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INTRODUCTION

Of the approximately 1200 isotopes presently known more than 900 are
radioactive. The nuclei of these isotopes are unstable and decay spon-
taneously emitting ionizing gamma-, alpha- or beta-radiation. The over-
whelming majority of known radioactive isotopes have been obtained
artificially; only a few are natural.

Numerous investigations have shown that many of the natural radio-
active isotopes can be grouped into three radioactive families. Each such
family is characterized by the existence of one long-lived isotope - the
family parent, one gaseous isotope of radon, intermediate radioactive
decay products and final stable isotopes of atomic weights 206, 207 and
208.

No such generic relationship has been established among the remaining
natural radioactive isotopes.

It has been shown that radioactive isotopes are very widespread in
nature and are found in all the strata of the earth: atmosphere, hydro-
sphere, lithosphere and biosphere. However, natural radioactive
substances in concentrated form are encountered quite rarely. They are
generally dispersed very widely in the various strata of the earth. As a
consequence weak radioactivity has become an inseparable prop 'erty of
atmospheric and soil air, of sea, lake and river water, of soil, of
magmatic, sedimentary and metamorphic rocks, and of the tissues of plants
and animals. In addition, natural radioactive isotopes have also
been detected in the meteorites which periodically fall on our planet from
cosmic space. The latter is of great importance, since along with other
astrophysical data, it indicates that radioactivity is characteristic not
only of our planet but also of other formations of the universe.

The first information on radioactive transmutations of matter was
obtained at the end of the past century. In 1896 the French scientist
A. Becquerel observed that uranium salts spontaneously emit rays which
penetrate through dense objects. In 1898 M. Sklodowska- Curie in France
and H. Schmidt in Germany independently observed that, like uranium,
thorium and its salts also possess radioactivity. In the same year the
Curies discovered two new radioactive elements, which they called radium
and polonium. In 1899 A. Debierne, a worker in the Curies' laboratory,
found a new radioactive element whose chemical and physical properties
differed from those already known and which he called actinium. Thus
were discovered the parents of the three radioactive families: uranium,
thorium and actinouranium.

*The biosphere, according o \V. . Vernadskii, is the upper stratum of the earth, within which all the life
processes of organisms take place. In this connection the biosphere includes as components the fauna
and flora which populate i.



Numerous and often very laborious investigations conducted after these
discoveries established that all radioactive isotopes encountered in nature
which have atomic numbers from 81 to 92 belong to one of the radio-
active families.

At the beginning of this century radioactive elements were discovered
which do not belong to the group of radioactive families, but are also very
widespread in nature. In 1905, J. J. Thomson discovered the radioactivity
of rubidium. In the following year Campbell and Wood detected radioactive
radiation in potassium salts. They established that potassium salts of
different origins possess approximately one-one thousandth the radio-
activity of uranium, and that this radioactivity is proportional to their
potassium content.

Further discoveries of new radioactive elements and isotopes became
possible only with the continued development of science and engineering.
Thus, only in 1935 was it discovered /8/ that the radioactivity of potassium
salts is due to the radioactive isotope K 4 0 . Detection of the weak radiation
of natural radioactive isotopes requires special methods; therefore, only
with the appearance of improved instruments did it become possible to
carry out systematic studies of the content of such isotopes in the ter-
restrial crust. These works were begun only 50 years ago in the USSR
by the initiative of Academician V. I. Vernadskii and abroad by Strutt and
Joliot-Curie. Their investigations furnished initial data on the content
of the main radioactive isotopes, belonging to the radioactive families,
in rocks, marine deposits, sea and river water, and atmospheric air.

These investigations of the terrestrial crust expanded with the passage
of time. An active part was played by V. G. Khlopin, . E. Starik, G.
Kheveshi and others. By early thirties an extensive body of data on the
radioactivity of various components of the terrestrial crust - due to their
uranium and thorium content - had been accumulated. Nonetheless, the
distribution of uranium and thorium in the various strata of the terrestrial
surface, and particularly in the soil cover, the water medium and intrusive
rocks of the lithosphere, still remained insufficiently studied. Even less
studied was the distribution of natural radioactive isotopes which do not
belong to the radioactive families.

In the first half of the thirties extensive geochemical investigations of
various regions of the biosphere were begun under the direction of A. P.
Vinogradov. As a result of these investigations numerous data on uranium
and radium concentrations not only in the inorganic substrata, but also in
the tissues of individual representatives of ground and water flora and
fauna, were obtained.

However, both these, and almost all subsequent geochemical and bio-
geochemical investigations did not include the natural radioactivity due to
radioactive isotopes not belonging to the above-mentioned families. Recent
works have shown that the radioactivity of living matter is due mainly to
K40 . The underestimation of the role of isotopes not belonging to the radio-
active families is due mainly to the fact that this problem then had no
significant applied importance for physics and geology. Only with the
development of the science of the origin of the earth and the theory of
radiogenic heat was proper attention paid to the radioactivity of rocks due
to the presence of K4 0 , U and Th / 1/. Thus, investigation of the amount
of heat released by various rocks due to the radioactive decay of natural



elements has established that K
40 occasionally contributed a very con-

siderable part of the heat. This is well illustrated by the summary in
Table 1, compiled from Birch's data /3/.

TABLE i. Heat released by natural radioactive isotopes in various rocks

Heat released, - Heat released, .

10
6

cal/g. year E5 2 10' cal/gyear Ei>
Rock -'o Rock .

- ~ ~ ~ ~ ~ ~ ~ -~~~-

U+ Th+ K K U U+ Th-sK K

Granites. 7 1 - 14 Basalts .. 1. 1 0.3 -27
Inter- Ultra-

mediate basic
rocks. . 3.5 0.5 - 14 rocks .. 0.02 0.00- -5

In 1950 it was established that three isotopes of potassium, with
masses 39, 40 and 41, exist in nature with relative isotopic abundances
of 93.08, 0.0119 and 6.90/ respectively /9/. Since this isotopic abundance
ratio is generally preserved in every substance independent of its chemical
structure and origin, the earlier accumulated data on the concentration of
potassium in soils, living matter and other substrata turned out to be very
valuable for computing their degree of radioactivity. This yielded the
primary data that the natural radioactivity of animal and plant organisms,
soil, marine water, and some other substances is due mainly to the radio-
active decay of K 4 0 .

Despite this, little attention was given until recently to the investigation
of other natural radioactive isotopes not belonging to the three above-
mentioned radioactive families, particularly in biology. Only with the
appearance of the hazard of radioactive contamination of the biosphere by
products of nuclear explosions were sistematic investigations begun of
the natural radioactivity of the surrounding environment and of living
organisms, including their radioactivity due to light elements. These
investigations established that living organisms have always been sub-
jected to ionizing radiation from the following sources:

a) external radiation sources - cosmic rays and the gamma-radiation
of radioactive isotopes in the soil and air;

b) internal radiation sources - the radioactive isotopes K 4 0 , C' 4 , Pb 8 7 ,
U, Th and their decay products, which are normal components of various
tissues of the living organism.

In addition, these investigations have shown that a significant contribu-
tion to the internal irradiation dose in man is due to K 4 0 . This is well
illustrated by the data of Table 2.

In some regions of the globe, characterized by an increased content of
natural radioactive isotopes in the external environment, manes irradiation
doses are considerably higher than those given in Table 2. Thus, in-
vestigations of geochemical regions characterized by a higher than avera ge
content of natural radioactive isotopes have established that the dose ab-
sorbed by the tissues of their inhabitants is much higher than that absorbed
in regions with a moderate concentration of radioactive isotopes. For

3



example, in the zone of monazite sands in Brazil the mean annual dose of
ionizing radiation absorbed by man reaches 350 mrad, and in some villages
of Kerala State (India) it even exceeds 2000 mrad /7/.

TABLE 2. Annual irradiation doses from natural sources /4/

Man's annual irradiation dose, mrad

Radiation source by the sexual by the bone bytemro

glands cellsbytemro

External:
cosmic ays .. . . . 28 28 28
ground-level radiation 70 70 70
atmospheric radiation 4 4 4

internal:
K40 ..... ........ 19 11 11

CX ........ 1.6 1.6 1.6
Rn-Tn.2 - 2

Ra .. . . . . . .- 3.8 0.5

Total . . . -124 -118 -117

When considering the amounts of natural radioactivity in various com-
ponents of the biosphere one should also take into account certain regularities
affecting the fluctuation of the natural background and permitting critical
use of the mean reference data. In individual cases considerable deviations
from the average contents of some chemical elements may exist even among
animals of the same brood or single-egg twins /6/. The degree of natural
radioactivity in both organic and inorganic substrata should therefore be
considered as a variable quantity depending on many circumstances.

The first investigations devoted to this problem established that the
deposition of radioactive isotopes in animal and plant tissues is far from
uniform and in some cases expresses a species characteristic. The most
distinct selectivity of tissues to definite isotopes is observed in the animal
world, due to the more complicated differentiation of physicochemical
processes in animal tissues than in plant organisms.

Elements having radioactive isotopes are situated in various rows and
columns of the Mendeleev periodic table; there are thus considerable
differences in their chemical properties. Thus radioactive isotopes of
potassium and rubidium, which participate actively in the biochemical
processes of the muscular tissue, deposit in this tissue, radium, which
has a chemical affinity to calcium, deposits in the bones, and uranium,
in the kidneys /5/. The distribution of other radioactive isotopes in plant
and animal tissues also depends on physicochemical properties.

The basic regularities of the behavior of radioactive isotopes in
organisms are given detailed consideration in the monograph of Balabukha
and Fradkin /2/. These authors draw attention to the fact that the final
fate of radioactive isotopes in organisms is largely influenced by the form
of the chemical compound in which they enter the organism.

In addition, the level of radioactive isotopes in animals and plants
depends largely on the character of their relationships with the inorganic
world and on the physicochemical peculiarities of the geochemical regions
in which they develop and live. Thus, for example, it is known that
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individual plant organisms are capable of pronounced selective accumulation
of definite chemical elements. The geobotanical method of exploration for
certain rare elements at small depths is based on this property. All this
taken together shows that the content of natural radioactive isotopes in
animals and plants, as well as in the surrounding environment, may under-
go appreciable variations.

The purpose of the book, in contrast to some recent review works, is
to present, in addition to a summary of reference data characterizing the
radioactivity levels of various components of the biosphere, a description
of those phenomena and regularities which will apparently make it possible
to understand more completely the basic dynamics of the natural radio-
activity of the biosphere and, consequently, contribute to a more correct
interpretation of radiation-hygiene in each specific case.
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Chapter 1

GENESIS OF THE NATURAL RADIOACTIVITY OF

THE BIOSPHERE

1. SOME HISTORICAL PROBLEMS

Recent discoveries in nuclear physics and new radiation geology data
have made it possible to establish that the radioactive decay going on
continuously in the matter of the earth constitutes the natural evolution of
the chemical elements, undergoing an infinite cycle under the varying
thermodynamic conditions of the universe. This cycle of matter, associated
with radioactive decay, obviously included in certain stages the synthesis
of complex, now disintegrated atoms. The modern theories of the origin
and evolution of the chemical elements, including natural radioactive
isotopes, accept as fact that most of the mass of the long-lived radioactive
isotopes contained at present in the earth's crust were already present in
the cosmic prehistory of our planet, at the moment of its birth. The set
of data obtained in the fields of radiogeology, physics, astrophysics and
a number of other sciences supports the conclusion that at the time of the
earth's formation (approximately 5 billion years ago) thermodynamic
conditions were such that synthesis of both radioactive and stable isotopes
was possible. In this period of the earth's history all the radioactive
isotopes, both the long-lived radioactive isotopes preserved to our days
and their products, and those now produced only by man, existed. How-
ever, due to their relatively high decay rates, the short-lived isotopes
have already decayed completely since conditions for their continued
synthesis have ceased. Therefore only several tens of natural long-lived
radioactive isotopes have been detected in nature.

The latest, widely accepted hypotheses suggest that almost all the long-
lived radioactive isotopes which still exist in nature were formed in that
initial epoch of the earth' s formation in which the primary matter under-
went compression and the chemical elements were created. The short-
lived radioactive isotopes which are encountered on the earth are mostly
intermediate decay forms of three long-lived elements: uranium,
thorium and actinouranium, which form radioactive families of the same
names. Consequently, the creation of these short-lived isotopes is closely
related genetically to the same epoch.

Another group of long-lived natural radioactive isotopes, with low
atomic weight, owes its appearance in the biosphere not to those remote
times in which the formation of the earth's matter took place, but to the
cosmic radiation constantly irradiating the earth. This latter group of
natural radioactive isotopes has an independent development cycle,
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unrelated to the earth' s formation. Such isotopes are created continuously
on the earth?'s surface by the interaction of high-energy cosmic particles
with the matter of the biosphere; they also decay continuously. This
constant process of creation and decay maintains the concentration in the
biosphere of cosmogenic radioactive isotopes at approximately the same
level. The concentrations of all other natural radioactive isotopes in the
various media of the earth's biosphere decrease with time in accordance
with their radioactive decay constants.

In addition to these natural radioactive isotopes, the presence of very
small amounts of radioactive isotopes with an independent decay chain was
recently discovered in the earth' s crust. The genetic relationship among
them has caused these radioactive isotopes to be included in a fourth
radioactive family, the "neptunium. family. " It is believed that the parent
of this family is continually formed from 1J23 8 as a result of the irradiation
of the latter by the neutron component of cosmic radiation and by neutrons
forming in the earth' s crust.

Thus, the genesis of the natural radioactive isotopes in the earth' s
biosphere divides them schematically into three basic groups:

a) natural radioactive isotopes which do not belong to the radioactive
families. Their formation belongs to the epoch of the earth' s formation.
Their content in the biosphere gradually decreases by radioactive decay;

b) natural radioactive isotopes which belong to the radioactive families.

Their concentration in the biosphere gradually decreases in proportion to
the decrease in the amount of parent elements. The formation of the
parents of these families is related to the epoch of the earth' s formation;

c) natural radioactive isotopes whose formation took place in all stages
of the earth's development and continues to the present. The origin of
these isotopes is due to the interaction of cosmic rays with nuclei of the
earth's matter.

~ 2. FORMATION OF NATURAL RADIOACTIVE
ISOTOPES OF THE EARTH

There are several theories about the initial causes of the creation of
the group of long-lived natural radioactive isotopes, the parents of the
radioactive families of uranium, thorium and actinouranium, as well as
of a number of other radioactive isotopes. These theories, independent
of a number of details, are based on the theory of the evolution of chemical
elements. This latter theory is based on the assumption that all complex
chemical elements encountered in the earth' s crust apparently evolved by
prolonged transmutations from the simplest element, hydrogen, to the
present complex forms.

Investigations of the chemical composition of the space surrounding
the earth have led to the conclusion that the mass of the universe con-
sists of approximately 76% hydrogen atoms and 23% helium atoms; all
the remaining elements of the Mendeleev periodic table amount to only
slightly more than 1 A,. These investigations have shown that the

quantitative relationship between heavy and light elements in most
celestial bodies is approximately the same as that on earth. The data

7



obtained astrophysically have been confirmed by chemical analysis of the
composition of numerous meteorites.

Present theories conclude that a necessary condition for the formation
of more complex chemical elements from hydrogen is the interaction of
hydrogen nuclei with one another and their subsequent fusion. However,
such interaction between atoms is possible only when their nuclei approach
sufficiently close. Hydrogen nuclei participating in fusion reactions must
therefore possess huge energies, sufficient to overcome repulsive forces.
The energy source for these processes in the first stages of the earth' s
formation could be only an extremely high temperature. At temperatures
of several tens of millions of degrees hydrogen atoms would have lost
their orbital electrons and could interact with other nuclei, forming a more
complex element, helium. It is believed that this is how the "burn up" of
hydrogen in the interior of the earth and the accumulation of helium took
place. The presence of tremendous temperatures (of the order of 10 to 20
million degrees) and colossal pressures (reaching hundreds of millions
of atmospheres) contributed to the continuation of the synthesis of new
elements by the fusion of helium nuclei with one another and the formation
of heavier elements, the beginning of the Mendeleev periodic system. As
an illustration of the above the following series of nuclear transformations
is usually given:

He' (a, y) Be' (a, y) C12 (a, y) Q16 (a, y) Ne20 (a, y) Mg 24.

The creation of high temperatures and pressures which made possible
the development of the synthesis reaction of more complex elements from
simple ones is explained by the following hypothesis /18/. Contraction
of dust and gas clouds has always taken place in the galaxy. At some
stage of the contraction a group of stars, one of which was the sun, con-
densed from such a cloud. The remains of this gas-dust cloud then
collided with the sun and part of it was captured. The captured part
apparently contracted fairly rapidly into a disk about the sun. The theory
assumes that subsequent gravitational instability caused this disk to
condense into a number of masses which formed the protoplanets of the
solar system. In this stage the contraction caused heating of the proto-
planets, which could have allowed the synthesis of helium and other more
complex chemical elements from hydrogen.

Nuclear synthesis of elements more complex than helium took place
apparently under somewhat different thermodynamic conditions, with
higher temperatures. It is assumed that the thermal conditions of the
formation of the earth had a complicated dynamical character. Thus, in
the several million years after the initial intense heating of the condensed
nebula, the hydrogen situated in its interior completely "burned up",
transforming into helium. In the further evolution of the protoplanet its
core, which already consisted only of helium, continued to contract,
giving rise to temperatures ten times higher than at the time when the
initial heating occurred and the whole mass consisted of hydrogen.

Calculations show that as a result of this contraction a temperature
of 150 million degrees could have developed in the center of the earth.
Under these conditions, a fusion reaction of three helium nuclei into one
carbon nucleus with atomic weight 12 could proceed. Subsequently the
further contraction of the earth' s crust and the internal temperature rise
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created favorable conditions for the next, more complicated fusion reaction,
the so-called helium cycle: a carbon nucleus combined with a helium
nucleus, forming an oxygen nucleus. The combination of oxygen and
helium led to the formation of neon and so on. Frank-Kamenetskii /15/
believes that elements up to but not heavier than calcium could have
formed in thermonuclear fusion reactions of this type, such as took place
in the remote past in our earth and which take place in stars. The
formation of heavier nuclei, i. e. , further thermonuclear fusion of
elements heavier than calcium, could take place either in the presence
of free neutrons, or at a temperature of several billions of degrees. Such
temperatures arise in the explosion of supernovas, which are usually
explained as thermonuclear star explosions outwardly manifested by the fact
that in the place of an earlier unobservable star a bright glow suddenly
appears. During several months such a star shines so brightly that its
luminosity equals that of a whole galaxy, or approximately 100 billion
stars. Supernova explosions are assumed to result from the upsetting
of equilibrium in stellar systems due to the difference in temperatures
between the star's core and its envelope caused by the different character
of the thermonuclear processes which take place in the core and in the
envelope at a late stage in the star' s evolution.

When a supernova explodes, an enormous mass is thrown into cosmic
space and the remainder contracts. This is accompanied by a sharp
temperature rise, producing very intensive nuclear reactions and re-
leasing a very powerful flux of neutrons.

Frank-Kamenetskii belives that the subsequent synthesis of heavy
nuclei up to iron took place not only as a result of thermonuclear reactions,
but mainly due to neutron capture by nuclei and their subsequent beta-
decay.

The formation of nuclei of heavier elements than iron, in Frank-
Kamenetskii' s opinion, can be due to a combination of phenomena taking
place in asupernova explosion, mainly to processes of neutron capture and
the subsequent nuclear decay.

Cherdyntsev /17/ believes that the formation of complex nuclei could
take place only under definite conditions of thermodynamic equilibrium
in some initial system. He assumes that such conditions exist in the
explosion of this system, consisting mainly of neutrons, in which thermo-
dynamic equilibrium is established for only a tiny fraction of a second.
After the explosion these neutron fragments are rapidl, transformed into
the ordinary atomic nuclei of terrestrialrnatter by succ,.ssive beta-decay.
The author believes that such unstable neutron states exist in the final stage
of the evolution of stars, to which supernova explosions correspond.

Fesenkov /14/ reasons that the formation of chemical elements, in-
cluding radioactive elements up to transuranic ones, proceeded as follows.
A massive sun, formed from cold scattered matter by coagulation of gas
filaments, possessed a definite, though small, angular momentum. Then
it passed the stage of gravitational contraction, increasing the density in its
central parts and forming neutrons by "squeezing" the electrons into nuclei
(electron degeneration). The neutron phase should have led to a sharp
decrease in volume and to the contraction of the sun, which inevitably
would have resulted in an increase in the angular velocity and centrifugal
force on the equator. As a result the pressure at the equator dropped and
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the neutron matter began to scatter with the formation of heavy nuclei and
neutron irradiation of the light nuclei in the peripheral parts of the sun.
Matter flew out along the equator and formed a gaseous disk. At the same
time neutron-saturated nuclei were transformed into normal neutron-
proton nuclei, mainly by beta-decay, The heaviest underwent alpha-
decay and fission. Under such conditions transuranic elements should
also have been formed. Matter ejected by the sun and consisting largely
of newly formed radioactive isotopes went into the "construction" of the
planets and some diffused into space.

Recently Gurevich /8/ worked out a new hypothesis to explain the origin
of the elements, based on the cosmological ideas of the Soviet school of
astrophysicists. He found that the formation of atomic nuclei cannot be
attributed to a single astrophysical process; it must go on in the cosmos
at all times, different systems contributing only individual features of the
observed abundance of atomic nuclei.

In the electromagnetic fields which arise from the motion of the galaxy
fast cosmic protons appear which, colliding with nuclei of the primary
matter hydrogen, form deuterons. Deuterons, in turn, combine with
helium atoms, forming LiO. This stage of the process proceeds in inter-
stellar, and perhaps, as assumed by Gurevich, even in intergalactic
space. More complex nuclei form by nuclear capture of slowed down,
"1near-barrier" protons, whose energies are slightly higher than the

Coulomb barrier between the nuclei and the protons.
In low-density systems, such as diffuse nebulae, neutrons cannot be

an efficient tool for the synthesis of heavy nuclei, since they have sufficient
time to transform into protons by natural beta-decay before colliding with
atomic nuclei. The formation of heavy nuclei by neutron capture, according
to Gurevich, begins in the protostar stage of nebular contraction and con-
tinues in the interior of the developing star. He explains the presence of
light elements in the solar atmosphere as being due to the fact that these
elements, and deuterium, are formed continuously in interstellar space
and are subsequently absorbed by celestial bodies. A quality of Gurevich s
conceptior is its flexibility. If the process is interrupted in one of the
links in a given system, it may continue in another system of developing
galaxies /6/.

There are also other theories which explain the formation of complex
elements from primary matter from very different points of view. None-
theless, the present ideas of physics affirm that any process of natural
synthesis of atomic nuclei, especially by neutron saturation of primary
light nuclei or by disintegration of semi-neutron matter, produced un-
stable radioactive nuclei, including transuranic elements. Therefore,
even in the absence of a generally accepted theory of the origin of the
elements, it follows that in its first stages of development our planet was
a highly radioactive celestial body. In its further evolutionary develop-
ment, after the vigorous processes which created actinide elements and
other radioactive isotopes ceased, the radioactivity of the earth continually
decreased, reaching the present low level. Only cosmic rays have some-
what supplemented the balance of radioactive isotopes by reactions with
light elements.
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3. RADIOACTIVE ISOTOPE CREATION BY
COSMIC RADIATION

A new field of physics has developed during the last decade which
studies the radioactive isotopes which are created in the atmosphere by
cosmic radiation. It is now established that the radioactivity of the
atmosphere due to cosmogenic isotopes is relatively low compared to that
due to other radioactive isotopes, but nevertheless it should be taken into
consideration, especially in certain radiation-hygene investigations. A
list of the radioactive isotopes which have thus far been shown to be
created by cosmic rays is given in Table 3.

TABLE 3. Natural radioactive isotopes created by cosmic rays

Element Rdocie Half life /2/ Element Rdocie Half life /12/
isotope isotope

Tritium ...... H312.46 years Phosphorus ... p
3 2

14.3 days
Beryllium. .... Be' 52. 9 days P 

3 3
25.4

Bel 2.5. 106 ears a~lfur ...... S
35 87.1

C-arbon ...... C1 5568 years Chlorine . . . . Cl13 9 55.5 min
Sodium . ..... N2 2.6 years

There are grounds for assuming that further investigations will enlarge
this list.

Since cosmic rays enter the terrestrial atmosphere relatively uni-
formly and continuously from all directions these radioactive isotopes
are formed at practically the same rate at a points of the atmosphere
with the same altitude and latitude. The main variations in the rate of
formation of cosmogenic radioactive isotopes in the atmosphere is with
altitude, since different numbers of primary cosmic radiation particles
penetrate to different atmospheric layers, the number decreasing as the
air density increases. The dependence of the rate of production of natural
radioactive isotopes by cosmic rays on altitude and geographical latitude
is well illustrated by the curves in Figure 1. It follows from this figure
that the rate of production of Be 7 shows a stronger dependence on altitude
than on latitude. The mean daily number of beryllium atoms produced by
cosmic rays per cm 2 of area is about 9000.

