56, 56, and 75%, respectively).
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1308, 1457
from water usage, 529, 1347, 1364
intercompanson experiments, 1698
measurement
in air and water, scintillatordeemana'.ion technique. 700
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application to vertical exchange
and stability measurement, 226,
242
latitude distribution, 445
over oceans, 308, 445
in Salzburg, Austria, 11 45
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population exposure, in Salzburg,
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release
from coal combustion and wastes,
1521
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1584
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radioactivity in. 370, 547
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Soil
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vs. sis e, 4 15
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gamma radiation and radon
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natural radiation exposure, in
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in United Kingdom, 1260
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in groundwater, in Maine,
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Thermoluminescence dosimeters
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applications
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gamma radiation surveys, 1022,
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CaSOj/Dy, energy dependence and
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gamma dose measurement, 927
energy dependence and response
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error analysis for environmental
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transit dose estimation, 1077
Thorium-228
in bay water, concentration and
seasonal variations, 514
in building materials, 1407
in cattle thyroids, elevated levels,
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in coal ash, 1407, 1521
in food, dietary intake, 800
in gypsum, 1407
in human tissues, 783
in phosphate fertilizer, 1446

Thorium-230
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in phosphate materials and products,
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Thorium-232
See also Actinides
in building materials, 1237, 1331,
1396
in coal and coal ash, 1446, 1521
in food, dietary intake, 800
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in lichen—reindeer food chain, 560
in oceans, vertical transport, 502
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in soil, 738
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Thyroid, cattle, elevated radium
and thorium levels in, 822
Trace metals
in aquatic systems, pathways and
removal rates, 514
manganese in river system near
iranium complex, 1655
natural radionuclides as tracers for,
in bay water, 514

Uranium-234, in coal and coal ash,
1511, 1521
Uranium-238
See also Actinides
in aquifers, concentrations and
isotopic activity ratios in, 711
in coal and coal ash, 1511, 1521
near coal-fired power plants, 1511
concentration factors in plants and
animal tissues. 681, 1682
effect on plants and animals of high
soil concentrations and intake,
1682
in glacier ice, 383
injection in atmosphere, sources and
rate, 383
isotope geochemistry in ground
water, 71 1
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mobility
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in phosphate materials and products,
1633
in soil, 611,738
in soils and vegetation, i . Hanford,
Wash., 826
superficial abundance, 84
Uranium mill tailings, radon-222,
release, transport, and air concentrations and health effects,
1559, 1584
Ventilation
effect on radon and daughter concentrations in indoor air, 1237,
1260, 1308, 1457
measurement of, using CO 2 , 1293
rate calculation from radon
measurements, 1272
Water
See also Oceans and Rainfall
actinide concentrations in, 560
for drinking
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Ra content, 810, 839, 1090,
1145
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radium measurement using
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