The total yield of radioactive isotopes due to cosmic rays per sec per
kg of air varies from 1.8 nuclei for C14 to 0.0004 nuclei for p3 2 /1 /.

Nonetheless, most of the mass of natural radioactive isotopes were
produced in the period of the creation of the chemical elements in the
cosmic stage of development of the planet. These long-lived radioactive
isotopes include those listed in Table 4.

Most of the other radioactive isotopes which are encountered in the
biosphere are decay products of the corresponding parent isotopes. This
group includes radium and radon. These two elements play an appreciable
role in the natural radioactivity of some substances of the biosphere.
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FIGURE 1. Rate produlctionl of Be' in the
atmosphere s a function of the geomagnetic
latitude /13/.

4. DISTRIBUTION OF RADIOACTIVE ISOTOPES

IN THE EARTH

The distribution of radioactive elements in the earth is largely de-
termined by those geophysical conditions which existed in various stages
of its development. According to A. IL1. Fersman, five stages are distinguish--
able in the earth' s development.

. Cosmic stage. This stage is characterized by the interaction of
hydrogen nuclei and the creation of a more complex element,' helium,
which subsequently participated in the creation of more complex elements.

2. Planetary stage. The chemical elements created in this stage were
gradually dispersed, in accordance with their specific weights, in the
different strata of the earth. Gases and volatile substances moved to the

surface. Heavy elements accumulated in the core.
3. Magmatic stage. This stage is characterized by the precipitation

of various chemical substances from the liquid-mnolten mass of the earth.
The first precipitated substances were heavier and sank. Lighter sub-
stances floated to the surface.

4. Formation of the earth's surface. This stage is characterized by
the appearance of the atmosphere, hydrosphere and lithosphere. In this
stage of the earth' s development a cycle of radioactive isotopes appears
which is connected with the effect of dynamical factors, including the
destructive activity of the sea, mountain building, erosion and other

external and internal processes.
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3. Stage of the earth's development. This stage is characterized by
the appearance and development of organic life. In this stage Tolant and
aninmal organisms acquire a definite importance in the general cycle of
radioactive isotopes on the surface of the earth.

,As follows from this scheme, the physicochemical conditions of the
earth' s development had different effects on the creation and soread of
the different elements, including their radioactive isotones. As a result
of complex geophysical phenomena radioactive isotooes are distributed
nonuniformly in the earth' s mass. Investigations of the radioactivity of
rocks show that the concentration of radioactive isotopes is higher in
persilicic rocks lying on the surface, and decreases with increasing depth.
Therefore deep, ultrabasic rocks have an appreciably lower specific radio-
activity than surface persilicic rocks. The lowest concentration of radio-
active isotopes is observed in the material of meteorites, which, it is
believed, closely reflects the composition of matter in the interior of
the earth.

A number of investigations have established that the closer the rock is
to the surface of the earth, the larger the amount of elements with racio-
active properties contained in it.

The accumulation of heavy radioactive elements, such as thorium and
uranium, in the upper layers of the earth is explained by some authors
as due to the fact that the comparatively large atoms of these elements
could not enter silicate lattices at the time of the formation of the silicate
minerals, in the so-called planetary stage of development of the earth /19/.
Therefore, as the deep parts of the earth cooled and compressed, the
atoms of these heavy radioactive elements should have gradually been
forced outward and enriched the upper layers. At the same time heavy
radioactive elements were forced upward, another process contributing
to the accumulation of radioactive elements in the earth's crust. This
process was characterized by the transfer to the earth' s surface of a
number of light radioactive elements together with volatile compounds /20/.

In subsequent stages of development of the terrestrial surface radio-
active elements from the interior of the earth continued to be transported
by hot sources, which carried uranium and thorium dissolved in water from
deep below the surface to the earth's surface. In addition, the activity of
rivers, seas and oceans and meteorological factors contributed to the
further spreading and redistribution of radioactive isotopes on the earth' s
surface.

On the whole, the combination of all these prehistoric, historic and
current processes has determined the fact that radioactive isotopes on the
earth' s surface are generally widely dispersed. A great role in this
scattering process belongs to the organic world. An example of the
dispersal of radioactive isotopes is their distribution in the troposphere.
It is believed at present that the chief isotope determining the radioactivity
of the atmosphere, radon, is represented in each cubic centimer of sur-
face air by only one atom /2/.

Solid radioactive elements contained in the earth's crust are also in
great dispersal. In this connection V. . Vernadskii has reasoned that in
nature, in general, minerals with a high concentration of radioactive
isotopes cannot exist. The accumulation of large amounts of radioactive
isotopes, in his opinion, should inevitably have been associated with the
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intense generation of heat, producing a temperature rise in the surrounding
medium to such a degree that any solid material would have been vaporized.
Vernadskii therefore assumed that any large concentration of radioactive
isotopes in nature was a center of modification of the surrounding medium,
upsetting any equilibrium.

An idea of the content of natural radioactive isotopes in the earth's
crust and of some of their physical properties can be obtained from Table i
which is based on the data of Vinogradov /4/ and Cherdyntsev / 16/. The
table shows that the earth's crust contains mainly isotopes with very long
half lives. Most of the isotopes given in the table decay by beta-decay;
some undergo alpha-decay. In some of the decays gamma particles are
emitted. The most widespread radioactive isotopes in the earth' s crust
are Zr 9 6 , Ca 4 8 and Th2 3 1. However, due to their very long half lives, the
first two isotopes contribute very little to the total radioactivity of the

earth's crust.
The great dispersion of radioactive substances in the biosphere, their

presence in all the strata of the earth, in the lithosphere, atmosphere
and hydrosphere, is due to the destructive processes constantly taking
place on the earth' s surface. As was shown above, radioactive isotopes
formed long before the appearance of the atmosphere and hydrosphere.
The radioactivity of the water and air media is therefore derived mainly
from the radioactivity of solid rocks. An exception to this generalization
is that part of the radioactivity of the biosphere which is due to cosmic
rays.

Under the effect of continuous destructive processes, which modify the
morphology of the earth' s surface, destry its solid, stone mantle, and
transfer the disintegrated material to large distances, radioactive isotones
gradually enriched the aqueous media. Gaseous products of the radio-

active decay of isotopes belonging to the uranium and thorium families
entered the atmosphere.

We distinguish among the following types of destructive processes:
disintegration, transport and deposition of the disintegrated material.
Disintegration of source rocks, which still occurs, is mainly the result
of weathering, which prepares the material for subsequent transport to
other places. The transport of disintegrated rocks is called denudation;
it may be caused by flowing water, ice, surf, wind, and gravity. It is
obvious that the process of denudation of disintegrated rocks disperses
all the principal natural radioactive isotopes in the biosphere. A complete
summary of the chemical content of radioactive isotopes in various rocks
can be obtained from Table 5, where data are also given on the concen-
tration of natural radioactive isotopes in formations derived from rocks,
sediments and soils.

As follows from this table, in a number ofcases the derivative forma-
tions have a higher content of radioactive elements than do basic and
intermediate rocks. It was earlier mentioned that persilicic rocks are
more radioactive than basic (basalt) rocks. This is also confirmed by
the examples given in Table 5 of the content of individual radioactive
isotopes in various rocks. The only real exceptions from the general
rule are calcium and rhenium, whose content in persilicic rocks is some-
what lower than in basic rocks.
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TABLE 4. Content of the principal radioactive iotopet in the arth's crut

Content of Content by weight of the
the lemnent adioactive Type of Final deca y radioa ctive isotopc A~ V, Half life /12/,

Element Symbol in the earth's istp raito prdc inhe ntecrt' yas
_________- ~~~~crutt by tope rdain rdut Inte ith rh'u yas

weight, c eemen t I crust

Potassium. ..... K 2.6 1(40 P, COO', Ar'0 1.19. 10- 2 3.10-'4 1.31 10'
Calcium. ...... Ca 3.6 Ca48

Ti'8 0.185 6.6 I0-3 >2* 101'
Rubidium. ...... Rb 3.0. 10- 2 Rb87 ~ ,y Sr87 27.85 8.4* J- l- 6.15 10"0
Zirconium. ..... Zr 2.8. 10-12 Zr8' MoN 2.8 7.8* 10-' >6*1Iol
Indium. ....... In -..1.10-' In't'5 Sn11 b 95.77 -9.6~- - 6.-1014

Tin.Sn 2.3~~~~~~~~~~ 10-3 Sn24 Tett ' 6,0 1.42 *1o- 1,5.10O"

Tellurium. ..... Te I 10-" Te'30
Xe'30 34.49 3.5~ 10J- 1.4.1021

Lanthanum. ...... La 1.8.1 l03 Less , Balsa 5.9.10-'2 1.6-10-' 7.1010
Neodymium . .. . Nd 2* 103 Ndt44 a Ce'0 23.87 .-4.8* 10'-' 1.5.-1010

Samarium. ...... SM 8.0.10-' Sm"47 a He', Ndas 15.07 1,2* 10-'4 1.4.10"
Lutecium. ...... Lu _..10-4 LU17' MMf', Yb' 76 2.6 2.6- 10-'1 2 10"
Rhenium. ....... Re -I1.10-' Re' 87

0 s1 87 62.9 -6.3- 10 8 4.10"2

Bismuth. ..... Bi --110"5 B20
a He, T"1 -100 --110-' 2.7.101-7

Thorium . . . . .I . . Th 8.0. 10'4 Th$3
2 ,~ He', Pb21 -100 -8.0- 10-' 1.39 10"(

Actinouranium .. . . . AcU 3 04 U2s a 6 HeO, Pb207 0,71 2.2 10 7 13.108

Uranium. ....... U 3.10-4 U238 a, V He', Pbs 99.28 3-10'4 4.5.10'



TABLE 5. Average content in the lithosphere of elements with natural radio-
active isotopes /4, 5/

Content of the element, _____

Element Ultrahasic Bat'c Intr Persilicic Sedimen- I Soil,
rocks' rocks m lediate rocks tary rocks

______________________ro c k s _____________ __________ __ ____________

K 5.10-1 8.3 *10-' 2.31 3.34 2.28 1.36
Ca 7,7 6.72 465 1.58 2.53 1.37
Rb 2.1- l-' 4.5*1IO- 7.10- 4.10- 4.10- 2 1.10-2
Zr 3.10- IO- 2 2.6.10- 2 2.10- 2 2.1- l-2 3.10- 2
In 1.3 10- - 1.2. 10-il - -
Cs - - - 1.9. 10- 1.2.1o- 5.10-4
La - 2.7 I0- 4I10- 4.6.1o- 4. 0- 4.10- 
Nd - 1.10- 2. 0- 4.10- 3 .8 I0- -
SM - 1.5.10-4 - 6.10-'4 5.10-4 -
Lu - - - 2 -10-4 2. 10- -

Re - 6.-10-6 - 6.10-1 - -
Rn 6.5.10-18 1.7-10-' 3.9.10-' 7.6.10-16 6.9 1 0- I -
Ra 1.10-12 2.7- 10" 6 10`1 1.2.10-10 1.10-10 8.10-1"
AcU 2.10- 8 6.10- 1.3.10- 6 2.5.10- 6 2.3.10- -
Th 6 I0-' 3.10-4 7.10-' 1.8 IO- 3 1.1.-10-3 6. 10-'
U 3.10- 6 8 I0- 1.8.10-' 3.5.10-'4 3.2.10-4 1.10-'4

When comparing the concentration of natural radioactive elements in
soils and sedimentary rocks with that in primary rocks it is found that
whereas the content of these elements in derived formations is almost
always higher than in basic rocks, it is usually lower than in persilicic
rocks.

§ 5. THE SPREAD OF RADIOACTIVE ISOTOPES
OVER THE EARTH'S SURFACE

At the present stage of development of the earth' s crust wind is an
important factor in the spreading of natural radioactive isotopes. Lifting
dust, the wind can carry solid particles of radioactive substances over
very large distances. This "transportation" role of wind is called de-
flation. Absolutely stable rocks with respect to destructive processes
do not exist, so that all rocks disintegrate sooner or later, releasing
material which contains radioactive isotopes. Weathering is the chief
agent in rock disintegration. By weathering in soil science is understood
the combination of physical and chemical processes which cause the
disintegration of materials on the earth's surface. This disintegration is
the result of sharp temperature variations, freezing of water in rock
cracks, the chemical effect of water containing oxygen, carbon dioxide,
etc. , and the action of plant and animal organisms.

Physical and chemical weathering processes often proceed simultan-
eously, but usually one of them predominates depending on a number of
conditions. In the course of weathering there often occurs a combination
of two somewhat contradictory processes: disintegration of rocks and
formation of new compounds. Thus, uranium minerals released from
rocks by weathering generally accumulate in comparatively large amounts
in the so-called oxidation zone, i. e. , in the layer of the earth's crust
above the groundwater level /7/. This zone got its name from the fact
that in it oxidation processes are relatively more intense, due to the
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influence of the oxygen of the air. Some of the radioactive products
which are released by weathering are carried in a dissolved or suspended
state by surface water over large distances, entering large water basins,
where they settle to the bottom. Potassium, uranium and radium readily
dissolve, whereas thorium does not readily form soluble compounds, as
a result of which the end product of its metamorphosis is thorium oxide,
which forms placer sands. Data on the location of known uranium and
thorium deposits can be found in Namias' work /11/. Since potassium,
radium, uranium, radon and some other elements dissolve readily in
water, individual surface basins (lakes near a primary mineral deposit)
and underground water may have increased radioactivity due to their en-
richment with some element. Such water is therefore called radonic,
radium, or uranic depending on the element with which it is enriched.

In arid zones or under other conditions favorable to intense evaporation,
such water may enrich the soil appreciably with radioactive elements.
In some cases such circumstances lead to the formation of insoluble com-
pounds of the radioactive element, forming secondary deposits of the
radioactive minerals.

Products of weathering which enter water basins and are deposited on their
bottom eventually form sedimentary rocks. Sedimentary rocks are also
formed by marine animal organisms, whose skeletal and integumentary
mineral remains have accumulated on the bottom of the oceans since
prehistoric epochs, creating thick calciferous deposits.

Thus, it follows from this brief review that the primary source of the
natural radioactive isotopes scattered over the earth's surface is rocks,
i. e. , those geological formations which originally included in their
structure all the radioactive elements which formed in the first stages
of the earth's development. Therefore, in estimating the radioactivity
of formations derived from magmatic rocks it is necessary first to take
into account the radioactivity of the source material.

Depending on their origin, rocks are divided into three groups:
a) igneous or magmatic rocks;
b) metamnorphic rocks;
c) sedimentary rocks.
Igneous rocks are formed by solidification of molten magma from the

depths of the earth' s crust. Metamorphic rocks are igneous or sedimen-
tary rocks transformed by high pressures or temperatures. The present
soil cover, the most interesting formation from the biological point of
view, was also formed from rocks. By soil cover we mean the loose
surface layer of the earth' s crust, formed from rocks under the action
of moisture, air and plant and animal organisms. The main mass of
sedimentary rocks formed as a result of plutonic conversion of igneous
source rocks by various surface geological agents. The radioactivity of
soils and sedimentary rocks is therefore related to their formation
processes, weathering, drift, transportation and the character of material
inclusion in the region of the biosphere, where the role of living matter in
the migration of chemical elements is particularly great. The origin of
a number of sedimentary rocks is due to the activity of plant and animal
organisms.

In this connection, V. . Vernadskii has shown in numerous works that
the environment and living organisms are inseparably embraced in the
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general history of the chemical elements. According to Vernadskii,
the geochemical. processes in the earth' s crust and the evolution of the
chemical composition of organisms are conjugate processes. He em-
phasized that life is not an external, accidental phenomenon on the earth' s
surface, but is closely related to the structure of the earth' s crust.
Therefore, the chemical composition of organisms is also inseparably
connected with the chemical composition of the earth' s crust. This cycle
of the chemical elements, including natural radioactive isotopes, is a
striking demonstration of Mitchurinian biology and Pavlovian physiology,
which state that the basic law of organic development is the unity of the
organisms and the external environment with the environment playing the
leading role and the organisms being active partners.

§ 6. THE CYCLE OF NATURAL RADIOACTIVE
ISOTOPES IN THE BIOSPHERE

Due to meteorological, hydrological, geochemical and volcanic processes
continuously occurring on the earth' s surface, and to other causes, radio-
active elements contained in disintegrating bedrock are dispersed ex-
tensively and gradually become included in the cycle of substances in the
biosphere. Natural radioactive elements in dissolved, gaseous or other
states, released from bedrock, enter water basins and the lower layers
of the atmosphere, participate in the formation of the soil cover, are
assimilated by plants and animals, etc. The corresponding radioactive
isotopes which enter the aqueous medium gradually deposit on the bottom
of the basins, participating in the formation of sedimentary rocks.

Some of the gaseous radioactive isotopes which enter the atmosphere
also return to the earth's surface in rain, snow, etc.

These and other circumstances result in an equilibrium in the con-
centration of radioactive isotopes over the earth' s surface. Despite the
constant arrival of radioactive elements due to destructive processes in
magmatic bedrock, the total concentration in the atmosphere, hydro-
sphere and soils is maintained at the same general level, since the mean
amount of radioactive isotopes entering the cycle in any interval is equal
to the amount leaving it due to radioactive decay and the formation of
sedimentary rocks.

Under certain conditions sedimentary rocks, in turn, are sources of
natural radioactive isotopes, reinserting them into the cycle. For example,
it is well known to geologists that extensive rearrangements of the earth' s
surface have repeatedly occurred in the history of the earth, in which
tectonic shifts have lifted massive layers of sedimentary rocks from the
ocean bottom, reintroducing them into the sphere of destructive processes.
However, despite these and similar processes which periodically include
in the cycle radioactive isotopes which left it earlier, complete com-
pensation for the radioactive isotopes which have left the cycle does not
occur because of the irreversible radioactive decay both of isotopes con-
tained in the biosphere and of isotopes contained in the bedrock. Table 6
gives average data characterizing the present equilibrium concentration
of one of the leading radioactive elements of the biosphere, radium, as
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well as of its decay product, radon (the table is based mainly on
Kunasheva's data /10/).

As is known, plant and animal organisms contain some amount of
practically all the chemical elements and their isotopes, both radioactive
and stable. The content of chemical elements in living matter is generally
proportional to their concentration in the life-giving medium. However,
twvo important corrections are introduced in this direct and simple relation,
the assimilability of the compound containing the radioactive isotope and
the need of the organism for the element.

TABLE . Radium and radon radioactivity of individual cornponents of the biosphere

Order of magnitude nfthe Order of magnitude of the
Substratum specific radioactivity, Substratum specific radioactivity,

curie/kg (ot curie/liter) curie/kg (or curie/liter)

Rocks: A it:
persilicic .. . . .. IO in the soil . . . .lo o
basic .. . . . . 01 atmospheric 
sedimentary .. . .. I0 at the earth's surface 10-13

Soil....... I0`- -i ', atmospheric over
W~'ater: the ocean . JO .. 1-1s

in oceans and seas . . o' i* 3 Plants .10...12... . IO
in rivers ......... 10 -' -10- Animals .i 0-1

The first correction therefore depends on the coefficient of solubility
of the compound containing the radioactive isotope. The second correction
is determined by the "optimum concentrations. " By "optimum concen-
trations" Vinogradov /3/ implies those amounts of the chemical substances
which have the most favorable effect on the growth, development and other
vital functions of the plant or animal. Thus, physiological need produces
a tendency in individual types of living organisms to concentrate in their
tissues from time to time appreciable amounts of chemical substances
containing radioactive isotopes. Two types of radioactive isotope con-
centration can be distinguished:

1) rise of radioactivity in all the organisms of a given group, connected
with a high content of radioactive elements in the surrounding medium and
their accessibility for assimilation by plants and animals;

2) specific concentration of some radioactive element by a given
species (very often by a given kind of organism) independent of geo-
chemical environmental conditions.

Increased assimilation of a radioactive isotope from the substrata of
the external medium is often accompanied by increased accumulation by
the same organisms of other radioactive isotopes with similar chemical
properties. Thus, for example, increased tissue content of radioactive
potassium usually leads to increased rubidium content. Such an increase
in the content of related radioactive isotopes is usually proportional to
their concentration in food-supplying media. In this connection these
media constitute one of the principal links connecting plant and animal
organisms to the cycle of natural radioactive substances in the biosphere.
Figure 2 is a schematic illustration of the cycle of natural radioactive
isotopes in the biosphere.
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FIGURE 2. Schematic cycle of natural radioactive isotopes in the hiosphere.

Since the present cycle of radioactive isotopes in the biosphere should
in principle also characterize the cycle of natural radioactive isotopes
which existed in the earth' s remote past, a knowledge of the half lives of
the main radioactive isotopes should make possible an estimate of the
character of the radiation background which existed on the earth in any
historial, prehistorical or geological epoch. A. E. Fersman proposed the
following world chronology:

0 -present period
1,900 years -beginning of our era Historic times
4,000 years -beginning of the Egyptian and

Babylonian cultures

25, 000 years - end of the last glacial epoch

500,000 years - appearance of man Prehistoric times
800,000 years -beginning of the glacial epochs

25 million years -Miocene, formation of the

Alpine Mountains
300 million years -Carboniferous period, formation

of the Uirals and of the coal in Geological times
the Donets Basin

400 million years - Devonian period
900 million years -Cambrian blue clay

1, 000 -1, 500 million years -Archean granites of Finland

1,500 -2, 000 million years -formation of the solid crust
of the earth Cosmic times

3,000 - 5, 000 million years - formation of the solar system
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IBy comparing the chronological indices of individual stages in the
development of the earth' s surface and of the organic life on it with the
half lives of the principal long-lived radioactive isotopes contained in
rocks, we find that significant variations in the radiation background on
the earth' s surface could not have occurred despite the exceptionally long
time intervals.

For example, the half life of U238 is 4500 million years, of U2359 713
million years, of Th 232 13,900 million years and of K40 1310 million years.
Consequently, since the time the solid crust of the earth was formed the
total amount of the isotope K40 has decreased by approximately a factor
of two, U238 somewhat less, U235 more and Th232 considerably less.

A more accurate idea of the concentration of radioactive isotopes in
the earth's crust in remote times can be calculated using the formula /9/

Co = Cieo.63 Itr,

where C is the activity at a given moment, C the initial activity, t is
the moment under consideration, and T is the half life.

Using this formula and the half lives of the radioactive isotopes of
uranium, thorium and potassium, we obtain the relative decrease in the
activity of these isotopes during the time intervals under consideration.
The results of these calculations are given in Table 7.

TAB3LE 7. Decrease in the activity of the earth's crust due to the decay of long-lived
radioactive sotopes

Time inerval Mllionso yearsRelative decrease in radioactivity
Time interval Millionsof years u23 Th 22 K4

Formation of the solar system . 5000 2.14 128 1.29 14.3

Formation of the solid crust of the
earth ......... 2000 1.35 7. 05 1.08 2.82

Archean granites of Finland ... 1 500 1.25 4.3 1.07 2.14
Dcvonian period .... 400 1.06 1.47 1.025 1.23
Carboniferous period . . .. 3 00 1.05 1.35 1.02 1.17
End of the Tertiary period (ap-

pearance o man) .. . . .0.5 -1 -1 -1 -1

The results in Table 7, characterizing the decrease in radioactivity of
the terrestrial crust due to the decay of uranium, thoriumn, actinouranium
and potassium, show that the variations in the radioactive background
from the time life first appeared on the earth (Archean granites of Finland)
to the present have not been large and from the end of the Tertiary period
(appearance of man) practically negligible.

Short-lived radioactive isotopes of the cosmic stage of development of
the earth had decayed completely by the time life first appeared. Long-
lived radioactive isotopes which were created in the period of the creation
of the chemical elements on the earth, have either an unusually long half
life, much exceeding the age of the earth, or are found in very small
amounts. As a result, the radiation background of the earth' s surface
is practically independent of the concentration of those radioactive isotopes
which have a long half life and which are not considered in Table 7.
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All the above gives a basis for assuming that the development of organic
life on the earth' s surface and the evolution of man have proceeded with a
practically constant radiation background, if we do not take into account
possible variations in the cosmic radiation level.
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Chapter 2

PHYSICAL AND BIOCHEMICAL PROPERTIES OF

NATURAL RADIOACTIVE ISOTOPES

§ 1. THE CONTRIBUTION OF INDIVIDUAL
RADIOACTIVE ISOTOPES TO THE TOTAL
RADIOACTIVITY OF THE BIOSPHERE

Baranov has divided all the known natural radioactive isotopes into
three large groups depending on their natural abundance and contribution
to the total radioactivity of the earth' s crust / 6/. The first group in-
cludes the most widespread natural radioactive isotopes which contribute
most of the natural radioactivity. The second group includes all the re-
maining radioactive isotopes, with the exception of those produced by
cosmic rays, which constitute the third group. The first group includes:
uranium and thorium with their decay products, K40 and Rb 87 . The second
group includes more natural radioactive isotopes than the first, but their
total activity in the biosphere is considerably lower than that of the first
group. The second group includes: calcium (Ca 4 8 ), zirconium (Zr 90 ),
indium (In 1 13 ), tin (Sn"24), tellurium (Te'13 0 ) ,lanthanum (La 1 38 ) ,neodymium
(Nd'15 0 ), samarium (Sm152 ), lutecium (Lu.'7 6) ,tungsten (W' 80), rhenium
(Re'18 7 ), bismuth (i2 0 7 ), and some others. The members of this group
generally either have very long half lives (as a result of which, despite
their relatively widespread occurrence, they are of secondary importance)
or are rarely encountered in the earth's crust. However, the represen-
tatives of both groups have a common and important property by which
they all differ significantly from the radioactive isotopes of the third group.
The origin of the isotopes of the first and second groups is connected with
processes which took place in the period of the earth's formation, i.e. ,
with the primary synthesis of the chemical substances. The only exception
are those elements which are the decay products of the parents of radio-
active families. In contrast to these, mainly long-lived, isotopes, the
third group includes isotopes continuously formed in the biosphere as a
result of nuclear reactions still taking place on the earth. The most im-
portant members of this group are carbon (C14) and tritium (H 3 ) , which
are formed by the interaction of cosmic particles with atmospheric matter
by the reactions

,N14-- n' -. + 6 -{ Hl
or

7N +,n Cl?+1 H3.
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A number of other short-lived radioactive isotopes are also formed in
this way. Radioactive isotopes resulting from the fission of nuclei of
heavy elements scattered in the soil cover by cosmic rays or terrestrial
neutrons may also be referred to this group /32/. Uranium constantly
undergoes spontaneous fission with the formation of radioactive fission
isotopes. The decay constant for this rare phenomenon is 710-24 sec-1,
or approximately one fission per minper gram of U238. Pure U2'J5 undergoes
spontaneous fission at a rate of approximately 40 events per min per
gram. The cross section of uranium for slow cosmic radiation neutrons
is about 3 barns.

It can thus be assumed that through spontaneous fission of heavy nuclei
or cosmic-ray induced fission all the known radioactive products of
nuclear disintegration, sometimes called fission elements, should be
encountered naturally. A special role among these products of the natural
fission of heavy nuclei, as well as among artificially obtained nuclear
fission products, belongs to the radioactive isotopes of strontium (Sr 90 )
and cesium (Cs13 7 ), which have comparatively high fission yields and
long half lives.

However, the rate of production of natural radioactive fission isotopes
is very low, and therefore their content in the soil cover and in other
inorganic and organic substrata is small (of the order of 1 OI7 -10-16

curie/kg). In geochemical regions rich in uranium deposits the total
natural radioactivity may be some-what higher due to the increased content
of natural radioactive fission isotopes. But as a result of the contamina-
tion of the biosphere with artificial radioactive fission isotopes it is
practically impossible to detect natural fission isotopes.

Table 8 gives some data characterizing the specific radioactivity of
the principal natural radioactive isotopes and of the elements containing
these isotopes.

TABLE 8. Radioactivitv of natural isotopes /7, 13,28,32, 42, 57/

0 = 05
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Besides the radioactive isotopes given in Table 8, the natural radio-
activity of various media of the biosphere is determined by the content of
radioactive decay products, members of the radioactive families, primarily
tonium, radium, actinium, radon, and thoron. The most important of the
isotopes of this group is Ra 22 6 .

However, despite the very widespread occurrence of a large number of
natural radioactive isotopes in various regions of the biosphere, in almost
all cases the most important in the formation of the natural radioactive
background is the radioactive isotope of potassium, Kl(

Therefore, in carrying out radiation-hygiene investigations and de-
termining the causes of the relatively high radioactivity of both organic
and inorganic substrata, it is first of all necessary to differentiate between
the contribution to the total radioactivity from K40 and from possible
artificial isotopes. In terms of activity the content of other natural radio-
active isotopes in the principal systems of the biosphere is in most cases
considerably lower than the content of K40. However, in some cases, very
often related to organic compounds, the activity of such radioactive iso-
topes as C 4 or H' may approach that due to the radiation of K40. Even in
this case, however, the usual measurement methods maintain the dominant
position of the beta-radiation of K40 withno significantvariations. This is due
to the fact that the very soft beta-radiation both of tritium and of carbon
cannot be detected by standard particle counters; special investigation
methods must be used. Despite the fact that the maximum beta-energy
of C14 is higher than that of H3 ,of the order of 0. 155 Mev, the beta-rda
tion of C14, like that of tritium, is almost completely absorbed by a layer
with a density of about 30- 35 Mg/cm 2 . Therefore counters for measuring
the activity of C' 4 have mica windows not more than 0.005-0.010 mm thick,
i.e., 2-4mg/cm2 /26/.

Using the known constants which characterize the isotopic abundance
of the radioactive isotope, its half life, and the concentration of the
element in living matter, we can easily calculate the relative role of any
radioactive isotope in the natural radioactivity of the tissues of the
organism.

In view of the low beta-energy of C14 , it follows from Table 9 that the
natural radioactivity of the tissues of an animal organism, including man,
is determined principally by the beta-radiation of K40 . Since K 40 is the
most widespread natural radioactive isotope, it contributes more than any
other radioactive isotope encountered in the earth's crust to the total
radioactivity. Indeed, the K 40 -radioactivity of any substance is generally
appreciably higher than the total radioactivity of all the other radioactive
isotopes contained in it. After K40 in terms of contribution to the natural
background come the isotopes Rb87, U238 + U235 and Th 232. Most abundant
by weight in the earth' s crust are potassium and rubidium (see Table 4).
Other natural radioactive isotopes even those with relatively large per-
centage contents in the earth' s crust, play a smaller role in the formation
of its natural background.

The contribution of calcium to the total radioactivity of living matter
is negligible (see Table 9), and therefore calcium is eliminated from the
corresponding comparisons in practical investigations.

1802

26



TABLE 9. Role of some radioactive isotopes in the natural radioactivity of animal tissues

Concntrtio ofthe Tissue of preferential Specific radioactivity
Radioactive isotope element in living accumulation of the tissue, curie/kg

matter, o

H 
3 10 Whole organism 5 1 0-1

C
1 4

1 8 Adipose tissue 1.5.1 O_

K" ~~~~0.2 Mantle tissue 2.10-
Ca" 1. 5 Bone tissue 1.1 14 O

R e m a r k: For isotopic abundance of the radioactive isotope and its half life see

Tables 4 and 8.

§ 2. PROPERTIES OF RADIOACTIVE ISOTOPES NOT
BELONGING TO RADIOACTIVE FAMILIES

P o t a s s i u m . This element is an alkali. metal and, due to its wide-
spread occurrence in the organic world, is a typical biological element.
It has three naturally occurring isotopes: K 3 9 , K40 and K4 1 . Only one of
its isotopes, K40 , is radioactive. The abundance of the lightest potassium
isotope K3 9 is about 93.08 %, of the radioactive isotope K4 0 only 0.01 19%
and of the stable isotope K4 ' 6.9 % /52 /.

The radioactive isotope K 40 decays to a stable isotope of calcium, Ca 40 ,
by beta emission, or to Ar 4 0 , a stable argon isotope, by K-election capture.
In the decay of K4 0 , along with the beta-particles, a small number of gamma-
quanta with an energy of 1 .54 Mev are also emitted. Therefore, sub-
stances containing K 40 are not only beta-active, but also emit gamma-rays.
Investigations have established that the decay of K 4 0 to Ca 4 0 is eight times
as probable as the decay to Ar 40 . It has been observed in this connection
that a rigorous and constant relationship exists between the amounts of
K4 0 and Ar 40 contained in a mineral and the mineral' s age. This de-
pendence is the basis of a method of determining the geological age of
rocks 33/.

Fersman has found that the ratio of the number of argon atoms to the
number of potassium atoms in the earth' s crust is Ar4 0 /K4 0 = 1.4 /31/. It
can easily be shown that such a ratio corresponds to an age of five billion
years for the earth' s crust.

Other investigators have arrived at the same results. Thus, the
current ratio of the content of radiogenic argon and of Ca40 in the biosphere
was used to estimate the age of the earth as approximately 5.3 billion
years /34/.

Potassium is one of the chemical elements without which the animal
and plant life cannot proceed /14/. The content of potassium in plant
and animal tissue reaches relatively high values, hundredths or tenths
of a percent by weight. However, some organisms are capable of
accumulating potassium in even higher concentrations. Thus, in the giant
alga Macrocystis the potassium content reaches 3 of the living weight.
In the ash of some inferior plants the potassium content reaches 60 ',. if
the isotopic abundance and half life are used to determine the specific
K4 0 radioactivity of such an ash, it is found that its natural radioactivity
is 4 iO10- curie/kg, greatly exceeding the commonly assumed level of
background radioactivity, of the order of 10-8 10-9 curie/kg.

27



Of the higher plants the richest in potassium are beet, potatoes,
tobacco, sunflower, and some others. In the plant world potassium plays
an important role in carbohydrate and albumin exchange. Therefore
plants rich in albumin usually have a higher potassium content than those
with a low albumin content. In animals potassium also exerts a con-
siderable influence on material exchange. Potassium stimulates the
parasympathetic section of the vegetative nervous system, participates
in the regulation of the enzyme functions and is a stimuilator of the activity
of carbonic anhydrase. In addition,' it is known that phosphorylation of
pyruvic acid proceeds only in the presence of potassium. It has been
observed that an insufficient potassium content in foodstuffs results in a
sharp drop in the growth rate of a young organism. The daily potassium
need of an adult is approximately 2-3mg/kg of weight, whereas the daily
need of a baby reaches 12-13 mg/kg.

Particularly rich in potassium are animal tissues with active physio-
logical functions. These tissues include skeletal muscle, heart muscle,
liver parenchyrna, spleen and others. It has been established in this
connection that most of the potassium in the body is concentrated in
structural elements and not in the intertissue liquid.

Most of the potassium in the body of mammals accumulates in the
muscle tissue. Since most of the potassium entering the organism deposits
in the muscle tissue, the potassium concentration in man' s muscle reaches
500 mg% /51/. The potassium content in an adult reaches 0.2-0.23% by
weight / 27, 45 /.

According to Table 8, the specific activity of a gram of potassium is
8.10-10 curie. Assuming the weight of the human body to he 70 kg, the
K4 0 radioactivity of the human body is determined to be

A =70 000.0.2.8.10-10 _- .. I - - curie.
100

Other authors give exactly the same values for man' s K
4 0 radioactivity

/37a, 50/.
Special biochemical investigations have established that the absorption

of potassium by muscles proceeds in different ways depending on the
functional state of the organism. Muscles assimilate potassium most
intensively when they are active. Resting muscles absorb smaller amounts
of potassium and give it away easily to the blood /24/. Potassium leaves
the organism mainly in the urine and to a lesser extent in excrement and
perspiration. It has been found experimentally that the amount of potassium
which leaves the organism in the urine is approximately ten times that in
the excrement.

The potassium content of tissues also depends markedly on the age of
the organism. It has been established that in the tissues of an aging animal
with decreasing intensity of exchange processes there is a proportional
decrease in potassium content. The natural radioactivity of the organism
decreases accordingly.

Similar data have been obtained in investigations of potassium dynamics
in plants. It has been discovered that the aging parts of plants are noticeably
poorer in potassium than young, growing parts. It was found that as the
plant and its tissues develop, the potassium constantly redistributes, passing
from aging to young parts of the plant (buds, new leaves, etc.).
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In the terrestrial crust potassium is encountered in relatively high
concentrations in persilicic magmatic rocks, characterized by increased
silicon content. The highest potassium concentrations are found in hydro-
chemical deposits (potassium salts), oil brines and clastic micas.
Potassium content in clays and shales may reach 6.5%O/.

As a result of the action of water and carbon dioxide, the potassium
contained in rocks is gradually dissolved and most of it is carried with
water currents to the seas, whose waters contain an average of 0.038%/,
potassium /12/. Another part of the potassium which passes from rocks
into aqueous solutions is retained by soils. In soils potassium is mainly
found in water-soluble salts of some silicates and aluminosilicates. The
solubility of these salts distinguishes between exchange potassium and
nonexchange potassium, i. e. , potassium which participates in exchange
processes between plant organisms and the soil and potassium which is
outside the range of inorganic exchange relationships.

R u b i d i u m . This alkali metal, whose chemical properties are similar
to those of potassium, has two natural isotopes, a stable isotope Rb 8 5 and a
radioactive isotope Rb 87. The radioactive decay of Rb 8 7 produces beta-
particles with a maximum energy of 0.275 Mev and a small number of
gamma-quanta with an energy of 0.394Mev.

The isotopic abundance of radioactive rubidium is very high, 27.85%.
Geochemnically, rubidium is a typical element of persilicic igneous rocks
and belongs to the relatively widespread group of heavy odd elements
(Z >25).

TA*BLE 30. Rubidium concentration in rocks

I Rubidium content, Specific radio- Rubidium content, Specific radio-
Type of~j -wec, 1 ~,r by activity, 10-' Type of rocks i 0- , 16 by activity, 10I

eigbt curie/kg weight curie/kg

E1lrraLrasic. 0.2 /35/ 0.O0366 Intermediate 7 /54/ 1.2

BA~ic ..... 9 /54/ [ 1. 6 Perili 3 0 /53/ 5. 5

Despite its relatively widespread occurrence in nature, the contribution
of rubidium to the overall balance of ionizing radiations is insignificant,
since its beta and gamma energies are very low. The end product of the
radioactive decay of Rb87 is the stable isotope Sr 8 7 . The rubidiumn content
in the earth' s crust is approximately 0.03 %', by weight. The mean concentra-
tion of rubidium in various rocks is illustrated by the data of Table 10.
These data well agree with the values obtained by Soviet investigators
(see Table 5).

In igneous and metamorphic rocks rubidium is closely associated with
potassium. The ratio of potassium to rubidiumn in these rocks averages
about 80 /2/. Rubidium does not form its own minerals, but tends to
replace potassium in potassium minerals and cesium in cesium minerals.
The successful replacement of other elements in a mineral by rubidium
is due to the fact that the ionic radius of Rb+ is larger than the ionic
radius of K ~,and therefore during crystallization of a mineral rubidiumn
concentrates in the liquid fraction in accordance with the general geo-
chemical rule that when two ions with the same charge but different sizes
tend to occupy a place in the lattice in a growing crystal, the smaller ion
enters the lattice to a greater extent due to its larger electrostatic attraction.
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Since the half life of b8 7 is very long compared with geological time,
and only a negligible fraction has decayed during the whole history of the
earth' s crust, the natural beta- transformation of rubidium into strontium
has been used successfully to determine the absolute age of minerals /3/. It has
been estimated that from0.5 tol1 %of all the stable strontium of the earth's
crust is radiogenic.

Little is known about the exchange of rubidium in living organisms.
However, on the basis of the chemical properties of the element it is
assumed that its biological role and distribution in the organism are
identical to those of potassium. At the same time, phenomena of ionic
antagonism between potassium and rubidium, clearly manifested in the
beneficial influence of potassium when animals are poisoned with large
rubidium doses, have also been observed / 1 6/.

Like potassium, rubidium accumulates in animals mainly in muscle
tissues. Somewhat smaller amounts of rubidium are found in red blood
corpuscles, and a small amount in other tissues and organs. The mean
rubidium content in human blood is 2 - 3mg/liter. Some difference has
been found between the sexes. In men the rubidium concentration in the
blood is somewhat higher, reaching 3.15mg/liter, whereas in women it
averages 2.8 mg/liter. Somewhat larger amounts of rubidium are found
in bird muscles. Thus, the rubidium concentration in the ash of the chest
muscles of the pigeon reaches 11 2mg/kg, and in the cormorant 135 mg/kg.
The rubidium content in the body of mammals is appreciably lower. Thus,
the rubidium content of the body ash of mammals averages only from 8 to
65 mg/kg. The rubidium content in the body of invertebrates is also low,
amounting to no more than 28 mg per kg of ash. A low rubidium content
is also observed in jellyfish, about 45.5 mg/kg / 16/.

The rubidium content of sea water is appreciably lower than that of
soils. Whereas in soils the rubidium content averages 6.10-3~ by weight, the
concentration in sea water is approximately 210-5 o% /9/. The rubidium
content in fresh water basins and rivers is even lower than in sea water.
For example, the rubidium concentration in the water of the Moskva River
reaches only 1.6.10-7 01n. However, it has been established that the rubidium
content of water increases with increasing salinity.

Using the known data (see Table 8) we obtain for the specific rubidium.
radioactivity of the soft tissues of mammals approximately 0-10 curie /kg.
In the same way we find that the total amount of radioactivity from rubidium
in the human body is of the order of 1 08 curie.

C a r bon. Natural carbon consists of two stable isotopes, C12 (98.89 %)
and C' 1.1), with a very small admixture of a radioactive isotope, C 4 .
The importance of carbon in the development of organic life on the earth
is exceptionally great. It is the basic component of the most important
structural formations of animals and plants and plays a leading role in
their exchange processes. But, despite the comparatively high carbon
content in the body of animals and plants (carbon constitutes 8 0/ of the
total weight of an adult human), carbon is not among the most widespread
elements in the biosphere.

Besides the natural radioactive isotope C' 4, other radioactive carbon
isotopes, C (half life 19.1 sec), C (half life 20.4 min) and C15 (half life
2.25 sec), have been obtained artificially. The isotope C14 is formed in the
air by the following physical processes. Primary cosmic particles, mainly

30



protons, possess extremely high energies. As they penetrate into the
atmosphere, these cosmic particles interact with it and produce a flux of
secondary cosmic particles, including neutrons. The production of neutrons
by this process occurs almo.st completely in the upper layers of the atmos-

ohere, at altitude above 9000Gm /4/.
Most of these neutrons interact with nitrogen nuclei of the air and form

radioactive carbon, C 4 , by the reaction N'[ ( p) C' 4 .

Calculations show that the interaction of cosmic radiation with nitrogen
atoms in the atmosphere produces about 10 kg of C14 a year, and the total
amount of C14 in the atmosphere reaches 80 tons /36/. This calculation
can be done easily using the formula

iS NXc,

where S 5.1.-1018 cm-r2 is the area of the earth' s surface, i 2.6CM 2
.Sec- 

is the number of C14 atoms produced by neutrons per c 2 /sec and Xc is the
decay constant of C14 . In this calculation it is assumed that C'14 creation
and ecay are in equilibrium.

Geochemnical data give the amount of carbon which participates in the
material cycle of the biosphere as approximately 8.3 g per cm 2 of the earth's
surface, about 4.1014 tons for the whole earth. Most of this amount (about
7.83 glCM 2) is found in sea water in the form of dissolved carbon dioxide
and carbonate ions. About 4% of the total amount of carbon is in the living
matter of the bosphere and approximately 1.5%~, in the atmosphere. Some
authors find the mean isotopic abundance of C' 4 tobe I .8l30'11 `, /30, 4()/,
corresponding to a specific radioactivity of natural carbon of the order of
7.2.10-12 curie/g. Others (see /6/) find a appreciably higher isotopic

abunanc of '4 ,approximately 1 - .Observations of the aftereffects
of nuclear weapons tests sho"; that the intense neutron flux which apear~s
in the course of the explosion chain reaction also contributes to the
formation of radioactive carbon from the itrogen of the air. Investigations
show that this has resulted in some recent increase in the C concentration
in the biosphere: in the surface air by approximately -6%, in plant

tise y 4.233/', and in the surface water of the ocean by 2 /23, 5/.
However, if this increase is neglected and it is assumed that during the
last 30,000 years the intensity of cosmic radiation has remained constant,
then a quantitative equilibrium between newly formed and disintegr ating
C' 4 has been constantly maintained in the biosphere. It is assumed that
variations in the cosmic flux intensity have not interfered with this result.

The C14 in the upper layers of the atmosphere combines with oxygen to form
carbon dioxide,' which enters the normal geochemical carbon cycle. Due to the
carbon cycle in nature a constant exchange of the isotope C 4 takes place
between the atmosphere on one hand and the hydrosphere, soil cover and
organic world on the other.

Plants absorb C 4 from the air by assimilation, and man and animals
assimilate it from plant food and water; ts C 4 is introduced into living
matter.

All arboniferous substances participating directly or indirectly in the
carbon exchange with the atmosphere should have an equilibrium concen-
tration of C' 4 of approximately 3.1 0-12 curie/g / 36/. Hence it follows hat if the
total amount of carbon in the body of an adult human constitutes I Kof his
weight, the specific radioactivity of his carbon-containing tissues is
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approximately .4.109 curie/kg. Thus, the specific radioactivity of the
liver, which contains about 12.7% carbon by weight /5/, corresponds to
a C' 4 concentration of 910-10 curie/kg. The total radioactivity of a
70 kg man thus amounts to approximately 9.8.1 0-8 curie. This estimate
of the C'4 caused radioactivity of the human body is in complete agreement
with the literature /38, 50/, according to which this radioactivity equals
9.10-8 curie.

It has been established by calculation that man assimilates daily a
quantity of radioactive carbon amounting to approximately 1/30 of the
quantity contained in his body /22/.

TABLE I11. Natural radioactivity of some organisms due to radioactive carbon

Carbon content Specific tissue

Land organisms per kg of radioactivity,

tissue, g 50 curse/kg

Plants

Duckwvced............. 25 1. 
Bluebell............ 102 7.3
Lichen (cladonia).......... 218 1 5

I n vertebrates

Freshwater snail .'......... 27 1.9
River crayfish ........... 75 5.3
Bee............... 123 8.7
Ant............... 165 12

V er t e bra tes

Grass snake........... 95 6.8
Frog .............. 74 5.3
M Ouse.............. 108 7. 3
Cat............... 206 1 4

Table 11 gives data characterizing the natural radioactivity of some
organisms due to the C 4 contained in their tissues.

It follows from Table 11 that in individual cases the specific C'4 activity
of the tissues of certain plants and animals reaches a value of the order
of 0-9 curie/kg. This specific activity equals that due to K40 in many
tissues of various representatives of aqueous and ground flora and fauna.
Therefore, if counters with a thin mica window, for example COT- 30 BFL
or T-25 BFL, are used to measure the radioactivity of organic samples,
the level of their natural radioactivity will appreciably exceed that measured
at present as a result of the relatively harder radiation of K40 by counters
of the type MST-17, STS-6 or others with a mica entrance window whose
thickness is more than 4 g/cm2 . In rocks, which do not have as intensive
exchange with the atmosphere (which is a C14 reservoir) as organic sub-
stances and soils, the C 4 content is considerably lower and decreases with
increasing rock age. Ancient carbonate formations (marble, etc.), whose
geological age is much greater than the half life of C'4 , therefore contain
only trace amounts of it. For the same reason the concentration of C14 in
sea water is low, not exceeding 0.002 % on the average / 12 /, corresponding
to approximately 1-10-11 curie/liter.
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Since most of the radioactive carbon formed in the atmosphere is
assimilated by organic matter, it has been suggested that this phenomenon
be used to determine the age of archeological findings. The use of this
method has yielded much interesting data which has made it possible to
determine the age of wooden artifacts of the most ancient cultures with
great accuracy. Table 12 gives data obtained with this method.

TABLE 12. Activity of C'
4

in ancient organic samples__________

Sample C activity, pulses/g.1min Age, years

Egyptian sarcophagus of te Polemaic
era. ..................... 9. 5 i0.4 2190 ±450

Cypress wood of Snefru's tomb ..... 7.04 ± 0.2 4800+i 21 0
Acacia of Zoser's tomb .......... 7. 04 0.2 3979± 350

The principle of the radiccarbon method of determining the age of
ancient organic findings is based on the fact that in past centuries C'4 was
also in equilibrium with the stable isotopes. With the death of the plant
organism this equilibrium must inevitably be upset due to the cessation of
assimilation of new amounts of C'4 and its decrease in dead tissues by
radioactive decay. By measuring the C 4 -caused radioactivity of ancient
artifacts and comparing it with the radioactivity of their present analogs
and with the half life of the isotope C1 4 , it is possible to obtain very
accurate information on the age of the organic remains.

U0 4
4

0 12 1000 2000 3000 40900 5000
Age, years

FIGURE 3. Variation in te concentration of radio-
active carbon in te biosphere (tihe C 14concentration
before te beginning of rise oriclear tests is taken as
zero /41/).

An investigation has recently been carried out /41/ on the amplitude of
the natural variations in the concentration of radioactive carbon in nature
during the last 5000 years. This investigation was based on a comparison
with the age of organic samples found by other, nonradioactive methods.
The results have been plotted as a graph of the variation in the C14 con-
centration in the biosphere during the last 5000 years (Figure 3).

The observed small variations in the concentration of radioactive carbon
are due to variations in the magnetic field of the earth, which influence the
cosmic radiation intensity, and consequently also the production rate of
radioactive carbon. Some decrease in the C' 4 concentration during the last
century is due to the vigorous development of industry and the creation of
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largc towns, which have caused greatly increased fuel consumption. As
a result large amounts of CO, poor in radioactive carbon content (due to
its decay in coal, oil, peat) have begun to enter the air. This man-
initiated process has resulted in a corresponding decrease in the relative
C1 4 concentration in the atmospheric air at the earth' s surface.

Tr it i um (H3). The radioactive isotope of hydrogen, tritium, is,
like C1 4 , a product of the interaction of cosmic particles, mainly neutrons,
with nuclei of atmospheric matter /42/. The production of tritium is also
believed to result from the action of corpuscular particles of solar radia-
tion /40/. Another important source of tritium in the atmosphere is the
thermonuclear reactions during hydrogen bomb tests. Observations on
rain and surface water, conducted soon after large-scale hydrogen bomb
tests, showed that the increase in the tritium concentration in the atmos-
phere was inversely proportional to the distance from the explosion site.
In the course of time, however, this difference smoothed out, and a
uniform rise in tritium content was recorded everywhere.

Cosmic-ray production of tritium in atmospheric air proceeds by
several reactions. Some of these are given in Table 13 with an estimate
of the rate of tritium production resulting from them.

TABLE 13. Tritium production in the atmosphere by cosmic particles /42/

Reaction CsipatcenrgH production, atoms/cm
2

*sec
Mev

N 
4

(nH
3
) > 4.4 0.1- 0.2

1 6 3)
0 (p ,Hj) >100 0.1

N,14 3' l -
NA(y, Hl) -< I0-,

The tritium cycle in the biosphere is connected with the movement of
water. After its formation in the upper layers of the atmosphere, trit-'um
combines with atmospheric oxygen, forming so-called super-heavy water.
The half life of tritium is 12.26 years. The nucleus of this radioactive
isotope of hydrogen consists of one proton and two neutrons. Radioactive
decay takes place by the emission of beta-particles without accompanying
gamma-radiation. The beta-particles have very low energies (0.0179 Mev
maximum), as a result of which their range in air at atmospheric pressure
is only about 2m. Beta-decay of tritium produces the stable isotope He 3 .

It is very complicated to detect tritium in matter, since its natural
abundance is extremely low.

The richest source of tritium is atmospheric precipitation. Since
tritium is a product of the interaction of cosmic rays with atmospheric
matter and the rate of this interaction varies directly with the variation
in cosmic ray intensity over the geographical latitudes, the assumption
was made that precipitation at high latitudes should contain more tritium
than that at low latitudes /37/. Investigations of the tritium concentration
in the surface water of the oceans confirmed this assumption. The results
of these investigations are given in Table 14.

The data of Table 14 indicate that the concentration of tritium in surface
ocean water decreases with increasing latitude in the northern hemisphere.
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TABLE 14. Tritium concentration in samples of ocean water collected at various geographical latitudes /7/

Place of sampling Geographical coordinates L ate of sanspling Ratio(H 
3

:H 1) YI 18
West longitude North latitude

Arctic . ...... 1 74' August 1954 4.1 9
Atlantic Ocean . . . . 3'50, Fehinary 1955 1'..54

47' 47' Februvary 1955 3. () 
64' 1 9' 30O November 1954 2.97

The concentration of tritium in atmospheric precipitation in the middle
of a continent is always somewhat higher than its concentration in precipita-
tion over large water areas. Thus, the mean tritium concentration in rains
falling in Chicago was about 5.5.10-18 atoms per atom of HI; similar values
are also characteristic of the Mississippi River Valley /49/. Measure-
ments in Honolulu gave a tritium:Hl ratio of 0.61.10-18, and in Norway
0.8.10-18. The decrease in tritium concentraticon in precipitation in coastal
regions is due to the following. Sea rains contain a smaller amount of
tritium because over the sea or coast the water stays in the atmosphere
less time and recives less atmospheric tritium; in addition, wvater which
evaporates from the surface of the sea apparently has a lower tritium
concentration than that from water of inland basins, due to the more
energetic mixing of sea surface water with the water of the deep layers,
which is very poor in tritium. It is also possible that precipitation forming
over land can accumulate large tritium concentrations as a result of repeated
evaporation and condensation. Thus a regularity has been established which
indicates that the nearer to the sea coast, the less tritium found in atmos-
pheric precipitation. However, in precipitation falling on continents the
tritium content is far from constant and undergoes large variations. Thus,
in precipitation falling in the Chicago region the tritium:H1 ratio varied
from 1.10-18 to 6.6.l0-'7.

It is assumed that the total tritium content in the biosphere of our planet
does not exceed 1.3 kg /43, 45, 49/. The amount of tritium contained in all
the water basins situated on the continents is approximately 30 g, the river
water containing about 8 g and the whole atmosphere not more than 1 g.
The tritium concentration in rains varies on the average from 5.10-18 to
6.10-11 atoms per ordinary hydrogen atom /37/. For river water the
ratio of H 3 to H' varies within the limits (0.8-7.7).10-18. Tritium has not
been detected in the soil cover or in water-bearing rocks. Tritium which
falls on a water surface together with atmospheric preicipitation is mainly
distributed in the surface layers of the basin. Analysis of water samples
collected from various depths in the northeast Atlantic showed that to a
depth of lO00m the tritium concentration decreases very slightly, but at
a depth of 2000m the tritium concentration is approximately one-fourth
-that in the surface layers /39/. At a depth of 15Gm the tritium concentra-
tion decreases by about one-half /37a/. The dependence of the water
radioactivity of various depths on the tritiurn concentration is well illustrated
by the data given in Table 15.

The concentration of tritium in substrata of organic origin is entirely
determined by the amount of water contained in them. The tritium-caused
radioactivity of the human body is therefore of the order of 0-1 curie.
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TABLE 15. Variation of the tritiuns concentration in
sea water with depth /37a/

Depth, m (H :H ), 1

0 10.8
7 9.5 9.2

1 55.8 4. 5

C a c i U m . The isotopic abundance of the radioactive isotope C 8 is
approximately 0.18 7s. The abundances of the other stable isotopes are the

following: Ca 4 0
- 9 6.9 2%, C a4 3

- 0.1 29%T, Ca 44
- 2.1 3% and Ca 4 6

- 0.00 3 3 .
In each Ca 4 8 decay two beta-particles with an energy of up to 4.1 Mev are

emitted. The half life of this natural radioactive isotope is extremely long,

exceeding 21016 years.
Calcium occurs in the earth' s crust mainly in carbonic acid, sulfuric

acid and phosphoric acid compounds. Calcium compounds in animal
organisms considerably exceed the content of all other minerals salts
by weight. The total calcium content in the body of an adult human reaches

1.5%, which corresponds to more than I1kg for a 70 kg man. Over 98%T
of the calcium is contained in the skeleton.

Calcium is absolutely necessary for the normal course of vital processes.
Despite the preferential concentration of calcium in vertebrate animals in

skeletal formations, some amounts of calcium are also contained in all
other tissues and liquids of the organisms.

Plant organisms assimilate calcium directly from the soil. Animals
receive calcium in food and water in the form of organic and mineral com-

pounds. The daily calcium requirement of an adult human is 0.7-1.1 g.

A growing organism requires considerably larger amounts of calcium than

a mature organism, whose bone formation has ended. A particularly great
need of calcium is observed in pregnant and lactating organisms.

Some idea of the calcium content in individual tissues and organs of the
human body and of their Ca4 8 -caused radioactivity can be obtained from

Table 16.

TABLE 16. Calcium content in human tissues and their radioactivity due to Ca"
8

T isueCa ontntSpec ific radioactivity Tise aotnSpecific radioactivity

Tissue Cacotet due to Ca~s 10-17 Tsse Caga conte,, due to Ca"
8
, "

Organ mgfc curie/kg ora g~o curie/'kg

Heart Skinl 1
muscles 7 5 Lungs 16 10

Skeletal Kidneys 19 10

muscles 9 6 Cartilage 40 30

Liver 10 7 Bnes 9900 7000

Since the body of an adult human weighing 70 kg contains approximately

lOS0g of calcium /27/, the Ca 4 8 -caused radioactivity is only about 710-13

curie, if the half life of Ca 48 is 2 1 016 years. The examples given show

that despite the extremely widespread occurrence of calcium in the bio.-
sphere and its exceptionally important role in biochemical processes, the
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extremely long half life of Ca
46 makes the contribution of this radioactive

isotope to the general natural radioactivity background of the biosp~here
very small, beyond the limits of sensitivity of the usual methods of
measurement of low radioactivity levels.

Z i r c o n i u mn. The radioactive isotope of zirconium (Zr 96 ) is a natural
beta-emitting isotope with an extremely long half life, exceeding 6.1016

years. The isotopic abundances of the zirconium isotopes are as follows:
Zr 90 51.46%, Zr 91

- 11.23%,, Zr 9 2
- 17.11 %, Zr 9 4

- 17.400% and Zr 9 6
-

2.80. The radioactive decay of Zr 9 6 yields the stable isotope Mo 9 6 .
The maximum energy of the beta-particle emitted in Zr916 decay is com-
paratively high, 2.8 Mev. The content of zirconium in the earth' s crust
is approximately 2.8.10-2%. Zirconium which enters mammals (mainly
wxith food) deposits mainly in the bone tissue. Due to the very low specific
activity of Zr 9 6 it is impossible to determine the contribution of its beta-
radiation to the total dose of natural radiation by the usual methods. It is
known that g of zirconium has an activity of the order of 10-14 cudrie;
hence it follows that the dose produced by the radiation of Zr 9 6 amounts to
thousandths of the potassium background. At present, therefore, Zr 9 6

is of no practical interest as a natural radioactive isotope for radiation-
hygiene investigations. The role of zirconium as a chemical element in
the organism of animals and plants has not yet been studied.

I n dium . This element was discovered in 1863 and consists of two
isotopes, the stable isotope In 1 13 (4.33 %) and the beta-emitting isotope
In"15 (95.67 %). The half life of In"15 is 6.1014 years. The content of indiumn
in the earth' s crust is about .l10- % by weight. Indiumn is generally widely
dispersed, and no independent indiumn minerals have been found. It is
contained as an admixture in a fairly large number of minerals, but con-
centrations of more than 0.1 %~ are very rarely encountered. There is a
somewhat increased indiumn content in some minerals and ores connected
with hydrothermal deposits.

Despite the great interest in indium and its wide application in industry,
almost nothing is known about its spread and role in biological processes.
The maximum beta-energy from n"' is low, 0.63 Mev. Eleven radioactive
isotopes of indiumn have been produced artificially. The decay product of
In' is the stable element tin. Since the specific radioactivity of an isotope
is inversely related to its half life, the specific radioactivity of indium is
very low, 4.8-10-12 curie/g. Due to the weak radioactivity of Inl 1 5 , the
total activity of this element, which enters the biogenesis zone by industrial
processing of minerals extracted from the interior of the earth, is small.
Thus only about 40 tons of pure indium. have been extracted in the USA in
the last 13 years /25/.

The indium concentration in the tissues of mammals is also low. It is
known that the subcutaneous injection of indium doses of 2.3- 6.3 mg per kg
of weight to rabbits causes severe symptoms, cramps, difficulty in breathing,
and paralysis of the rear extremities /21 /.

Taken together, the long half life and low concentration of indiumn in both
organic and inorganic substrata make its presence in investigated objects
unimportant to radiation-hygiene.

T ell u r iu m . The natural radioactive isotope is Te 3 , which decays
by beta-emission. The half life of Te 1 is among the longest known,
1.4.1021 years. The isotopic abundance of Te 13 0 is 34.49%. The activity
of natural tellurium is 6.4.101 curie/g.

1 t, izz 1- ~J ouu I S, p oT f Te' in the biosphere.
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,3. PROPERTIES OF RADIOACTIVE ISOTOPES OF
THE AL)IO)ACTIVV ] FAMILIES

The radioactive families whose parents are U2 381, U2 35 (actinouranium)
and T3 2 have a number of common properties:

a) the parents of each family have long half lives, 1 08- 1010 years;
b) each family has in the middle of the transformation chain an isotope

of radon, the noble radioactive gas;
c) the radioactive gas isotopes are followed by comparatively short-

lived elements, which are often called active deposits;',
d) the short-lived radioactive isotopes of the families undergo com-

peting' alpha- and beta-disintegrations, producing series branching;
e) the A-products (Tables 17-19) of all three families, isotopes of

polonium, transform almost completely into R-products by alpha-decay;
f) the B-products of all three families are isotopes of lead. They are

beta-radiators and are important as parent substances of the short-lived
decay products C, C and C. The B- and C-products are the important

gamma-emitters of the radioactive family;
g) the radioactive series end with stable lead isotopes with the atomic

w\eights 206, 207 and 208 respectively for the uranium, actinouranium and
thorium families //.

Tables 17-19 give the characteristics of the natural radioactive families,
the intermediate decay products of the parent isotopes, the decayprocesses,
the energy of the emitted particles, and the half life.

TAJBLE 7. Uranin famiily /28, 4/

D-0ope Decay process Particle energy, Half life
NIev

932. 2 o 4.18 4.49-10' years

,5 t-h
23 4

(X1 ) 0. 203; 0.111I 24.1 days

9 IP a I'l(U X) -2.:32; 1.5; 0.6 1, 173 rmm I
f34 (Uti) a ~~~~~4.763~ 2.4753105 years

5 5 Th"
3

() a4.68; 4.61 80j4years
ARRa22 a 4.7 77 1622 years

scRn
22 2

(Rn) CY 5.486 3.825 days

"P4 ll, (1a94) CY 5.998 3.01 min
53Pb~l (aB) V0.615 26.8 mim

,,3 i
2 4

(ac2) a (0.04b), a- 3.46; 19.72 min

-(9 9. 96 3) 1.65;

-- 3.17
u4 p,

1 4
M~a c) a, 7.680 163.7-10-' sec

,,I I"' ( EeC) 1.8 1.32 mim
82Pb... (R a D) -0.018 22.3-E0.4 years

83 5i
2 15

(RaF) 1.17 4.99 days

54 P p2 (RaF) ay-5.298, 138.97 days

,,Pb96 (RaG) Final stable
isonpe

An examination of these tables, which characterize the radioactive
families, shows that their lives make uranium, thorium, radium and radon
the most important to radiation-hygiene.
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The geochemical properties of uranium and thorium are quite similar,
and therefore they accompany each other in igneous rocks, concentrating
mainly in granites. As was shown by the founder of the geochemistry of
radioactive elements, Vernadskii / 1 1/, thorium does not form soluble
minerals and does not enter volatile fractions of the magma. Uranium
is also a poor solute, but is capable of forming complex soluble compounds
as part of the uranyl ion. Uranium compounds dissolve very well in the
sulfuric acid found in the water of sulfide deposits /29/. As a result of
these properties of uranium and thorium they separate in primary rocks.

TABLE 18. Actinouraniums family /28, 48/

Isotope Decay process Particle energy, Half life
Mev

,,U"" (AcIJ) CY 4.40; 4.58; 4.41i; 7 .13l.IOR years

4.20

95Th
22

' (Y) 0.094; 002; 0.216 25.6 hours

91Pa23 a, 5.0 3i.43l10' years

g9Ac22 a, - -4.6; -0.04 22.0 years

9,TI
27

(RaAc) C, 1.0 18.6 days

,ggRal2 (Ac X) a, 5.7 11.2 days

86RN
219

(An) a( 1.82 :1.912 scc

9Po I,2 (AcA) Ca 7.:i7 1.:. 3Sec

,,Ph" (Acl3) 1.:19; 0.50 :31.1 mmi
211.. (Ac C) af, i a-6.62 2.17 inm

84POW (Ac C) a 7.4:1 0.52 sec

,,-Till' (AcC") V1.44 4.19 sec

82Pb
241

(AcD) Final stable

isotope _________________________ ________________________

TABLE 19. Thorium family /28, 48/

Isotope Decay process Particle energy, Hllaf ife
Mev

957h
2 2

3.98 1.:s9.10O" years

,8Ra21 Ms'hl 012G years

,9Ac
221

MsTh 2) CY, c a-4.5; V--1.15 i;.1:3 hours

,,Ths
22

(a Th) et 5. 42 1.90 years

,Ra" (ThX) CY 5.83.14 days
,,Rn

225
(Tn) of 1.28 54.53 sec

,Po
2
" (hA) af 6.77 0.15 sec

,,Pb21 (ThB I) 0 :155 10.17 moors

1311i
212

(7hC) CY, U- -6.0; ft-2.25 10.48 mmi

,,Po... (ThC') a8.78 0.29l.10' see
,J]T1 (ThC') 3.9:.1 mn

82Pb' (ThmDI) Final stable

isotope

The actinouranium family has no independent geochemical importance,
since it is always accompanied in nature by the uranium family.

U r a n i u m . Uranium is encountered in nature as a mixture of three
isotopes, U238, U235, and U234, whose relative abundances are 99.28, 0.72
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and 0.0057 %n. The isotope U23 5 undergoes fission upon the capture of a
neutron with the release of a huge amount of energy; it therefore con-
stitutes one of the main sources of nuclear fuel.

Many chemical and physical investigations are also being undertaken
using other, artificial, radioactive isotopes of uranium. Table 20 lists
the long-lived natural and artificial isotopes of uranium.

TABLE 20. Radioactive sotopes of uranium /28/

Radiartion
Isotope Half life (alpha-decay) energy, Origin

NIe v

0 230 20.8 days 5.8 Artificial
0 232 73.6 years5.

N
t 3 3 ~~1.62 i0' years 4.8

U234 2.48 105 years 4.76 Natural
U 235 ~ 7 13 IO' years 4.58
u236 2.3 9. IO' yea rs 4.5 Artificial

023R 4.5 1 O years 4.18 Natural

Uranium is widely dispersed in nature and is contained in relatively
large amounts in many rocks and dissolved in ocean water. It is also
adsorbed in minerals and soils.

On the basis of numerous analyses it is now believed that the mean
concentration of uranium in the earth' s crust is about 410 - /r Uranium
is present in the earth' s crust in considerably larger amounts than such
widespread elements as silver, mercury, iodine and others. As a rule,
rocks with a high silicon content, for example, granites, have uranium
concentrations above the average, whereas basic rocks (asalts and others)
contain uranium in appreciably lower concentrations. Table 21 gives the
concentrations of uranium in various geological formations and other
natural materials.

TABLE 21. Content of uranium in nature / 18/

Material Concentration of uranium, Maeil Concentration of uranium,

Volcanic rocks ........ 4-10- Bituminous shells 6.3510-'
Basalt ............ 210-' Ocean water ....... 1
Granites. .......... 2.5-10- ' Living matter ...... i04-ilo-
Sedimentary rocks 2-10" Meteorites . e...10 .l
Phosphate rocks .1.. ... 0-l-

The total amount of uranium contained in the upper layers of the earth' s
crust is estimated to be of the order of 1015 tons. In the oceans, despite
the low uranium concentration in water (approximately 10-6 g/liter) the
amount of uranium is estimated to be not less than of the order of 1 010 tons.

The role of uranium in the biosphere remains unclear, although it is
observed in all plant and animal tissues. The mean uranium content in
various organs of mammals is 1.10-6-2.10-5 /44/. Uranium with an
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activity of up to about io-1 curie enters the human organism with the
average daily food ration.

R a d i u m . This element has four natural radioactive isotopes. The
longest-lived isotope, Ra2 2 6, belongs to the uranium family. Ra 22 6 emits
4.777 Mev alpha-particles; its half life is 1 622 ± year. The alpha-emission
is accompanied by 0.188 Mev gamma-radiation. The decay product of a 2 2 6

is radon, an inert gas. One gram of Pa 2 2 6 yields about 1 mm 3 of Rn per
day. Other natural radium isotopes, which belong to the actinouranium
and thorium families, respectively, are Ra 22 3 (actinium X, AcX), an
alpha-emitter with a half life T1, = 11 .2 days; a22 4 (thorium X, ThX),
an alpha-emitter with T1,= 3.64 days; a2 2 8 (mesothorium , MsTh1 ),
a beta- emitter with T,1, 6.7 ± 0.1 years. Early investigations led to an
estimate of 4.10-10% as the average radium content in the earth's crust
/IO0/. However, investigations of recent years by A. P. Vinogradov have
determined this content more accurately; the radium content in the earth's
crust is approximately 21 0- 1% by weight, and in the soil 8.1 0- 11 % by
weight. The radium distribution in the biosphere is far from uniform.
Radium is also distributed nonuniformly in source rocks. The first in-
vestigations established that persilicic igneous rocks are richer in radium
than basic igneous or sedimentary rocks. Average data on the radium
content per gram of rock are given in Table 22. For comparison the
uranium, thoriumn and potassium contents are also given.

TABLE 22. Ra, Ul, Th and K content in rocks /20/

Rocks Ra 101 2
g/g U.,10

5
,g/g Th,10 5'g/g Ki, 1

Persilicic igneous (granites,
gneiss) ............. 3.0 8.0 2.0 i 

Basic igneous . . . .3. 9 0.31.
Sedimentary (sandstones,

shales, limestones) . . . 1.4 421.2 

The radium depletion of sedimentary rocks is due to the fact that these
rocks lose part of their radium content while depositing on the ocean
bottom. Leaching of radium from rocks containing uranium and thoriumn
leads to its occasional appearance in quite high concentrations in some
mineral water, in the water of drill holes and in deep-sea deposits (the
concentration reaches 10-8- 0-9 g/liter.

The available data /46/ on the radium concentration in rocks show a
range of 10-13 to 10-11 grams of radium per gram of rock. Despite the
fact that radium is a daughter product of uranium, its content in the soil
cover is generally somewhat higher than an equilibrium ratio with its
parent element. This is due to the fact that the water which washes the
soil and in the final analysis goes to the ocean leaches uranium to a larger
extent than radium; this also explains the inverse phenomenon, the excess
uranium content in sea water compared with radium. The radium con-
centration in sea water is therefore considerably lower than in soils. The
radium content in water of various origins is shown by the data of Table 23.

It is believed that the water of the World Ocean contains not less than
20,000 tons of radium. Despite the comparatively low radium concentration
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in sea water, in the deep-sea deposits of the central parts of the ocean an
increased content is observed. If we take into account the amount of
uranium contained in these deposits, then the radium concentration is
approximately five times that necessary for equilibrium between radium
and uranium /15/.

TABLE 23. Radium concentration in various types of water /18/

Origin of the water Ra. concentration, g/liter

Ocean........................ (0.7 -7)-10-'4
USA rivers (average) ................ 710
Mississippi River. .................. (1-3).10t2

Source

Boulder Lake (USA) ................. 31 -
Hot spring water (Japan) .............. 710-
Jachymov (C-ech-stu akia) ............ 5.10-'
Bad Gastein (Austria). ................ I-lo-
France. ......................... (0.3-1.4).10.5t

S up plIy p ip e wa t er (average)

Sweden.(2 1001
USA ........................ 042 1fO

t

Austria. ........................ 6.2 IO

The radium content in the body of an adult human approaches the radium
content in the water which he has consumed over a long period. The mean
amount of radium in the tissues of a man who has not received it for
medical purposes is 5.10-14 g per gram of ash 116/. An adult receives
about 0. 15-1 0- 0 g of radium in his daily f ood. An equilibrium between the
radium introduced into the organism with water and food and the radium
accumulated in the tissues is reached only after a long period, approxi-
mately 100-300 days /22/.

A comparatively high radium concentration was detected in the tissues
of invertebrate marine organisms. Despite the relatively low radium
content in sea water, up to 2. 1 0-1 Ta of radium, which corresponds to a
specific activity of 2-10-10 curie/kg, was detected in the plankton, mainly
crustaceans of the Barents Sea. According to the summary prepared
by V. I. Vernadskii' s collaborators, the abundance of radium in the bio-
sphere is characterized by the following values (in %):

Rocks . .... .. to. 0--0

Soils . .. . . .. .. .. . . . . . . l - Q 1 -1

Plants . .. .. .. .. .. .. .. .. lo 1

Anim als ............... o 1

Water of rivers and eas . .. 1 0 -1L_1 0 -14

In considering the literature published in the first decades of this
century, one should bear in mind that in these works the radium con-
centration was often somewhat overestimated. This is due to the fact
that in many old works the concentrations of radium and of radon were
taken together.
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R ado n ( Eman ation) . Three is otopes of emanation (Em) are en -
countered in nature: radon (Rn 2 22), an alpha-decay product of Ra2 2 6 (U2

-:

family), T1, = 3.825 days; thoron (Rn 2 2 1) , an alpha-decay product of ThX
(Th 2 3 2 family), T1, 51.5 sec; and actinon (Rn 219), an alpha-decay product
of AcK (U2 35 family), T1, = 3.9 sec.

All these isotopes are inert gases and emit only alpha-particles. Radon
decays to a number of short-lived solid radioactive elements which,
depositing on objects which are in contact with the radon, impart to them
so-called "induced" radioactivity.

The liberation radon from source rocks depends largely on the temperature
of the surrounding environment, on the humidity and structure of the mineral
and on a number of other factors. The mean radon content of the air near
the earth' s surface is approximately 1 atom per cm 3 of air. The ratio
(in percent) of the amount of radon liberated to the external space to the
total amount of radon formed in the same time interval in a substance is
called its radon factor.

The radon factor of soils varies over very wide limits (from 1 to 99c,
since it depends on a number of meteorological and geochemical factors.
The radon factor of rocks, on the other hand, is relatively constant, being
15-30% for magmatic rocks, 10-25% for sedimentary rocks and 30-901~(
for ore formations.

Since radon is an inert gas, which does not enter into chemical bonds
with other elements, it is capable of migrating considerable distances
from the source substances. Radon is the principal source of the natural
radioactivity of the lower layers of the atmosphere.

Depending on the geochemical conditions of radium, the migration of
radon takes place either in the gaseous state or in water. The solubility
of radon in water is an inverse function of the temperature; the higher
the temperature of the surrounding medium the lower the radon concen-
tration in water, and vice versa /30/. Therefore, at O'C the concentration
of radon water is approximately twice that at 18-20'C. The radon content
in the air trapped in soils depends on a combination of meteorological
factors. A decrease in atmospheric pressure generally causes an increase
in the radon content in the air above the soil; a rise in the ;4rnospheric
pressure over several hours lowers this concentration. Ice and snow
cover hinder the flow of radon into the air, thereby contributing to its
accumulation in soils. The highest radon concentrations in soil have been
observed under the thickest ice cover. Thus, it was found that the radon
content in the soil air under a snow cover in the Pyrenees at a pressure of
540 mm of mercury and a temperature of 15'C reaches 7.4-10-10 curie/liter
/30/. Uranium minerals scattered in loose soils and in sedimentary and
porous igneous rocks generally have a very high radon factor. In dry and
windy weather, therefore, a large part of the radon escapes from the upper
layers of the soil into the atmosphere. As a result, the radon concentra-
tion in soils varies appreciably with depth. Thus, it follows from Table 24
that the greater the depth from which the samples were taken, the larger
the radon concentration both in spring and in winter.

The rate of radon flow from soils into the atmosphere undergoes
seasonal variations and is clearly dependent on meteorological conditions.

*[In many sources eleme,~ 86 is called emanation and denoted by 85,Em and the name radon is reserved for
the isotope of atomic weight 222. We shall use radon both for the element and the isotope of weight 222.]
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In the Leningrad area the mean radon flow into the atmosphere is approxi-
mately 4.3.10-10 curie/hr/n 2 of soil. The mean equivalent concentration of
radon with its decay products in the air is approximately (-3).10-13
curie/liter. In places with more radioactive soil, for example in regions
of granite emergence, the radon content in the air rises appreciably.
Table 25 gives average data characterizing the atmospheric concentration
of radon and thoron in equilibrium with their decay products. Also given
in this table are the irradiation doses of the human lungs, calculated from
the concentration of these radioactive isotopes in the air.

TABLE 24. Radon concentration in soil /46/

Rn concentration, Rn concentration,

Depth, cm ao-' curie/liter Depth, cm j0-9 curie/liter

Spring Winter Spring Winter

25 0.1 0.8 1,50 0.7 0.9

75 0.2 0.82 if 200 0.98 1.1

TABLE 25. Radon and thoron concentrations in the surface air and the irradiation dose
rate of the human lngs /18/

Mean concentration, Dose rare, mrad/year

Country 13" curie/liter

Rn Tn Rn Tni

England. .......... 3.0 - 4. 3 
Japan.......... 1- 2.5 - 1. 4 -3.5 -

France. .......... 2.0 0.6 2.8 0.8
Austria .......... I- 3 - 1.4 -4.3 -

Sweden. .......... 1.0 -i.4 -

Very high radon concentrations in the air are detected in poorly
ventilated or nonventilated mines and even in mines without visible
accumulations of uranium minerals. The radon concentration in the air
of some mines reaches 2.5.10-8 curie/liter and even 1.10-7 curie/liter /30/.

The radon content in mountain air is somewhat lower than in the low-
lands, averaging about 1013-l0l14 curie/liter /43/.

Since short-lived decay products of radon leave the atmosphere as
radioactive fallout, radon and its decay products are generally not in equi-
librium in the atmosphere. Nonetheless it can happen that atmospheric
precipitation will have an appreciably increased content of short-lived
radon decay products, which should be taken into account in radiation-
hygiene analyses of the activity of precipitation.

T h o r i u m . Thorium is very widespread in the earth' s crust. Its
mean content in the uppermost layers of the earth's crust is about
1.2-10-5 %7, whereas, for example, the mean lead content is about .6-10-5 %.

Thus, thorium is almost as abundant as lead, and therefore cannot be con-
sidered a rare chemical element. The thorium content in the earth' s crust
is approximately three times that of uranium.
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Natural thorium consists of six radioactive isotopes, the most wide-
spread being T 23 2 . Of the artificially obtained radioactive isotopes of

thorium only Tb2 29 has a relatively long half life; the other artificial
isotopes of thorium have short half lives, from several minutes to fractions
of a second (Table 26).

TABLE 26. Some radioactive isotopes of thorium

IsotopeHalf lie Decayprocess Radiation energy, Origin
Isotope Half life Decay process Mev

Th 
22 1 (RaAc) 18.6 days a 6.0 Natural

Th 12 (RaTh) 1.9 years a 5.42
Th 2 2 7540 years a 3.2 Artificial
T h21

t
(I10) 8.0 i0' years a 4.68 Natural

Th
2 t

(WY) 25).6 hours P 0.'3
Th 

232
l'91"years a 3.98

Th"
3

(UJXt) 24.1 days P 0.205

One gram of thorium emits 4.1.103 alpha-particles per second, and

together with an equilibrium amount of its subsequent decay product,
2.46-104 alpha-particles.

Thorium contains three radioactive isotopes: long-lived Th
23 2,' an

amount of radiothorium Th2 2 8 which has an activity equal to that of
Thb2 3 2 and varying amounts of the long-lived isotope ionium, Th 2 3 0 . The
content of Tb2 2 8 in this mixture is .14.1lO7 C7, by weight /8/. Although
ionium is a decay product of uranium, it always accompanies the other
thorium isotopes to some extent.

Since thorium has a much longer half life than uranium and a smaller
number of daughter products, thorium minerals have a lower radioactivity
per gram of thorium than do uranium minerals per gram of uranium. This
is well illustrated by the figures of Table .

Thoriumn is a promising material for the atomic industry. It does not

itself undergo nuclear fission by slow neutrons, but can be used to obtain
the fissionable uranium isotope U233:

Th
232 (n, y) Th233

2_3t:1i Pa233 U*P33
233 n 27.4 ays

This process makes thorium a highly promising potential source of fission-

able material, since there is a much larger amount of it in the earth' s crust
than the known amounts of U23 5 . An advantage of thorium is also that it is
less toxic than another fissionable material, plutonium. The chief mineral
from which thorium is extracted is monazite. As a primary mineral,
monazite is present in small amounts in pegmatites which, by weathering
and subsequent gravitational enrichment of heavy minerals, sometimes
form extensive deposits of monazite sands.

Such weathering proceeds more quickly in the tropical zones than in the
cold zones, and therefore most monazite sands are found in tropical
countries.

Important monazite deposits exist in Travancore (India), on the east

coast of Brazil, on the w,,est and north coasts of Ceylon, in Florida and in
a number of other places. The thorium content in monazite deposits is
not constant. As shown in Table 27, the deposits richest in thorium are
in India.
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TABLE 27. Thoriumn and uranium content () in monazite sands /56/

Component India Brazil USA

ThO, 9.4 61. 15 31.95
U308 0.:37 0.18 0.1-5

Despite the fact that the regions with monazite sands are comparatively
densely populated, the migration parths and concentration of thorium in

the organic world are practically unstudied.
Investigations carried out in regions less rich in thorium show that an

increased thorium content in superficial rocks leads to an appreciable rise

in its concentration in the tissues and organs of animals and plants.
An increased thorium concentration in soils and bedrocks is accompanied

by increased production of its gaseous daughter isotope, thoron. However,
due to its rapid decay, thoron can only accumulate in appreciable amounts
near the earth' s surface.

L ea d. This element has both stable and radioactive isotopes; the
radioactive ones include: radium-D(Pb2 1 0 ), T1, = 22.5 years; thorium--B
(Pb2 12 ), T1, = 10.67 years; actinium-B3 (Pb2 1 1), T1 = 36.1 min; and
radiumn-B (Pb2 1 4 ), T 1,= 26.8 min.

The stable isotopes of lead, radium-G (Pb2n6), actinium-D (Pb 20 7) and

thorium-D (Pb20 8 ) are the final decay products of the radioactive isotopes
of the respective radioactive families. The ratio of the amount of stable
lead to the initial amount of radioactive substances contained in minerals
makes it possible to determine the age of rocks.

§ 4. PROPERTIES OF RADIOACTIVE ISOTOPES OF
RARE-EARTH ELEME-NTS

The rare-earth elements are a group of 15 elements situated in the
middle of the Mendeleev periodic table and possessing similar chemical

properties. This group of elements is also called lanthanides.

The abundance of rare-earth elements in nature is characterized by
the figures in Table 28.

TABLE 28. Mean content of rare-earth elements in ocks /17/

Content of the rare-earth Content of the rare-earth
element, 10'~ element, 10_4,7o

Element Symbol Element Symbol

.2 2 2 -

I) U 0 

0 n L 2 0 

Lanthanum La 46 27 40 Terbitm Tb 2.5 - 0.9

Cerium Ce 60 40 30 Dysprosium Dy 5 1.5 4
Praseodymium Pr 10 1.3 5 Holmium Ho - - 1

Neodymium Nd 40 10 18 Erbium Er 2.5 1 2.5

Samarium Sm 6 1.5 5 Thulium Tm 2 - 0.2

Europium Eu 1.7 - 1 Ytterbiumn Yb 2 1 2.2
Gadolinium Gd 10 2 5 Lutecium Lu 2 - 0.2
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As can be seen from this table, most of the mass of rare-earth elements
accumulates in persilicic rocks and therefore in their disintegration
products and in some sedimentary rocks. The mean content of rare-earth
elements in soils is about 0.015% /17/. Of the rare-earth elements five
have radioactive isotopes located in the period of the earth' s formation.

Table 29 shows that these radioactive isotopes have very long half lives.

TABLE 29. Natural radioactive isotopes of rare-earth elements

Element isotope Decay process Half life, years

Lanthanum . La' 38 W7.0-10'
Cerium . Ce

1
'4 5.1-10"

Neodymium . N d' a 5.10"
Nd"'0A 1.5-10",

Samarium S m 7a 1.4. 10's

Lutecium L u 176 2.2- 10"

In addition to the isotopes given in the table, there should also exist in
nature the radioactive isotope of promethiumn, Pm1 4 7 . Calculations show
that the spontaneous fission of 100 g of uranium forms about 10' 51g of the
isotope Pm' 4 7 with a half life of 2.7 years. Consequently, this isotope
should be contained in natural minerals in very small amounts.

It follows from Table 29 that some of the radioactive rare-earth isotopes
are alpha-emitters. This is the basic peculiarity of the natural radioactive
isotopes of the rare-earth group, distinguishing them from other radio-
active isotopes which do not belong to the radioactive families; the others
are only beta- or gamma-emitters. It is therefore assumed that the rare-
earth radioactive isotopes are at the boundary at which alpha-decay first
appears. Another peculiarity of the rare-earth elements is the fact that
this relatively small group includes a comparatively large number of
natural radioactive isotopes. Thus, whereas the first 56 elements (from
hydrogen to barium) in the Mendeleev periodic table have only 1 3 natural
long-lived radioactive isotopes, of the 15 rare-earth elements 5 are radio-
active, neodymium even having two such isotopes. However, despite the
apparent richness of the rare-earth group in natural radioactive isotopes,
their long half lives and relatively low content in nature make their con-
tribution to the radioactivity of the biosphere very small, beyond the
sensitivity limit of current radiometric methods.

Very little is known about the migration of radioactive isotopes of the
rare-earth group in biological cycles, but it has been established that the
leaves of nut trees have a special capacity for accumulating radioactive
isotopes of the rare-earth group. Up to 2.5% of the ash of the leaves of
these plants has been found to consist of rare-earth elements. A high
lanthanum content has been detected in ashes of whortleberry, meadow
grass and birch grown on pegmatites of the central Khibiny Mountains.

L a n t h a n u m . The isotopic abundance of the radioactive isotope La 13 8

is 0.089%. It decays to Ba 1 3 8 . It is estimated that over the entire history
of the earth the total amount of lanthanum has decreased by only 2 -3%/.

Due to the long half life and low concentration of La'3 , its contribution
to the radioactivity of the biosphere is extremely small. This is well
illustrated by the calculated radioactivity of birch due to the lanthanum
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contained in ash. It is found that the ash of birches grown on the soils of
a geochemical province rich in lanthanum contains from 0.03 to 0.08%0,
lanthanum /19/. Hence the radioactivity of a tree which contains such an
increased amount of lanthanum will be only (2.8-7.5) -1 0-13 curie/kg. Con-
sequently, a birch growing in ordinary conditions will have an even lower
lanthanum-caused radioactivity. It can be assumed that the specific radio-
activity of biological substrata due to La" 8 is of the order of 0-'4--101

curie /kg.
C e r i u m . The isotopic abundance of the radioactive isotope Ce'

4 2
is

11.07 %. Having a very long half life, cerium makes a very small con-
tribution to the radioactivity of the earth' s crust. The mean cerium
content in the earth's crust is 4.5-1 0- 3% by weight. Hence the mean
specific activity of the earth's crust due to Ce 1 4

2 is only 2.6-10'15 curie/kg.
Ne odym ium . The natural mixture consists of five stable and two

radioactive isotopes. The radioactive isotope Nd'14 4
, with a half life of

l.5-l0'5 years, has an isotopic abundance of 23.87% and the natural radio-
active isotope Nd' 50 , of 5.69Th. Taking the mean neodymium content in the
earth's crust as 2.10-3 %, its mean specific activity due to these two radio-
active isotopes is of the order of 10-16 curie/kg.

S am arium. The natural mixture consists of seven isotopes, of which
only S' 4 7 is radioactive. Its isotopic abundance is 15.07 %. Decaying
samarium nuclei emit 2.11 Mev alpha-particles, whose range in air does
not exceed 11.6 mm. Taking the mean samarium content in the earth's
crust as 8.10-4 %, the specific activity of the earth's crust due to its
Sm 1 4 2 content is 8.1.10-12 curie/kg.

L u t e c i u m . The radioactive isotope is Lu'17 6 whose isotopic abundance
is 2.6%. Like K4 0 , its radioactive decay can proceed in two ways, either
by beta-decay, or by K-capture. The maximum energy of the beta-particles
is about 0.4 Mev. The gamma-radiation has an energy of the order of
0.27 Mev. The half life of Lu' 7 6 is 2.2.1010 years. Its decay product is a

stable isotope of hafnium, which is not a member of rare-earths. The
specific radioactivity of the earth' s crust due to Lu 17 6 is approximately
2*10"1 curie/kg.

Thus, the specific radioactivity of the earth's crust due to its content
of radioactive isotopes of rare-earth elements is only thousandths or less
than that due to its content of the radioactive isotope of potassium or of
isotopes of the radioactive families.
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Chapter 3

RADIOACTIVITY OF ROCKS

§ 1. CONNECTION BETWEEN THE RADIOACTIVITY
OF THE BIOSPHERE AND OF ROCKS

Extensive geochemical investigations of the last decades have established
that of alt the earth' s strata the highest content of natural radioactive iso-
topes occurs in the granite geosphere. It has been found that the earth' s
radioactivity decreases gradually with increasing depth, as a result of
which the maximum concentration of radioactive isotopes is observed in
the upper granite layer, up to 15 km deep. This regularity is well
illustrated by the ratio of the radioactivity of the earth s strata, investigated
by Fersman / 32 /, in which the radioactivity of the central core of the planet
is taken as unity:

Granite geosphere ..... i

Basalt geosphere.........10
Peridotite geosphere.0
Ore geosphere ..........
Central core......... 1

It follows from this scheme thai the most radioactive of the primary
geospheres is the granite. Hence it follows that in the course of the
evolutionary transformations of the planet' s surface, accompanied by the
appearance of the new strata, troposphere, hydrosphere, pedosphere*
and biosphere, granite rocks played the role of the main "supplier" of
radioactive isotopes on the earth' s surface. As a result, the radioactivity
of each individual link of the biosphere has a marked genetic relationship)
with the granite rocks of their respective geochemnical provinces. This
dependence is due to the fact that as a result of complex endogenic and
exogenic physicochemical processes, i. e. , of processes taking place both
inside the earth and on its surface, natural radioactive isotopes of nrimary
morphological structures, as well as many other mineral substances con-
tained in various chemical compounds, are gradually liberated from source
formations of the earth' s crust and enter the material cycle of the biosphere.

An idea of the distribution of radioactive isotopes in various geospheres
can be obtained from the data of Table 30.

In accordance with the laws of migration of chemical elements in nature,
the passage of natural radioactive isotopes from rocks to various regions
of the biosphere generally proceeds in two media. One of these is water,

Pedosphere - soil (according to V.I. Vernadskii).
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whose participation in the transfer of radioactive isotopes from the sphere
of nonliving matter to the zone of living matter is caused by its suitable
chemical and physical properties. On the one hand, water is a good
solvent for many mineral compounds. Moving in the cracks and pores of
a rock mass, water leaches them and carries dissolved radioactive and
stable compounds from the interior of the earth' s crust to its surface, to
the biogenetic medium. On the other hand, water moving over the earth's~
surface can tear away rock particles, carrying them large distances from
the primary erosion place and depositing them as sedimentary rocks.
Particularly intensive disintegration of source rocks is caused by the
emergence of mountain currents to the earth's surface. These currents
are capable of forming ravines in the hardest mountain formations. The
amount of suspended material (including substances which contain natural
radioactive isotopes) carried by rivers is very large. The figures given in
Table 31 give an idea of the scale of the transport of matter on the earth' s
surface by water currents.

T ABLE : Rdioacti i) of the earth and its geospheres /2/

Nanse of geosphere Thickness, km structure of matter Radiation itensity

interstellar space - Ratified gases Cosm-ic radiation

Atmosphere Stratosphere 200-3:00 Thie same The same
Troposphere 8- 3 Gas; solid dJust Cosmic radiation.

Radiation of radio-
active isotopes

Hydrosphere Biosphere (sur- Above 5 Mainly colloids Weak cosmic radiation.
and biosphere face layer) Below [3 Radiation of radioactive

Total 8 isotopes
Hydrosphere Mean 4 (mnaxi- Solutions Weak radioactivity

momn 11)

Lithosphere Weatheringcrust < 8 Mainly colloids Increased radioactivity
in sediments

Sedimentary.strata 4 Colloids, and Ntcdiu, adioactivity

crystals
Metamorphic strata .5- 10 Crystals Higher radioactivity
Granite strata 10- 1 Highest radioactivity
Basalt strata 70- 85 Crystals + melts Mledium radioactivity
Peridotite (eclogitic) 1000-1200 Melts+ glass Low radioactivity

strata

Intermediate Ore trata 7.50 Glassv Very low radioactivity
geosphere

Pallasie trata ISO5 Propenty of a The sante

I ~~~~solid body

Core Central core § 3400 T he same The same

But rivers carry not only suspended, loose materials; a huge amount
of dissolved substances also move with the water. Thus, investigations
show that the Mississippi River carries to the sea about 136 million tons
of various dissolved salts annually.

Another way in which natural radioactive isotopes arrive in the bio-
genetic sphere from the interior of rocks is weathering.

An important link (playing the role of an intermediate depot of radio-
active isotopes between rocks and the living nature) in the complex chain
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along which natural radioactive isotopes spread from the inorganic geo-
sphere to living organisms is the soil. The soil is the product of a many-
sided process consisting of the synthesis and disintegration of organic
substances by plants and microorganisms. The original substrata serving
as the basis for these biochemical processes are the products of rock
weathering. The first organisms which take part in rock disintegration
are bacteria, and then successively lichens, Bryophyta and higher ulants.

TABLE 31. Annual transport of suspended matter o the sea (solid runoff) by various rivers

Calculated Calculated

Rvr Solid runoff /9/, activity of the Rvr Solid runoff /9/, activity of the
Rivertons solid runoff" Rivr tons solid runoffP

curie curie

Volga . 854 Yangtze 25:3.2 7620

Don 7 21 Mississippi . 380 1140

Terek 28 84 Indus . .. 446.2 1:340

Danube .. 82 246

*It was assumed for the calculation that the activity of on of solid runoff of these rivers is

310o- curie.

These plants continue the disintegration of rocks and synthesize organic
compounds. They are also a source of organic substances to the soil,
primarily through their decay products. Each soil therefore contains
substances of two categories: inorganic mineral compounds, the result
of rock disintegration, and organic compounds. Thus, along with the
aqueous medium, the soil constitutes a large reservoir containing huge
amounts of natural radioactive isotopes, which are generally already
prepared for further migration along the complex food chains from the
lowest to the highest organisms. A quantitative idea of the concentration
in various geospheres of chemical elements with natural radioactive iso-
topes is given by Table 32.

TABLE 32. Mean Content in the uippe gospheres of thc mrajor elements swith nlatural radioactive

isotopes /2/

Content, i,' b weighst
Element

troposphe re hydrosphere biosphere soil lirltospisere

Hydrogen 0.03 l0.6: lo, 10,

Carbon 0.01 :t.10IO- lo, io0 0.33

Potassium ...- 0.04 lo-, .0

Calcium -0.03- I 0 lo

Rubidium . ..- I.,,-lo-,~ lo-, 103*13-

Radium .. . .- 1.4,-10521 l11 10-12210 0

Thorium - I-lo-, lo-, jo-5 1.,..10

Uranium . .. - 0300-1 lo-, 2.6 - 0~

Remark. The fourth and fifth columns give orders of magnitude.

It follows from this table that the content of these chemical elements
in all the secondary spheres of the earth (biosphere, soil, etc. ), reflects
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their concentration in the lithosphere. The content of radioactive elements
in the soil and other components of the biosphere is therefore higher, the
higher their content in the source rocks of the given geochemnical province.
The radioactivity of the various components of the biosphere increases
particularly in a region of radioactive minerals, a fact which is used in
exploring for uranium and thorium ores.

This marked dependence is due mainly to the fact that rocks are the
primary and practically inexhaustible source from which natural radio-
active isotopes contained in various mineral compounds enter the cycle
of the biosphere, largely compensating for the amount of natural radio-
active isotopes removed from this cycle by decay or in the formation of
sedimentary rocks.

All rocks are divided into three large groups by their creation mechanism.
The first group includes rocks which form by solidification of molten
magmatic masses and which are known as magmatic or igneous rocks.
This group includes granite, basalt, diorite and others. The second group
is comprised of rocks formed from the sedimentation of various materials
from water or air. These rocks are called sedimentary. This group
includes sandstones, clays, limestones and others. The third group in-
cludes rocks which underwent strong modifications due to high temperatures
and pressures. Such modifications can occur not only to sedimentary rocks,
but also to magmatic rocks. Rocks transformed by higher temperatures
and pressures are called metamnorphic and include gneiss, marble, graphite
and others.

§ 2. DISTRIBUTION OF RADIOACTIVE ISOTOPES IN
IGNEOUS ROCKS

Igneous rocks include all known natural radioactive isotopes, with the
exception of those derived from the action of cosmic rays. Since the
distribution of chemical elements in the primary magma is determined
by individual physicochemical properties, the content of radioactive iso-
topes in various rocks is very different. Individual rock sites therefore
have differing degrees of alpha-, beta- and gamma-radiation. However,
the beta-component of the radioactive radiation of rocks is generally con-
siderably higher than the alpha-component. Both decay types are generally
accompanied by gamma-radiation. As was mentioned above, the leading
beta-emitter in rocks is K4 0. Its concentration in magmatic rocks is
directly dependent on the silica content. Therefore, the higher the silica
content of igneous rocks, the higher the potassium content and, consequent-
ly, the higher the specific radioactivity.

In addition, a number of investigations have established that the older
magmatic rocks, which constitute up to 90 % of the whole earth' s crust,
are richer in potassium and therefore more radioactive than rocks which
are the roduct of modern volcanic eruptions. The mean K 2 0 content in
ancient magmatic rocks reaches 4.1 %, whereas in modern volcanic
eruptions it is approximately 0.7 %.

A concentration dependence on the silica content of igneous rocks is
also observed for other natural radioactive elements. This dependence
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is characterized by the fact that the content not only of potassium, ut also
of uranium, thoriumn and radium in igneous rocks is often observed to
depend on the silica content. This correspondence between the radioactivity
of igneous rocks and their silica content is well illustrated by the data of
Table 33. It follows from this table that the division of igneous rocks into
persilicic, intermediate, basic and ultrabasic by their silica content also
characterizes their radioactivity. Silica-rich persilicic rocks are more
radioactive than ultrabasic rocks, which are relatively poor in silica.

TABLE 883. Content of radioactive cleotents min tneous rock< 2 4, 21J, 4

Rock 'S io, Content of radioactive eeniocor, is' eight

K ' xo-, t,X 10- Ri x 10-,

Persilicic 5-5 2.6- 4.0 2.50-4.02 13.0-i8. 1._ 1 3.~4

Intermediate . . 65-52 2.0-3]. J 1.4-.0 4.4- 10.) 0 6

Basic . . 5.... 2- 40 0.8-1i.4 0.8-1.1 2.8 -4.0

Ultrabasic < 40 0.5 0. 0:-06 0 2.0 -2.0 0 .- 0

The figures in Table 33 show that the concentration of the main natural
radioactive elements in the magma decreases with its silica content.

This direct relationship between the concentration of radioactive elements
and the type of magmatic rock is far from being absolute. In some cases
the level of radioactivity of different rocks of the same type may vary
considerably. But on the whole, independent of variations in the content
of radioactive isotopes in identical magmatic rocks, a characteristic
gradation in the radioactivity level between the principal types of magmatic
and other rocks is always preserved, even in comparisons of samples taken
at different geographical locations. The natural radioactivity of granites
is therefore generally higher than that of basalts, and the radioactivity of
basalts is most often higher than that of sedimentary rocks, etc. All these
complicated relationships can be seen in the data of Table 34, which lists
the specific radioactivities of potassium, thorium and radium in different
countries /15, 41 and 45/.

An examination of Table 34 shows that, along with a clear regularity
showing that granites have a higher radioactivity than basalts, and that
basalts in turn have a higher radioactivity than sedimentary rocks, cases
occur in which the radioactivity of rocks of the same types may differ
appreciably. It should be noted that differences of this kind are observed
even in samples taken from neighboring locations in the same rock
eynergences. When the number of measurements is small, the variations
in the radioactivity of rock samples of the same type are generally more
pronounced than when the number of samples is large. This indicates a
nonuniform distribution of radioactive isotopes in the rock (if the rules of
radiometry are strictly observed). Jeffreys /45/ pointed out that for a
small number of samples of the same type of igneous rock from the same
region, the maximum values of the radioactivity of these samples may be
6-8 times the minimum value.

This is apparently the explanation for the fact that in measuring the
total activity of four types of granite rocks, each of which was represented
by five samples, the same spread in the radioactivity of these samples was
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constantly observed. Each group of samples was t'aken from a single

Igranite formation. The results of these measurements are given in
Table 35.

TABLE 4. Rock radioactivity due to various radioactive isotopes

Radioactivity, 0-' curie/kg

K4 Th23 a2

G ranritre

LCSA, Greenland 20 0.894 1.6

Finland 28 .24.7

Alps :3.6 4.4

B a sa It s

iSGreenland 14 LI0.96

England 0.971.

Fraoce, Hiungars 0.9 7 1.3

Sedimentary rocks

Sandstones 0.3
Liestones 0.8 -4.0 0.11 1.5

Clay's 28 0.0 98 120

In estimating the spread in the mean values of the specific activity,
obtained from several measurements of each of the samples, it is found
statistically that for n = 10 the randomness of the observed spread was
less~ than 0.05. We can thus assume that the variations in the activity
of the individual samples of the investigated granites are statistically
reliable. The statistical significance of the spread in the specific activity of the
ind~ividual samples confirms the opinion expressed earlier of a possible
nonuniformity in the distribution of natural radioactive isotopes in igneous
rocks. This gives grounds for assuming that rock samples taken from
the same region for radiometric investigations may not always have equal

activity levels.

TABLE 35. Radioactivity of various granites

No. of ________Radioactivity, -0 curie/kg

sa mple Biotite Porphyry IPegmatite Rapakivi

3.2± 0.3 2.7± 0.3 4 9+0.2 1.5± 0.2
2 2.1± 0.2 2.3± 0.1 2.1± 0.1 0.93± 0.03
3 4.1± 0.1 3.5± 0.3 1.6±0.2 2.7±--0. 3
4 0.74± 0.03 3.7±0.1 3.2 04 4.1± 0.2
5 0.93± 0.03 0.89± 0.04 3.7± 0.3 3.3± 0.1

This nonuniformity in the distribution of radioactive isotopes in magmoatic
rock is apparently due to the conditions existing at the time of solidification.

\N orks devoted to the clarification of this problem /26, 46/have established

that the radioactivity of rocks in the marginal zone is always somewhat
higher than that of samples taken from the central parts of the rock. Therefore,
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if the surface of an igneous rock has been removed by erosion, samples
taken from its remaining, central part will always be less radioactive.

3. BETA-RADIATION OF IGNEOUS ROCKS

The beta-radiation of igneous rocks is derived mainly from the decayof
the radioactive isotopes of potassium, rubidium and, in individual cases,
rare-earth elements. Radioactive isotopes of other elements are less
important in this respect.

Radioactivity due to K 4 0 . The potassium content in igneous
rocks, as shown earlier, depends directly on their silica concentration.
The potassium content in persilicic rocks is therefore higher than in
intermediate and basic rocks. Table 36 gives figures characterizing the
mean potassium concentration in the main types of igneous rocks and
their K4 ) radioactivity.

TABLE 36. K40 radioactivity of igneous rocks

Potassium cots- Specific radio-
Rocks centration /2/ activity lo-

curie/kg

Persilicic 3.5 2.8
Intermediate . 3.1 2.5
Basic ....... 1.2 0.96

It is seen that the specific K40 radioactivity of rocks is very high. An
examination in literature /2, 39, 44 and others! of data characterizing the
mean potassium concentration in identical rocks shows that the mean
specific K4 0 radioactivity of rocks is always high. However, some
variations are observed; these variations are larger in basalt and smaller
in granite. Thus, the mean abundance of potassium in granites, according
to /39/, is 2.9% by weight, which, converted to activity, corresponds to
2.3.10-8 curie /kg; according to A. P. Vinogradov, the mean potassium
content in granites is 3.34% by weight, and the mean activity2.7.lo 8 curie/kg.

The potassium content in granite rocks of the Main Caucasian Range
(Malaya Laba Massif) averages 2.3% /14/. The potassium content in
granite rocks of the Terskei Ala-Tau range varies froml1.7 to 4.0%O / 9/,
corresponding to an activity of (.4-3.2).10-8 curie/kg. These examples
show that the most extreme variations in potassium content in granites
are comparatively small /3/, and the range is approximately 2-5% by
weight, or (1.6-4.8).10O8 curie/kg of rock.

In basalt rocks the potassium concentration varies over wider limits,
from 0.5 to 2% or more. A mean potassium concentration of 1.3% is
taken as the average /39/. Comparatively large variations in the radio-
activity level of basalts due to variations in potassium concentration are
observed in the data obtained on basalt lavas of volcanos of the Semyachik
[Semichik - southeast of Kamchetka] group. It was found in these in-
vestigations /35/ that the potassium content in basalts is characterized by
the series: 0.46; 0.56; 0.86; 1.43; 1.75; 2.45%. The corresponding specific

1802
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K4' radioactivity of the lava samples varies from 3.7.1 0-9 to 2.0.1 0-8
curie/kg of rock. In some ore formations of igneous rocks the specific
K40 radioactivity of individual samples may considerably exceed the mean
raciioactivitv values of granites. Thus, some minerals of Sandyk Mountain
(Nor-th Kirgizia) have potassium concentrations reaching 10% /17/.
Tahle 37 gives figures characterizing the potassium content in ore samples
of Sandyk Mountain and their calculated specific radioactivity.

r4 aio Lact~i% of dir•u ajripies of moerals of andy< Mountairl

Potassiumi content, Specific radioactivity.
inn tal itV~~~~~~~~O- curie:/kg

(
2

rdseclae.0 .0 (.

0rtuoclase. 8-2) 6.6

B(joti i........ . ) 5.0
(irhocluse ....... .: i8

Fiotte .......... 6.1

The table sho s that individual minerals can have a specific activity
approaching the order of 0-1 curie/kg due to K40 alone. Taking into
account the contributions of other radioactive isotopes (for example
rubidium) contained in these formations, these minerals and their weather-
ing products apparently have specific radioactivities exceeding 1-7 curie/kg.
Rocks with such a high radioactivity level are encountered very rarely.

R ad i oa ct i vi ty d ue t o Rb 87 . The rubidiumn content of igneous rocks
is closely related to the potassium content. The ratio of potassium to
rubidium averages about 0. Rubidium is encountered in relatively large
amounts in minerals and rocks enriched with potassium and with iso-
rnorphic rubidium substitutions /7/. The close relationship between the
rubidium and potassium contents is due to the fact that monovalent cations
of these elements have almost identical radii and therefore rubidiumn enters
the crystalline lattice of potassium minerals very easily and does not form
minerals of its own. This also explains the fact that no substances have
yet been observed in nature whose radioactivity is due mainly to rubidium.
The radiation due to rubidiumn almost always constitutes a small addition
to the radiation due to K40 . This is accentuated by the fact that the energy
of the beta-particles of rubidium is very low (as a result, special counters
must be used for measuring the beta-radiation of Rb 8 7 ).

However, in certain mineral formations such as leucites, micas, etc. 
a comparatively high ribidium content is observed. A particularly large
enrichment in rubidium s observed in the potassium minerals of the Kola
Peninsula, in which the rubidium content reaches 1.55% /7/. The radio-
activity of a rock due to such a percentage of rubidiumn is very high, of the
cirder of 30-7 curie/kg. It is obvious that for these reasons the radio-
activity of biological members of the ecological systems of such geo-
chemical provinces is due mainly to Rb8 , not to K40 as is generally
b-elieved. A high rubidiumn content has been detected in some ore forma-
tions in the Urals /32/. The specific radioactivity due to such a con-
centration of Rb 8 7 is approximately 5.1.10-7 curie/kg. A high rubidiumn
content, however, is rare. Rubidium is a comparatively rare element,
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its mean content ir igneous rocks being approximately 0.05%/ /11 /, cor-
responding to an activity of approximately 9.1l10- curie/kg. In the
mountains of North Kirgizia the rubidium concentration varies over very
wide limits, from 0.023 to 0.34%1', /17/. Converting this range to specific
radioactivity, this rubidiumn concentration produces a beta-radiation
intensity of 4.l0-9-61.0-8 curie/kg in the rock.

In comparing the J(40 radioactivity of individual minerals of Sandyk
Mountain (see Table 37) to the Rb 8 7 radioactivity of the same formations,
it was found that in some rocks the contribution f rubidium to the total
rock radioactivity is equal to the K(40 contribution. The rubidium content
in the rocks of the main Caucasian range averages 1.37.10-2%/ /14/. The
specific activity of this rubidium concentration is of the order of 10'8
curie/kg. But, despite these cases, which indicate that in certain geo-
chemical associations of elements the rubidium concentration in minerals
may be so high that the natural radioactivity of the minerals is due mainly
to the radiation of Rb87 , in all other cases the predominant role in the
formation of the natural radioactivity of rocks belongs to K(40.

It occurs that certain mountain formations, characterized by high
rare-earth concentrations have relatively high radioactivity due to the
radiation of radioactive rare-earth isotopes on a relatively weak K(40 radio-
activity background. In all other cases the beta-radiation intensity of
rocks is directly proportional to their potassium concentration. The con-
tribution of the radioisotopes of other chemical elements to the general
radioactivity level of rocks (except ore formations) does not generally
exceed 10-20%.

Radioactivity due to rare-earth elements. Most of the
weight of rare-earth elements is found in persilicic rocks and in their
derivatives. However, data appeared recently which give grounds for
assuming that alkaline rocks may also have high rare-earth concentrations
/ 13/. The mean content of rare-earth elements in the earth'Os crust was
determined by A. G. Fersman to be approximately 0.01 %. But since the
content of the rare-earth group is very different in different rocks, the
contribution of their radioactive isotopes to the total radioactivity of rocks
also varies. As mentioned above, among the 15 rare-earth elements
6 isotopes, La13 8 , Ce 1 43 , Nd' 4 4 , Nd' 5 0 , S 1 4 7 and Lu 1 76 , are naturally

radoacive Th istops L 1 38 , N' 0 and Lu1 7 6 decay by beta-emission,

the other three by alpha-emission.
The predominance of some radioactive isotope of the rare-earth

elements in the composition of individual igneous rocks depends on the
conditions in which the crystallization of the magma took place. The
radioactivity of mountain formations rich in rare-earth elements depends
largely on their neodymium concentration. The contribution of lanthanum
to the total rare-earth radioactivity is generally smaller than the neo-
dymium contribution, although the lanthanum content is greater by weight.
This is due to the low specific activity of natural lanthanumn, 3.2.10-"1
curie/kg. The contribution of the third beta-radiator, Lu'7 , is very
often even smaller than the contribution of lanthanum, and hardly affects
the total radioactivity level of a rock rich in rare-earth elements. Table 38
gives the specific activity of individual rock samples due to lanthanum and
neodymium.
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TABLE .18. Radioactivity of mountain rnassifs due to their rare-earth contents /8/

Radioactivity Radioactivity Radioactivity Radioactivity
Location due to La"'

8
, due to Nd', Location due to La', due to Nd',

10-" curie/kg 10- curie 1kg 10" curie/kg 10- curie/kg

IKarelia .... 1.2 1.1.2 Aldan . . . 2-.4 :5.8

Siberia .... 1.9 1.1 Kola Pen insula 12.0 :3.

However, such high rare-earth-derived radioactivity is a fairly rare
phenomenon. The radioactivity of typical rocks due to radioactive isotopes
of rare-earth elements is much lower than the values given as particular
examples in Table 38. Therefore, the activity of ordinary rocks due to
isotopes of the rare-earth elements is generally hundredths or thousandths
that due tc K4 0 . An idea of the magnitude of the contribution of rare-earth
isotopes to the total radioactivity of rocks can be obtained from Table 39,
which is prepared from the data of /13/.

TABLE 39. Rock radioactivity due to rare-earth elements and potassium

Radioactive Specific radioactivity, curie/kg

isotope Persilicic cs Intermediate Basic rocks
rok rocks

La"3
8 1.5 .10-12 1.3. 10-" 120l

Nd"5
0

1.0.10-"0 5.0.10-"1 2.5.10-11
Lu'78 4.2. 10-12 -

1(40 2.8.10- 8 2.8.10- 8 9 60- 

The contribution of the daughter elements of uranium and thorium to the
radioactivity of rocks is also considerably less than the contribution of
K 4 1. The role of other radioactive isotopes, like PM1 5 , E u15 5 and Tb'5 1 ,
in the formation of rock radioactivity is even smaller than the role of the

daughter elements of uranium and thoriur. For example, it is assumed
that to every 1 00 g of neodymium there is only about 8.6.10-'9 g of Pm 15 0 ,
whose activity is only about 910-2 disintegrations per second, i. e. 
2.1-10- 12 curie.

4. ALPHA-RADIATION OF IGNEOUS ROCKS

The alpha-radiation of igneous rocks is due mainly to the radioactive
decay of thoriumn, uranium and their daughter elements. The importance
of other natural radioactive isotopes to the alpha-radiation of rocks is
much smaller. As follows from Tables 17-19, the uranium family has
nine alpha-radiating isotopes, the thorium family eight and the actino-
uranium family nine. An idea of the mean. content of the main alpha-radiat-
ing isotopes in various types of rock can be obtained from the data of
Table 33.

It follows from this table that the highest concentration of alpha-radiators
occurs in persilicic rocks, where the uranium content sometimes reaches
3.10-3 % /19/, corresponding to approximately 210-8 curie/kg of rock.
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Thorium and uranium display a marked tendency to accumulate in the
upper parts of the earth's crust, mainly in granite rocks.

The only known sedimentary rocks with high thorium concentrations
are monazite sand placers. The origin of the high thorium concentrations
in these placers is in the fact that over the course of time these sands
gradually lost all small and soluble particles of other minerals under the
action of flowing water and marine surfs retaining the less soluble
thorium. Such monazite sand placers presently constitute the main source
of industrial thorium extraction. Having a relatively high solubility
uranium, in contrast to thorium, continues its migration after its release
from the granite rocks. It therefore takes a more active part than thorium
in the cycle of matter in the biosphere. Uranium is very often contained
in rocks in an adsorbed state /12/.

Numerous investigations have shown that in even a single type of rock
the concentration of alpha-radiators varies over very wide limits. For
example, along with low-activity granites, granite rocks with a radium
content of 41 0 -%1/ and a thorium content of 610-3 To are encountered.
Alkaline rocks (basalts) usually have a radium concentration of approxi-
mately 810-11 %, whereas the mean radium content in Antarctic basalts
is 2.10-10 To. The mean uranium content in ultrabasic rocks is sometimes
3.10-6 To /37, 38/. The mean values, however, do not always give a correct

idea of the concentration of radioactive elements in a rock. Often the
uranium and thorium contents in individual samples of the same rock may
vary by a factor of two or more. These variations are easily seen from
a comparison of uranium and thorium concentrations in a number of
samples taken in the region of the Terskei Ala-Tau Range /19/:

Uranium, 10" 8~3.2 3.9 6.0 1.8

Thoriuml, 0-" 8......1.0 1.7 2.6 1.9

Higher uranium and thorium contents were found in individual samples
of leucocratic granites of North Kazakhstan, in which the thorium con-
centration reaches 4.10-3 To and the uranium concentration 1.1.10-3 To /27/.
A considerably lower concentration of alpha-radiating isotopes is observed
in basaltic and andesitic lavas of volcanoes of the Semyachik group.

A noticeable difference in the concentration of alpha-radiating elements
of the radioactive families is also observed between individual mountains
of the same formation. Thus, samples of alaskitic granites of the
Uimenskaya Depression (mountainous Altai) contain the following concen-
trations of thorium, uranium and radium, respectively: (2.6-4.5). 10-3 T,
(8.5-.46).10-4 To and (.8-5).10-12 To, whereas biotitic granites of the same
region have the following mean concentrations of thorium, uranium and
radium, respectively: 1.1.10-3 , 3.3-10-4 7T and 1.l.10-12 T /18/. Such
comparatively large variations in radioactive elements are also observed
among minerals of the same kind collected at various geographical
locations. The absence of a direct relationship between the concentration
of alpha-radiators in individual samples of a rock and its mineral structure
is illustrated by the figures of Table 40.

As follows from Table 40, thorium and uranium contents, even in minerals
of the same kind, may vary over very wide limits. It should be borne in
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mind in this connection that the radioactive isotopes are distributed more
or less nonuniformly in any type of rocks and even in individual samples
of these rocks. This nonuniform distribution is observed both in individual
samples and in the rock as a whole. However, despite the obvious non-
uniformity of the general distribution of alpha-radiating elements in rocks,
the quantitative relationship between these elementr is generally maintained
within fairly definite limits. Thorium is usually more abundant than
uranium and the ratio of thorium to uranium in rocks is very often 3 to 4,
although occasionally the limits of this ratio are wider /40, 44/.

TABLE 40. Uranium and thoriumn content in orthites /24/

Location Content, %by weight LoainContent, clvby weight

thorium uranium thorium uranium

Vishnevye Mountains Chkalov Mine (Karelia) 1.57 8.8.10'
(Urals) . . .... 0.4 i.0i10' Sinyaya Pala (Karelia) 0.13 0.37

II'menskie Mountains Slyudyanaya Gora
(U rals) .... 1.4 1.6.10- U Lrals)..... 6410 0.14

Panifilova varaka* (Karelia) 4.35 0.145

O[Varaka - is a separate slope s a forest in Karelia.

The radium concentration in rocks also varies over a comparatively
wide range. The variations in radium accumulation are governed by
general regularities, so that there exist whole regions with a relatively
increased concentration.

An example of radium distribution in granite rocks of various geo-
graphical regions is provided by the data given in Table 41. The data of
this table were taken from Birch /6/, who generalized the results of a
large number of sources in the literature.

TABLE 41. Radium content in igneous rocks

NoofMeant radium No f Mean radium
Rock location smls content, Rock location s pls content,

North America 33 15.9 Japan .... 13 12.8
England ..... 6 3:3.8 tndia....... 14 11.5
Scotland...... 7 16.9 Norway....... 2 9.4
Finland...... 15 44 Samoa....... 7 3.4
Hungary . 10 24 Hawaii .... 10 2.9

As follows from this table, the mean radium content differs among in-
dividual geochemical regions by more than a factor of ten. But, as
mentioned above, even within geochemical regions the content of radio-
active elements in individual mineral samples has a wide range. Using
Birch's data /6/, which characterize the concentration of radium minerals
in various ty pes of rock, it is possible to calculate the mean radium con-
tent in persilicic (granitic) and basic (basaltic) rocks. The calculation
shows that the mean radium content in granites is approximately 1.7 0 T1
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(from data of 1810 analyses), and in basalts O.4.10"1' % (from data of
404 analyses). The figures obtained are very close to those given in
Table 33.

Stressing the extreme dispersal of radioactive elements and assuming
that this is the most characteristic state of radioactive elements in nature,
Fersman /32/ systematized extensive geochemical data and obtained the
mean distribution of thorium, uranium and radium in the different strata
of the earth.

Data selected from this work are given in Table 42, which shows that
source rocks contain considerably larger amounts of alpha-radiators
than all the other media of the earth.

Due to its chemical properties, which allow it to migrate in nature in
the dissolved state and participate in the cycle of organic matter, uranium
is always found in a higher concentration in biological substrata than
thorium. As mentioned earlier, thorium remains in a dispersed state in
nature and concentrates by mechanical accumulation.

The daughter decay products of uranium and thorium are even more
scattered in nature than the parents themselves. Minerals of the daughter
products do not exist in nature, since even the maximum amounts of these
products which can accumulate directly in uranium and thorium masses
are always extremely small. Even in the most concentrated uranium
materials the radium content does not exceed 2.510-5

9s, and even these

radium concentrations are extremely rare. V. I. Vernadskii therefore
assumes that radium minerals do not exist in nature, but that radium
exists everywhere in a dispersed state.

Among the natural radioactive rare-earth elements Ce 14 2 , Nd1 44 and
Sm 14 7 are alpha-emitters. Table 43 ;ives calculations of the content of

alpha-emitters in various types of rocks. The calculations are based on
data on the concentrations by weight of rare-earth elements.

As can be seen from Table 43, the specific rare-earth-derived radio-
activity of rocks is very low, beyond the sensitivity limits of ordinary
measurement methods. The rare-earth radioactivity in rocks is thousands
of times lower than the thorium radioactivity.

TABLE 42. Mean content of thorium, uranium and radium in various media of the earth /32/

Medium Thorium io-' 7o Uranium 10-4o Radium io'- 101

Living matter ........... - n 0.4

Sea water............ 0.000 nt 0.00 nt 0.00 nt

Fresh water............ Very little - On -10
Water of productive oil strata.-...- c-20

Sandstones ............ 0.6 - 1.5

Clays.............. 0.13 4.3 1.3
Sea mud............. - - -.12

Limestones............ 0.05 2.6 0.5

Granites............. 2 10 2.9
intermediate rocks.......... 1 7.5 2.58

Basic rocks ............ 0.6 4.4 1
juvenile springs........... - 1 0oA- 15 ' 1o-2-io03

R e ma rk. n is a number between and 9.
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TIABLE 43. Radioactivity of rocks due to rare -ea rh alIpha-radi ators and th or ium

Rad~oactive isotope Radioactivity, curie /kg
persilicic rock i nte rm-ed iate roc k basic rock

Ce'4
2 3.10-14 1.6 1 0 -t5 1 0-16

Nd1
44

2 .4 1 0 -t5 1.0.10-15 6 1 0 -t6
Sm'

47
3 210-12 8. -- 01

Tb 4.4.10-O9 1.3 lO' 6.5. 10-10

The somewhat higher concentrations of rare-earth elements in their
ore formations are accompanied by a proportional increase in the intensity
of their alpha-radiation. In individual cases the rare-earth radioactivity
of samples can approach the activity of the mineral due to its uranium or
thorium content.

TABLE 44. Radioactivity due to rare-earth alpha-radiators 8/

Radioactivity, curie/kg
Location ce', 142d i, 1m4 7,

X1 -1 yio-' 13 j oj
t5

Karelia...........*D..D 1.9 2.l

Siberia ............ 6 2.6 2.1
Aldan ............ 30 14 11
Kola Peninsula .......... 3 0.66 0.81

We see from Tables 43 and 44 that the most active rare-earth alpha-
radiator is samarium, which gives most of the rare-earth contribution to
the total radioactivity of the mineral. The radiation intensity of other
radioactive isotopes is thousands of times lower. However, the alpha-
radiators given above do not represent all the natural alpha-emitting
radioactive isotopes. It is assumed that a number of other alpha- and
beta-radiators exist in nature and, for various reasons, have not yet been
identified /20/. In this respect of particular interest is the search for
Pm 145, which is predicted to emit 2.3 Mev alpha-particles and have a half
life of 110- 1012 years /28 I. Also of interest is C 247, which has recently
been observed after prolonged irradiation of plutonium in a nuclear reactor.
The half life of this isotope is approximately 1 08 years, which justifies the
siearch for it in rare-earth minerals.

The search for alpha-active isotopes is being pursued intensively /20/.
Alpha-radiation has been detected in iron salts separated out of iron ores.
However, the origin of the alpha-radiation of the salts has not yet been
explained.

5. RADIOACTIVITY OF SEDIMENTARY ROCKS

A large role in the formation of the radioactivity of the biosphere is
played by sedimentary rocks, which are formed by the geological work of
the sea and wind. A distinctive feature of the structure of sedimentary
rocks is their bedding, the result of sedimentation of disintegration
products amd igneous and other rocks on the bottom of water basins.
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Sedimentary rocks are divided into three large groups - fragmental,
chemical and organic - by the qualitative features of their building
materials.

Fragmental rocks are formations arising from fragments of various
magmatic rocks. Fragmental sedimentary rocks include boulders, pebbles,
rock debris, gravel, sand and clay. Table 45 gives the sizes used to
divide fragmental rocks into distinct types.

TABLE 45. Geological characterization of fragmental rocks

Rock Size of fragments, mn

Boulders .......... >200
Cobblestones .......... 200 -50
Pebble........... 30 10

Gravel ............ 10-2
Sand:

very coarse-grained...... 2-
coarse-grained.........1-0.5
medium-grained........ 0.5-0.25
fine-grained ......... 0.25-0.1

Silt ............. 0.1-0.01
Dust, mud, clay ......... <0.01

Chemical sedimentary rocks include rocks formed by the sedimentation
of chemical compounds dissolved in water. These rocks include rock salt
deposits, gypsum deposits, etc.

The third organic group of sedimentary rocks includes deposits of the
products of the life activity of ancient organisms. This group of sedimen-
tary rocks, which sometimes reach very large depths, includes limestones,
flinty slates, coals, etc.

Since the main mass of sedimentary rocks was formed by the reprocess-
ing of igneous rocks and by various surface geological agents, the radio-
activity of sedimentary rocks must be related to their formation processes:
wind erosion, scaling, transport and sedimentation. For example, under-
ground water filtrating through a layer of sands often deposits radioactive
salts from solution.

Since the geochemnical history of the natural radioactive elements in the
sedimentation zone varies over wide extremes, the distribution of the
radioactive elements in sedimentary rocks is also very nonuniform. On
the one hand, almost nonradioactive quartz sands and sandstones and low-
activity limestones are often encountered; on the other hand, there exist
highly-radioactive bituminous shales. The radioactivity of clays shows
particularly great variety. There are both low-radioactivity clays and
others in which the concentration of radioactive elements approaches that
in granite rocks. On the whole, however, sedimentary rocks are less
radioactive than igneous rocks. In the process of land denudation there
occurs a certain accumulation of radioactive elements in the World Ocean
by the dissolution in sea water of some compounds containing radioactive
elements. The difference in the specific radioactivity between the primary
rock and its derivative rock (sedimentary) sometimes reaches 1-2 orders
of magnitude. The decrease in radioactivity concentration in sedimentary
rocks is mainly the result of a decrease in potassium and uranium. However,
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it sometimes occurs that one sedimentary rock is depleted and another
enriched with radioactive elements by leaching.

The content of radioactive elements in sedimentary rocks, as in other
rocks, varies from region to region.

It has been established by an investigation of a large number of samples
that the least radioactive sedimentary rocks are pure organic and chemical
sediments (rock salt, gypsuam, anhydrites, limestones and dolomites), pure
quartz white sands, quartz sandstones and various flinty formations.

The detection of somewhat increased radioactivity in individual varieties
of limestones and quartz sandstones is very often connected with the presence
of admixtures of finely-dispersed clayey, silty, organic or other material.

Clayey shales and clays have a relatively constant radioactivity which is
the highest found in ordinary sedimentary rocks. In the opinion of some
authors, the depth of occurrence of sedimentary rocks has no appreciable,
direct influence on their radioactivity /2/.

The content of both uranium and potassium in clays is often appreciably
higher than in other varieties of sedimentary rocks of the same geo-
chemical province. This is due primarily to the fact that uranium is
easily adsorbed in amorphous sediments. In all sedimentary rocks it has
been found that the content of radioactive isotopes displays a pronounced
dependence on the degree of dispersion of the particles which form the
rocks. It has been established that, in general, the higher the degree of
dispersion of the sedimentary rock, the higher its relative radioactivity.

An idea of the magnitude of the natural radioactivity of the basic types
of sedimentary rocks can be obtained from Table 46. The values given in
this table were obtained by calculation using the data of a number of
authors / 19, 42, 47, 48 / on the mean percentage of radioactive elements
in sedimentary rocks.

TABLE 46. Mean radioactivity of sedimentary rocks

Rock ~~Radioactivity, lo' curie/kg
Ra22 U M Th 2a2 K

4
0

Limestone . 0.5 0.5 0.13 2.4
Dolomite . 0.1 0.1 - -

Sandstone . 1.5 1.3 0.6 8.8
Clay and shale . 1.3 1.4 1.3 21

It follows from Table 46 that the radioactivity of sedimentary rocks is
primarily due to the isotope K4 0, clays having the highest activity, sand,
somewhat less and limestone being still less active.

However, the mean specific radioactivities of sedimentary rocks given
in this table must be considered very tentative. The radioactivity of
sedimentary rocks varies over very wide limits. A particularly large
variation in radioactivity is observed among sandstones and limestones,
largely depending on the degree of contamination by other rocks. Clays
and clayey shales, however, are characterized by a relatively constant
radioactivity level due to their constant K 4 0 content.

Thus, the specific radioactivity of clays used for ceramic purposes,
based on their potassium content /22/, varies only from 1.5.10-8 to
1.7.10-8 curie/kg.
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Particularly high levels of natural radioactivity exist in potassium salts,
in which the potassium content may reach 30- 35 % or more. A direct
measurement of the radioactivity of such salts using a MST-17 end-window
counter makes it possible to determine the upper limit of their specific
activity as about 50- 7 curie/kg.

The radioactivity of common salt is low and depends mainly on the
amount of potassium impurity. In sedimentary and common salts the
mean potassium content has been found to be 0. 01 60- 0.0052 %, corresponding
to an activity of approximately . 2.l0-l0-4.1.l0-l curie/kg. A relatively
high potassium content is observed in salts of the Troitskoe and Balekhov-
skoe deposits. The potassium concentration in the Troitskoe salt is 0. 243,
in the Balekhovskoe salt 0.234%. The potassium content in the salt ex-
tracted from Lake Tavolzhan is only 0.0006 %,, and from Lake Baskunchak
0.0034% /25/.

WAhen comparing sedimentary rocks rich in carbon of organic origin
with rocks poor in carbon it was observed that the former generally have
a higher specific K 4 0 activity /30/.

The uranium content in carbon-bearing elements is low. Sea lime stones
and dolomites usually contain less than 410-6 % uranium /5/, since the
presence of carbonate ions hinders the deposition and adsorption of uranium
in sediments.

An investigation of the radioactivity of oil wells showed that some
sedimentary rock fractions have an abnormally high radioactivity. Table 47
gives data characterizing the radioactivity of some Soviet oils. It follows
from these data that the ash of individual oils may have a very high con-
centration of alpha-radiators.

TABLE 47. Content of radioactive elements in oils //

Uranium Thorium Radium

Deposit in ash in petroleum in ash in petroleum in ash in petroleum

Balakhany. .3.1-8.8 0.4 -2.5 6.0 - 7.0 1.5-2.7 0.6-2.6 2.0 -5.0
Surakhany ... 1.2-500.0 0.4-50.0 6.0-35.0 0.6-3.5 0.7-3.8 1.6-4.0
Bibieibat .. 2.5 -89 4.6-42.0 7.5 1.8 0.26 -1.42 1.20 -3.28
Binagady 1 .9-20.0 .5.0-9.9 - - 0.56-2.00 2.8-5.1

Astrakrhanka . . 3.2 0.9 -- 0.01 1.7

As initial data illustrating the natural radioactivity of various types of
sedimentary rocks deposited in different geological epochs (from the
Proterozoic era to our days) on the large territory of the Russian Plat-
form, it is convenient to use the data of Vinogradov and Popov /10/. The
results, after proper conversion, are given in Table 48. In the calculation
of the specific radioactivity of these rocks from the contents by weight of
the elements it was assumed that the isotopic abundance of the radioactive
isotopes of each element corresponds to secular equilibriums.

The figures of Table 48 show that clays of the Russian Platform are
more radioactive than sands and limestones. One notices that clays are
more radioactive than other rocks in the sediments of all geological epochs.
However, it is a characteristic of the Russian Platform that clay rocks are
considerably less widespread than calcareous and sandy rocks. Calcareous
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rocks are most widespread, being encountered among sediments of all
geological systems.

TABLE 48. Radioactivity of sedimentary rocks of the Russian Platform (10-' curie/kg)

Clay Sands Limestones
System, division or stage 1 U T K

t
Tb L

Prorerozoic ........ 23 1 3.0 4.6 19
Cambrian. ........ 31 2.5~ 4.6 lo5 1.
Ordovic ian ........ 23 34 1 1.6 l.4
Silurian. ......... 26 212 .3.3 8 13 1.8
Middle Devonian ..... 23 2.6 3.6 12 0.8 0.8
Franc ianl stage ...... 23 3.0 3.4 11 1.2 0 .9
Famen stage 26 2.2 3.3 12 0.7 0.9
Devonian. ........ 24 2.7 3.6 I 12 1.0 1.0
Carboniferous ....... 26 3.7 4.8 135 0.34 1.3'
Permian. ......... 18 2.4 2.6 1 2 0.4 1.8
Paleozoic. ......... 24 2.8 3.7 13 0. 7 1.4

Triassic......... 15 2.8 3.4 28 1.4 -

J urass ic. ......... 20 2.3 4.8 12 0.6 1.3
Cretaceous ........ 1 6 3.6 3.4 12 0.8 1.9
Mesozoic ......... 18 2.5 4.1 13 1.0 1.0
Tert iary ......... 15 2.9 2.9 1 1 0.8 1.;3
Quatemary...... I .. 20 3.3 3.7 32 1.1 1.3

Cenozoic ........ 17 3.0 9.2 113 2.4 2.4

6.CONTRIBUTION OF PRODUCTS OF SPONTANEOUS
FISSION OF HEAVY NUCLEI TO THE TOTAL
]RADIOACTIVITY OF ROCKS

Along with the daughter products of the radioactive decay of uranium
and thorium, small amounts of the products of spontaneous fission of these
nuclei should also exist in nature. The spontaneous fission of uranium
nuclei was discovered by the Soviet investigators G. N. Flerov and K. A.
Petrzhak in 1940 / 31 /. They established that. the probability of this
process is low, approximately one spontaneous fission per 2.106 decays.
The mechanism of this phenomenon is considered in great detail in
Cherdyntsev s monograph /33/.

Investigations in recent years /52/ have established that U238 has a

.much greater probability of spontaneous fission than U235. This is of
great importance since it may lead to disagreement in some minerals
with the well-known constant relative abundance of uranium isotopes. The
isotopic abundance of U235 is 0.714%, but Cherdyntsev et al. /34/ found
that the U235 content in individual minerals reaches .3-10-4 %.

The effective half life of U238 for spontaneous fission is 8.04.1015 years,
for U235 1.87-1017 years and for Th232 1.35.1018 years /29/. These figures,
which characterize the rate of spontaneous fission of the natural radio-
active isotopes confirm the view that the rate of formation of radioactive
fission products, including Sr 90 and Cs 137, is exceptionally slow. Never-
theless, radioactive fission products with long lifetimes should be
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encountered in nature, though in very small amounts. Thus, it has been
established that the inert gas xenon contained in atmospheric air (9.10-6%
by volume) owes its origin to spontaneous fission of uranium. Investiga-
tions have shown /51 / that the inert gases krypton and xenon removed
from uranium minerals have almost the same isotopic composition as
those formed in a nuclear reactor by the fission of U23 5 by thermal neutrons.

In recent years it has been established that in addition to spontaneous
fission, fission of U2 3 5 by neutrons also occurs in nature /42/. The sources

of these neutrons are, on one hand, cosmic
10 -___ ___ - rays, and on the other hand, the process

of spontaneous fission of heavy nuclei it-
self, which occurs with the emission of

1t0o several neutrons. It has been established
that spontaneous fission of a U2 3 5 nucleus

10 -1 releases an average of 2.2 neutrons, and
neutron-induced U235 fission releases an

___ _2 - average of 2.5 neutrons.
However, despite the fact that the

spontaneous fission of heavy nuclei should
10. ___ _ -- produce all the fission products char-

acteristic of artificial disintegration of

___ ___ uranium, in addition to krypton and xenon,
there are no data in the current literature

60 ~~~~biosphere. The only exception are data
60 80 100 120 140 10
Atomic weight of isotope on the concentration of xenon and krypton,

which are used successfully in determining
FIGURE 4. Yield of fission products of the age of rocks.
U235 /16/ The absence of quantitative data on the

content of radioactive fission products of
uranium in various spheres of the earth is due primarily to the fact that
most of the radioactive isotopes which form in the fission process have
incomparably shorter half lives than the natural radioactive isotopes. Such
short-lived isotopes cannot therefore accumulate in sufficient amounts to
be detected by present radiometric methods. However, some nuclear
fission products, such as Sr 90 (half live 27.7 years) and Cs 137 (half life
30 years), should be preserved in uranium-rich rocks in relatively larger
amounts than other fission products with shorter half lives.

An idea of the percentage yield of the nuclear fission products of uranium
is given by the curve of Figure 4. It follows from this figure that the most
probable fission is that in which products with mass numbers 90-100 and
130-150 are formed. This relationship between the isotopes shows that
the fission of uranium nuclei is far from symmetric. However, in de-
termining the amounts of new isotopes forming in nuclear fission it should
be borne in mind that, since two fragments are formed in fission, the total
yield of fission products is 200% the number of fissioning nuclei.

Using the curve of Figure 4 we find that in the fission of U235 nuclei the
fraction of Sr 90 is approximately 5 % and Of CS137 about 6 o of the total yield
of radioactive products. This is also the fission yield of these radioactive
isotopes given in the literature /23, 36/.
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Using the law of secular equilibrium /4/,

where N, is the numbcr of atoms of the parent isotope, N the number of
atoms of the daughter isotope, T the half life of the respective isotope
and X, the decay constant of the respective isotope, we find that the equi-
librium amounts of two genetically coupled radioactive elements are
proportional to their half lives or inversely proportional to their radioactive
constants.

Therefore, using the well-known formulas

N =602102 3 P ~ = NA 357c10-A- ' 6.02. 1023 ' A.T

where P is the amount of the element in grams, N the number of atoms
of the element, the activity of g of the radioactive substances in curies,
A the atomic weight and 6.02.1023 Avogadro' s number, it is possible to
calculate approximately the radioactivity of rocks due to the accumulation
of such spontaneous fission products of uranium and thorium as Sr 9 nand
Cs13 7 .

In performing these calculations the following assumptions were made:
a) the yields of Sr9 0 and CS' 3 7 are the sa$~e in the fission of U

23 8
, 

2 35

and Th
2 3 2 nuclei and equal to 5 and 6, respectively;

b) the thorium content indicated in Table 40 is wholly attributed to
Th2 3 2 , whose activity is 1 .107 curie/g;

c) the uranium content indicated in Tab-le 40 is attributed only to U
23 8

and U23 5 (the U234 content is disregarded);
d) equilibrium exists between the parent eloments and their fission

products;
e) the half lives of U2 38 , U2 35 and T

2 3 2 for spontaneous fission are
8.04101'5, 1.87*10'7 and 1.35.10181 years, respectively;

f) no spontaneous fission of other heavy nuclei in rocks occurs.

TABLE 49. Tentative specific radioactivity of rocks due to Sr"
0

and Cs' produced in the pontasscoss
fissi on of u ran ens and thorium

Radioactivity d to S95, eerie/kg Radioactivity due to Cs'
3 t
, curie/kg

Rocks
Th

23
2 U 

2 35
0 238 Th 2

3
2 U 

2
35' 3

Pcrsilicic . o 10lo18 lo-'V 10-18 10-18 l-1

Basic 10 ... l-19 10 -21 lo-,, io0 10-21 1

Ultrabasic 1o-19 10-21 ilo- i70lo' 10.21 io0 17

The results of such an approximate calculation are given in Table 49,
from which it can be seen that a relatively high yield of the natural
products Sr 9 0 and Cs'

3 7 should occur in the case of spontaneous fission of
11238 . The contribution of the radioactive isotopes formed by the fission of
1123 and Th

23 2 to the total radioactivity %is negligibly small. Obviously, all
other conditions being equal, the content of Sr 90 and Cs 1 3 7 in minerals with
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a high concentration of the isotope Uj2 38 will be considerably higher and in
individual cases may reach values measurable by modern methods.

~ 7. CONTENT OF TRANSURANIC ELEMENTS
IN ROCKS

Transuranic elements are those elements situated beyond uranium, at
the very end of the Mendeleev periodic system. These elements include:
neptuniumn, plutonium, americium, curium, berkelium, californium,
einsteinium, fermium, mendieleevium, element No. 102, and lawrencium.
Thus far only neptunium and plutonium have been detected in nature. It
is assumed that these radioactive elements form from U

2 38
by neutron

capture. The natural radioactive isotopes of neptunium are Np
2 37 and

Np 2 3
1. The first has a half life of 2.2.106 years and decays by emitting

4.5 to 4.9 MVev alpha-particles. Np
23 9

has a half life of 2.3 days and decays

by beta-emission. The concentration of these isotopes even in ores with
very high uranium contents is extremely low. Thus, when Np

2 37 was
isolated from a Congolese pitchblende it was found that the maximum ratio
of Np 23 7 to U2 38 is only 1.8.10-12 /50/. The content of Np 23 9 in uranium is
even lower /48/.

Plutonium was first isolated from a Canadian pitchblende and a Colorado
carnotite /43/ in the form of the radioactive isotope Pu2 3 9 . This natural
radioactive isotope decays by emitting 5.0 to 5.15 Mev alpha-particles. Its
half life is 24,410 years. Pu2 3 9, as well as other transuranic elements,
are found in very small amounts in uranium-rich minerals. Even the
richest uranium deposits cannot therefore be a source for plutonium
extraction.

TABLE 50. Radioactivity of uranium and thorium minerals due to their content of the isotope p239

Ratio of weight of Specific rock radioactivity, curie/kg
Rock Uranium content PU 

239
to weight dutoraim ueoplonm

/49 /, % ~ of rock dutouaim deoplon m

Canadian pitchblende ... 13.5 9.1V10'
3
1 9.1-10-1 1.9-10-1

Congolese pitchblende .. 38 4.8 0 _' 2.5.10-4 l.1*lO-1
Colorado camnotite .. . . 50 3.8.100' 3.4 10-4 8010"1

Brazilian monazite .. . . 0.24 2.1-10-'4 1.6*lfC 4.4.10-1
North Carolina monazite . 1.64 5.9.10-4 i.1l10o9 1.2.100'

Due to its chemical similarity to thorium, plutonium can be expected to
accompany thorium, and not uranium, in migration processes in various
media of the biosphere. Table 50 gives data characterizing the content by
weight of Pu23 9 in uranium-rich ores and their specific Pu2 3 9 radioactivity,
calculated from these data.

An analysis of Table 50 makes it possible to conclude that the contribu-
tion of the alpha-radiation of Pu2 39 to the total alpha-radiation of mountain
minerals is extremely small and cannot have practical importance for
biological problems. In all the cases given the specific radioactivity of
rocks due to uranium is millions of times higher than that due to Pu2 3 9 .
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Chapter 4

RADIOACTIVITY OF SOILS

§ 1. COMPOSITION AND STRUCTURE OF SOILS

According to the definition of V. V. Dokuchaev soils are surface
mineral-organic formations which always have their, own origin; they are
everywhere the result of relationships among source rocks, living and
dead organisms (both plant and animal), climate, the age of the country
and topography of the region; soils, like any other organism, have a
certain normal structure, normal thickness and normal position.??

The most important types of soil mainly form from loose materials
containing appropriate proportions of mineral and organic substances.
Minerals are the principal components of most soils, and only peaty-
boggy soils contain more organic than mineral compounds.

Mineral soil substances are basically disintegration products of igneous,
metamorphic or sedimentary rocks. Depending on the conditions of the
rock disintegration, the mineral substances creating the soil can either
remain near the source rock or be deposited by water and transported
by wind.

A certain part of the soil' s mineral substances originates from the
complete disintegration of organic remains.

Structurally, the inorganic part of the soil is composed mainly of small
particles, of various minerals less than 1 mm in size.

The organic part of soils consists of humus compounds which are not
easily disintegrated by micro-organisms; they play a large role in creating
some valuable qualities of the soil. Due to the difficulty in mineralizing
humus, its disintegration proceeds extremely slowly.

From the point of view of the genetic peculiarities of soil formation,
its composition is highly complicated. In this connection it is possible in
practice to find in any type of soil all the known chemical elements. The
percentage of these elements in various soil types is far from uniform,
but the chemical elements most widespread in the earth's crust are con-
tained in soils in fairly large amounts.

Elements characterized by a high degree of dispersion are generally
found in soils in very small amounts.

Table 51, based on Vinogradov's data /8/ (which differs somewhat
from the above), gives figures which illustrate the mean content in the
soil and in the earth's crust of some elements with radioactive isotopes.
These figures indicate that the range of the contents of these elements in
soil is very large. Thus, whereas the mean potassium content in soils
is 1. 3 6%, the concentration of thorium or uranium is always only ten
thousandths of a percent.
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TABLE 51. Mean content o some elements in the soil and in the earth's rust (b)

Element Soil Earth's crust I Element Soil IEarth's rust

Calcium. ......... 1.37 3 .5 Thorium ......... 6i -' I-o-
Potassium. ......... 1.3 6 2.5 Uranium ......... 2*10' 2. O0-

Ruhidium ......... 5l -1 3 1 O_2 Radium. ......... 8.1 0"1 2 1 0 -1

It follows from this table that the natural radioactivity of the earth's
soil cover is determined primarily by its potassium concentration. Varia-
ticns in the radioactivity of some soil type are thus usually caused by
differences in the potassium content. Nonetheless, in soils formed from
rocks with an increased uranium or thorium content the importance of
potassium to their natural radioactivity may decrease considerably and
may even be secondary.

In addition to mineral and organic substances, the chemical composition
and morphological structure of a soil are influenced greatly by its air and
water content. The arrival and movement of water in soil considerably
affect its mineralization, the migration of radioactive elements, the rate
of their assimilation by plants, etc.

The extent and character of the participation of the natural radioactive
elements of the soil in the cycle of materials in the biosphere depends on
the water in the soil. It should be borne in mind in this connection that if
sosl is deficient in moisture, the transportation of radioactive elements
along the chain:

Soil- Plant- Animal

weakens. A converse relationship, i. e. , the higher the water content in
the soil the greater the entrance of mineral substances into the biological
cycle, has not been found. The rate at which natural radioactive isotopes
enter the biological cycle is determined for each soil type by an optimum
water regime characteristic of the given climatic conditions.

Various climates influence soil very differently. The morphological
structure and chemical composition of soils therefore exhibit a marked
zonality coinciding with the climatic zones. Thus, boggy soils are most
widespread in the cold zone; in the temperate zone podzolic soils are
widespread in forest areas and chernozems in plains; lateritic soils
prevail in the hot zone.

Being loose formations, soils resemble sedimentary sand-clay rocks
with a high content of organic material in chemical composition and other
properties. As in sedimentary rocks, the concentration of radioactive
elements in soils is appreciably higher in a colloidal fraction (less than
0.02 mm) than in coarser fractions, since the exchange- sorption properties
of the soil are mainly connected with the finely dispersed fraction.

The content of radioactive elements in soils of the Russian Platform
was studied by A. P. Vinogradov, V. I. Baranov and S. G. Tseitlin (for
references see bibliography). Table 52 gives data characterizing the
content of the principal radioactive elements in the upper layer of various
types of soil. It follows from this table that the radium content in the
upper level of soils is approximately the same, irrespective of type.
According to other data, the mean radium content in soils varies from
2.8.101 to 9.5-101 % /23/. The uranium content in the investigated
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soils varies from 2.6.10-4 to 4.0.10-4 %, the thorium content from 0.5*10-3
to 1.2.l0-3 %, the potassium content from 0.49 to 2.44 % and the rubidium
content from 0..1- to 0.10-3 . On the whole, sandy soils are the
poorest in radium, whereas clayey soils contain more radium than other
soil types. Soils formed on granite rocks are generally richer in radium
than soils on sedimentary and basic rocks. A relatively high concentration
of radioactive elements was detected in soils of Kyzyl-Kum (Western
Turkmenia) in a condensed-gas field. The content of potassium in these
soils reached 1.8 %, of radium 1.10-11 %, of uranium 3.3.1 0-4 % and of
thorium 5.3.1 0-4 % / 5/.

Irrespective of soil type, the uranium content generally increases
from the surface layer to the substratum. Radioactive equilibrium between
uranium and radium does not exist in soils, principally because of the good
solubility of uranium compounds.

TABLE 52. ontent of radioactive isotopes in the surface layer of soils (in percents of dry soil) /9/

Rubidium, Radium, Uranium, Thorium,
Soil type Potassium 10-3 10 i 1' 1io i- 4/ io-"7'y

Mountain tundra. ............ 2.'3 8 elO .1 .3.0 0.8
Medium podzolic. ........... 1.69 elO0 0.9 - 0.5

Podzolic. .................. 2.68 8 1.0 2.6 1.2
Podzolic on boulders ......... 2.44 7. 7 0.8 :101.0
Gray forest. ............... 2.33 - 1.0 3.2 1.2

Loamy chernozem . ........ I 2.09 8.9 0.8 4.0 1.0
Light chestnut. .............. 2.2 7.3 1.0 3.0 1.0
Krasnozem. ................ 0.49 0.15 1.1 4.0 1.0

The data in Table 52 should apparently be considered as particular
examples characterizing the possible concentration of radioactive elements
for the given soil. However, the variations in the content of some element
in the same type of soil may be considerable. For example, according to
Tseitlin's data /19/, the radium content in the brown forest soil of
Crimea differed in different samples by approximately a factor of three.
The potassium concentration in soils of the Khibiny tundra occasionally
reaches 4.2 %, which corresponds to approximately 3.4.10-8 curie/kg. It
has been established that sandy-clayey parts of the tundra have a con-
siderably higher radioactivity than peaty parts /6/.

§2. MAIN FEATURES OF THE MAJOR SOIL TYPES

Tundra soils . In the Arctic tundra there is no continuous plant
cover and soil formation is in its first stages. Individual colonies of
lichens, bryophyta and some herbaceous plants settle under the protection
of rocks and along ravines. A thin layer of humus accumulates on them
and primitive soils form. A permafrost layer lies at a depth of 10-30 cm.

In the subarctic and southern tundra zones, where a continuous plant
cover is developed, a continuous thin soil cover up to 30 cm thick and of
peaty coarse-humus structure also forms. These soils contain a very
large percentage of organic substances.
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P od z ol s . Typical of coniferous fore sts with a cover of forest
bryophyta. Form directly under coarse-humus forest litter (sod). Has
a whitish color and a loose consistency. Sandy podzols are structureless.

S od d y- p od zoIs . Form under mixed (coniferous-broad-leaved)
forests with a grass cover, secondary birches and after plowing of podzols.
The surface layer of soils of this type under sod is gray, sometimes
with a brown tint, and a stratified structure. When subjected for a long
time to the effect of grass, this soil layer acquires crumbly structure.

G ra y f or e st s oilIs . Form under broad-leaved forests (at present
mostly plowed up). The surface layer is dark-gray, gray or light-gray
and granular-nuciform in structure; with increasing depth this coarsens and
becomes nuciform. It is followed by a humus layer, then by a black-brown
or gray-brown transition layer.

C b e rn o z e m s . Form under the cover of meadow and steppe vegetation.
At present almost completely plowed up. The color of this soil type ranges
from grayish-black and black-brown to almost black. The structure is
granular. Often has an increased potassium content.

C h e s t n u t s o i s . Developed in arid f.eathergrass and wormwood-
feathergrass steppes. Considerable areas are plowed up. The profile of
chestnut soils consists of two layers: upper, humus and lower, salt
accumulation. Chestnut soils are divided into subtypes: dark-chestnut,
chestnut and light-chestnut.

This soil is characterized by increased potassium and rubidium content
in the upper layers.

B r own de se r t-s te p pe s oilIs . The upper layer contains a small
amount of humus and has a light-gray color and a stratified structure.
Below lies a solonetsic layer with a very compact, lumpy texture.

S e r o z e m s . Distinguished by a light- gray color and a slight structural
dislocation of the profile. The surface layer is poor in humus and differs
only slightly from the source rock. Subtypes of desert and desert-steppe
serozems are distinguishable. Some of them have high salinity.

K r a s n o z e m s . Found in forests in the humid subtropics. At present
almost completely plowed up. The surface layer is rich in humus. The
color is dark-gray with a brownish-shade. The structure is crumbling,
granular. Below lies a layer with a reddish color.

3. SOURCES OF SOIL RADIOACTIVITY

The main source of the radioactive elements contained in soils is soil-
forming rocks. In some cases, therefore, a clear genetic relationship
exists between the degree and character of soil radioactivity and the con-
centration of radioactive elements in the source rock. Thus, soils formed
from the disintegration products of persilicic magmatic rocks often have
an increased content of such natural radioactive elements as uranium,
thorium, radium and potassium. Soils formed from basic and ultrabasic
rocks generally contain smaller amounts of radioactive isotopes than those
fromed from persilicic rocks. Soils formed near outcropping of radio-
active ores are greatly enriched in radioactive elements.

79



In addition, it has been observed that, due to weathering processes,
the larger the amount of clay particles contained in the soil, the higher its
radioactivity.

Small amounts of radioactive elements enter the soil from the atmos-
phere together with various meteoric sediments, including cosmic dust.
But the contribution of meteoric (atmospheric) precipitation to total soil
radioactivity is negligible.

A certain part of the total amount of radioactive elements in soils owes
its origin to organic substances in various stages of decomposition. How-
ever, there is no clear correlation between the radioactivity of a soil and
its organic content.

In individual cases, under favorable circumstances, water containing
dissolved mineral substances, including radioactive isotopes, may play
an important role in the deposition of natural radioactive isotopes in soils.
Mineral elements sorbed on soil particles are capable of active participa-
tion in exchange processes between the soil and plants, i. e. , in the root
feeding of plants /2/.

A noticeable contribution to the total radioactivity of soils is made by
the daughter decay products of radium and, to a lesser extent, by the
decay products of uranium and thorium. Direct measurements of the
radioactivity of soil air establish that it always contains definite amounts
of gaseous radioactive isotopes or emanations (radon, thoron and actinon)
and of their decay products, radioactive precipitation. Mixing with the
air, filling the pores and capillaries of the soil, the radioactive emanations
and their decay products gradually leave the soil and enter the surface
layer of the atmosphere as a result of diffusion and mechanical exchange
between the soil air and the atmospheric air.

Thus, a definite part of the radioactive elements of the soil constantly
participates in the material cycle of the biosphere; some radioactive sub-
stances continuously enter the soil in various ways, whereas others leave
it by numerous channels.

The loss of radioactive substances from soils is mainly caused by the
following processes: natural decay of radioactive elements, assimilation
of radioactive elements by plants, leaching by water, wind deflation and
emanation (escape into the atmosphere). The natural radioactivity of
sandy soils is therefore mainly confined to heavy mineral fractions. This
also explains the fact that clayey soils have a relatively higher radio-
activity than other soils, since they are more resistant to some of the
factors which contribute to the depletion of soils from radioactive elements.
In addition, clayey soils have a large capacity for adsorption of potassium,
uranium, thorium and other elements from solutions and colloidal sus-
pensions. Radioactive elements in clays disperse mainly on the surface
of the clay particles /22/.

4. ALPHA-RADIATION OF SOILS

The alpha-radiation of soils is determined almost completely by the
content of the parents of the radioactive families, uranium, actinouranium
and thorium, and of their decay products, such as radium, radon and
thoron.
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The contribution of rare-earth alpha-radiating isotopes (Ce 1 42, Nd' 4 4

and Sm 14 7 ) to the total activity of soils is negligible.
The most widespread alpha-radiator in the soil is uranium, whose

mean content is approximately 110-4 %. However, the distribution of
uranium in soils is far from uniform. It has been observed that, ir-
respective of the soil type, the highest uranium concentrations occur in
layers adjacent to source rocks. Surface soil layers contain smaller
amounts than deep soil layers. This peculiarity of the uranium distribu-
tion over the soil profile is due to the fact that uranium is encountered in
soils mainly in the form of easily soluble complex compounds. Due to the
continuous leaching of uranium from surface soil layers, these layers
gradually lose their uranium and their specific radioactivity decreases
accordingly. While uranium is leached from all soil layers, these losses
are compensated for somewhat in layers situated near source rocks, by
the arrival of uranium compounds from the source rocks. The most
intensive uranium leaching occurs in the upper layers of podzols and of
krasnozems. The amount of uranium in these soils is considerably lower
than its mean content in the earth's crust /10/.

In contrast to uranium, the thorium content tends to increase gradually
in the surface soil layers. This is due to the fact that the minerals which
usually contain thorium. have extremely low solubilities. As a result of
continuous weathering processes, therefore, many other soil components
are disintegrated to a great extent and thorium minerals to a lesser ex-
tent, as a result of which the surface soil layers are relatively enriched
in thorium. The mean thorium content in soils is of the order of 6 .1 0 -4 0,

The mean radium content in soils is 80-11 %, which is somewhat lower
than its concen~ration in rocks /9/.

The distribution of radium over the soil profile is similar to that of
thorium. In most cases the lower soil layers have a lower radium con-
centration than the upper layers.

A general idea of the content of alpha-radiators in various soils, mainly
of the Central Russian Upland, can be obtained from Table 53, based on
the data of Baranov and Tseitlin /4/. These authors determined the con-
tent by weight of uranium, thorium and radium in soils si t td in the
zone 30025? - 44'40' E long, and 41048? -67O37' N lat.

TABLE 53. ontent of natural alpha-radiators in soil

Soil and its sampling place Radioactivity, 10-'" curie/kg
Th 2 U23 Ra22 Total

Batum krasnozemn........... 9.2 6.6 6.7 22
Krasnozem of a rhododendronic forest .. . . 2.6 2.9 2.9 8
Desert serozem........... 3.1 5.0 5.1 13
Light-chestnut soil.......... 5.6 8.1 8.2 22
Podzolic soil of the forest steppe .. . . . 6.0 7.3 7.5 21
Podzolic soil of the Leningrad Region . .. 4.8 9.4 9.5 23
Medium podzolic loamy soil of the Moscow

Region............. 4.5 8.7 8.9 22
Loamy chernozem. 5.1 8.9 9.1 2.3
Peaty soil of the boggy Khibiny tundra 9.5 19.2 1.9 30
Mountain Khibiny tundta ..... 4.1 7.4 7.5 19

81



As follows from Table 53 the uranium, thorium and radium radio-
activity of soils is of the same order, 10-10 curie/kg, in all cases under
consideration irrespective of soil type and geographical location; only in
the peaty soil of the boggy Khibiny tundra is the uranium content two-
three times higher than in all other soils. The uranium, radium and
thorium content in soils of different types vary only within the same order
of magnitude. Least radioactive are the forest soils of the Batum Region
(krasnozem of a rhododendronic forest).

The total radioactivity of all soils averages 22-10-9 curie/kg. It should
be borne in mind when examining Table 53 that the last column does not
take into account the contributions of radon and other daughter elements
of uranium and thoriumn.

Vinogradov /9/ points out that the radioactivity of soil generally in-

creases in proportion to the size of its colloidal fraction. He also says
that the concentration of radium and of other radioactive elements in soils
need not always decrease, but can sometimes increase with time due to
adsorption of radioactive isotopes on clayey fractions. He therefore con-
siders soils clayey if they always contain larger amounts of radioactive
elements than do sandy soils.

Due to the solubility of complex uranium compounds, radioactive
U-Ra equilibrium does not exist in soils. In addition, such an equilibrium
may be further upset by the fact that the long-lived radon isotope, ionium,
which forms in the decay of uranium, can be fixed in soils by various
oxides. Subsequent decay of the fixed ionium results in some accumulation
of radium and, consequently, increases the violation of the radium-uranium
equilibrium in the soils.

In addition, when considering the peculiarities of the concentration of
alpha-radiating elements in soils it should be borne in mind that, in con-
trast to mountain source rocks, the ratio of thorium to uranium is con-
siderably larger for soils; this is due to the solubility of uranium com-
pounds, leaching them from soils.

An approximate idea of the contribution of rare-earth alpha-radiating
elements to the total radioactivity of soils can be obtained from the figures
of Table 54, based on Vinogradov's data /9/; it is assumed in this con-
nection that the ratio of rare-earth elements in soils is the same as in
granite s.

TABLE 54. Radioactivity of soils de to their rare-earth content

soil type Radioactivity, curie/kg
ce' 2

1015 Nd'", X lo-" S
4 5

. Xs 10 -2

Mountain tundra.......... 3.3 2.0 5.0
PodZolic ........... 2.8 1.7 4.:3
Moscow podzolic ...... 1.6 1.0 2.5
Gray forest ........... 3.3 2.0 5.0
Azov chernozern......... 2.9 1.8 4.5
Krasnozem ........... 2.3 2.4 3.5

It follows from Table 54 that the radioactivity of rare-earth elements
in soils is very low, beyond the practical sensitivity limits of ordinary
methods of soil-activity measurements. In fact, 1 kg of any of the soils
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in the table produces only about 10 alpha-particles per min due to the
decay of rare-earth elements. Therefore, in order to prepare a soil
sample for measuring its rare-earth radioactivity, the rare earths should
be separated chemically from a large volume of soil.

It also follows from Table 54 that the contribution of the radioactive
isotopes of cerium and neodymium to the total radioactivity of soils is
approximately three orders of magnitude less than the contribution of
samarium, whose contribution in turn is approximately three orders less
than that of uranium, thorium and radium. WAe are thus led to the con-
clusion that the alpha-radiation of soils is due mainly to the parents of the
radioactive families and their decay products; the contribution of other
natural radioactive elements is of no practical importance.

5. RADON EMANATION FROM RADIOACTIVE SOIL

Since radioactive emanations are intermediate decay products of
uranium, thorium. and actinouranium, their initial concentrations in soils
depend entirely on the content of the parent elements. The half life of
actinon is only 3.9 sec, of thoron 51.5 sec. The main component of soil
air radioactivity is therefore radon, whose half life is 3.8 days.

Since after their creation the radon isotopes diffuse from the soil into
the atmosphere, their content in soils is largely dependent on the soil
structure, which determines their rate of diffusion into the atmosphere
/10/. Some soils retain radon for a long time and others lose it rapidly.
A number of investigations have established that frozen soils and peaty
and clayey soils contain more radon than damp sands, in which the radon
is easily carried off by moving soil water. Dry soils contain more radon,
its concentration increasing with depth.

The radon content in soils is also influenced by the atmospheric pressure.
Table 55 gives the dependence of the radon content at a depth of 25 cm on
the atmospheric pressure. Variations in the radon concentration in soil
air are thus inversely proportional to variations in the atmospheric pressure.

TABLE 55. Dependence of radon content in soil on the
atmospheric pressure /21/

Radon concentration, Character of variation in
10-' curie/kg atmospheric pressure

1.363 Drop
1.813 Rise
0.66 Drop

It is more convenient to consider the dependence of the radon radio-
activity of soils on the capacities of these soils to retain radioactive gases
as a part of the soil air, i. e. , from the so-called emanating power, the
amount of emanation released by dry soil particles. The emanating power
has been determined for a number of soils. It characterizes the ratio of
the amount of released radon to the total amount of radon formed in the
soils. Experimental data /3/ are given in Table 56.
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TABLE 6. Dependence of emanating power of thoron and radon on soil type

Emanation ratio Emanation ratio

Soil type radon thoron Sityeradon thoron

Peaty boggy ........ 5: 1 8 Light-chestnut ...... 3 0 2 6
Mountain tundra ..... 87 100 Loamny chernozemn . . 40 166
PodZolic. ......... 36 46 Desert serozem ..... 22 23
Medium loamy podzolic. 18 31 Krasnozein . 47 49

As follows from this table, humid tundra baggy and mountain soils are
poorer retainers of radioactive gases than dry podzolic soils and desert
serozem s.

Some idea of the large variations in radon concentration in soil air
may be obtained from the data of Table 57.

TABLE 57. Radon concentration in soil air 16/

Radon concentration, Radon concentration, Ato
10-14cuiem Author lo_14 curie/miho

24 Sanderson 1.0 Keller
7- 28 Gokhale 26.0 Bender

1.2 Oluzhirs 280- 2255 Israel,
Keller and Becker

According to Vinogradov's data /9/, the radon concentration in soils
varies from .7 10-'3 to 2.1O0-'3 curie /ml. Like the content of its parent
elements, the radon concentration in soils varies with sampling depth.
It has been established that the radon content is appreciably higher in
lower-lying soil layers /25/.

The condition of the surface soil layer has a considerable influence on
the soil radon content. The less favorable the structure and state of the
soil for emanation of radioactive gases, the higher the content of radio-
active gases in the soil air and the higher soil radioactivity as a whole.
This dependence is well illustrated by the figures of Table 58.

TABLE 58. Radon concentration in oil air for various soil conditions /21/

Condition of the soil Radioactivity, f Condition of the soil Radioactivity,
(upper layer) io' 1 curie/ml j(upper layer) 10o1 curie/ml

Semidry .. . . . . .0.128 Very damp . . . .. 4.31
Frozen .. . . . . .0.171 Silted . . . . .. 12.10
Watered.0.255 After strong rain . .. 23.80

As follows from this table, the radon concentration rises appreciably
after rain or in silted soil. This is due primarily to a decrease of
capillarity and the consequent decrease in emanation.

The highest radon concentrations are observed in clayey soils and in
strongly disintegrated and modified rocks. Low radon concentrations are
observed in pure limestones and sands.

it has been observed in recent years that thoron is also contained in
comparatively high concentrations in soil air. In particular, it has been
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established that in regions with shallow-lying magmatic rocks, the con-
tribution of thoron to the total soil radioactivity may be very large and
the thoron concentration may exceed the radon concentration. In some
cases, where the normal radon concentration in the soil air was 2 to 4
emans,* the thoron concentration was 1 0 to 1 5 emans / 1 1/. It can be
assumed that the thoron content per cm 3 of soil air is equal to the amount
of thoron which is in equilibrium with (- 20).10 6 g of thorium. The
mean diffusion rate of thoron into the atmosphere is estimated as 1 -~ 3atoms

per cm 2 of soil surface per sec /12/.

Content of Rn + Tn, emans

Radon concentration, emans -0 12- 0 8 6 4
a ioo 200 300 400 SO0_600 -

2 4 -
U .7-~~~~~~~~~~~~~~~~~~~1 RTn

L ~~~~~~~~S l
0 2 0 2
Uranium content, 10-3 %/ Uranium content, 10-37

FIGURE .5. Radon distribution in soil /24/. FIGURE 6. Radon concentration in soil versus the uranium

content /24/ .

Figure 5 shows a pronounced rise in radon concentration in soil air
with increasing depth. However, when the uranium or thorium. distribution
in the soil is nonuniform, the form of this curve changes, becoming an ir-
regular broken line with individual maxima which indicate either a local
enrichment of the soil in uranium or a change in the structure and properties
of the rock (Figure 6).

A number of authors have established the existence of seasonal variations
in soil air activity, the highest radon and thoron concentrations being ob-
served in winter and during thaw when the escape of emanations from the
soil into the atmospheric air is particularly hindered.

In addition it has been established that for a sharply dissected topo-
graphy the effect of meteorological factors on the radon content of various
points of the soil cover may be very different. For example, at points
situated near synclines a sharp decrease in the activity of the soil air
always occurs after a strong, prolonged wind /23/.

6. BETA-RADIATION OF SOILS

The beta-radiation of soils, as well as of rocks, depends mainly on their
K40 content. The contribution of other beta-radiating isotopes to the total
radioactivity of soils is much smaller thaL the K contribution.

*1 eman 10 'o cuti e/lite = 220 disintegrations/min, liter.
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Table 59 gives mean data from 20 measured samples, characterizing
the total radioactivity of various soil samples collected on the territory
of the USSR.

TABLE 59. Total radioactivity of soils

Specific radio-
Soil type Place of sampling Depth, c Sampling year activity ,

10' cutie/kg

Peaty oggy Vaigach Island 0-35 0.42i0.03
5-10 ~~19-59 1.7±0.2

20 -25 1.6i0.4

North f VOtholta 0 -5 } 19 .7 0.8
10-11 I ~ ~~~~1.1±0.1

Thin forest tundra podzol South of Vorkuta 0 - 1 1.1±0.1
'20 - 2 15 1.3±0.2

Soddy podzolic Leningrad Region 0 -10 1957 1.5±0.3

Peaty oggy The same -10 1958 0.83±0.04

Gray forest lKito\, Region 5 -10 1958 2.9±0.3

Soloochak chetoozern Uralb 5-10 19o8 1.3±0.3

chernozem Kourk Region 0- 1934 1.7±0.4

Gray forest Bryansk Region 5-10 1950 2.1±0.3

Dark-gray forest Forest steppe 1 1936 3.2±0.4
5-10 2.9±0.5

Soddy podzolic Region of Lake Khasan 0 -5 1948 2.8±0.6

Dark-chestnut Rostov Region 0 -5 1931.9±0.3
5 -10 194 12±0.3

Desert serozem Kara-Kalpak ASSR 0 -5 1923 1.8±0.5

Brown mountain forest Crimea Region 0 -5 1927 0.78±0.06

Mountain-mneadow Kazbek Mountain 0 -5 1927 1.6i0.4

Mountain chernozem Region of Lake Sevan 0 -5 1923 1.8±0.5

As follows from Table 59, the specific radioactivity of different types
of soils varies from 0.4.10-8 to 3.10-8 curie/kg. The peaty boggy soil of
Vaigach Island and the brown forest soil of the Crimean mountains have
lower activities than other soil types.

The radioactivity measurements of soil samples taken in 1960 confirm
the results of measurements of the activity of museum preparations (see
Table 59). Thus, samples of brown and mountain forest soils taken in
1960 in the foothills of the Caucasus and Crimea had specific radioactivities
of (9.3±0.7).10-9 and (6.3±0.6).10-9 curie/kg, respectively for 20 measured
samples.

A chemical determination of the potassium content in soil samples
initially subjected to a radiometric analysis made it possible to confirm
anew the pronounced relationship between the radioactivity of a soil and
its potassium content. The results of these investigations are presented
in Table 60.
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TABLE 60. Soil radioactivity for various potassium contents

Specific radioactivity of the

Sampling place Potassium sample de to K0
Soil type (region) Dph cm content, 10O' curie/kg

calculated measured

Podzolic Leningrad 0 -25 2.7 2.1 2.5

Loamy chernozem Voronezh 0 -5 2.3 1.8 1.6
Gray forest Tola 0-5 2.4 1.9 2.2
Medium podzolic Moscow 0 -5 2.0 1.6 1.9

As follows from Table 60, the calculated specific K40 radioactivity is
practically equal to that measured directly. The small differences in
these values should be attributed mainly to differences in the accuracy of
the techniques used.

Sandy soils, which generally have a lower potassium content, have
appreciably lower radioactivity than chernozems, chestnut or podzolic
soils. Thus, for example, in weakly podzolized boric sands the potassium
content is about ton per hectare, whereas hectare of serozem averages
up to 57 to 68 tons of potassium. One hectare of chestnut soils contains
about 60 to 75 tons of potassium, and so on /15/. Less potassium is con-
tained in peaty soils. According to published data, high peat bogs contain
only about 0.1 tons, and low peat bogs about 0.3 tons of potassium per
hectare /15/.

A comparison of the calculated radioactivity of some types of soils due
to their potassium content (Table 61 ) with the directly measured radio-
activity of similar soil samples taken at other geographical points (see
Table 59) shows close agreement.

TABLE 61. K 
40 radioactivity of soils

Soil type K,0 content /14/ Specific radioactivity

% ton/hectare 10- curie/kg mcurie/hectare

Serozem . 1.9- 2.3 57 -68 1.1-1.3 37 -45
Chestnut.......2.0- 2.5 60 -75 1.2-1.6 39 -49
Southern chernozem . ... 2.5 77 1.6 51
Podzolic ..... 2.0 -2.3 60 -70 1.2-1.5 39 -46

However, when soils of approximately the same type have different
ratios of finely divided to coarsely divided fractions, their radioactivities
are not the same. Soil containing a larger amount of finely divided
fractions often also has a higher radioactivity than soil with an increased
contert of larger particles. This is connected with the exchange and ad-
sorption properties of soils.

In addition, it has been established /20/ that, independent of the geo-
chemical composition and morphological structure, the beta-radiator
content in the 2 to 5 cm thick surface layer of any soil with a rich plant
cover and microflora is always 2.5 to 3.5 times that in lower-lyinglayers.

In addition to K4 0 , soils also contain other beta-aitnisop,
whose contribution to the total soil radioactivity is considerably less than
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the K(40 contribution. In second place by this standard is Rb 8 7 . Othe,'
natural radioactive isotopes play even smaller roles.

Table 62 gives data which characterize the magnitude of the natural
Rb87 radioactivity of some types of soils calculated from chemical analysis
data /7/.

It follows from this table that the Rb 87 radioactivity of soils varies from
0.5-10-9 to 1.6.10-9 curie/kg and that the K40 radioactivity of soils always
exceeds the Rb 87 radioactivity by a factor of at least ten. Rubidium, like
potassium, accumulates mainly in the finely divided soil fractions.

TABLE 62. Rb
57

radioactivity of some soils

Soil type cSoil type

E~~~~~~~~~~o ~ ~ ~ ~

Solonchak . . . . . . . . . 6.7 1.2 ~ Ln grdp zoi .0 1.

Layey-chertnut.zem . . . 7.6 1.43 eetsroe . .

While investigating the rubidium content in Kazakhstan chernozem soils
it was observed that the rubidium concentration rises with the depth from
which the soil samples are taken. Thus, the rubidium concentration in the
surface soil layer was 6.6-10-3 %, in the intermediate layer 1.0.10-2 5, and
in the lower layer 1.1.10-2 % /13/.

The natural radioactivity of soils due to their Ca 48 content is extremely
low and cannot have any practical importance. This is clear from the
following example: it is known that a layer of chernozem 0.5 m thick and
1 hectare in area retains about 30 tons of calcium on the surface of its
granules / 15/. But since approximately 108 tons of natural calcium is re-
quired to produce a Ca48 radioactivity of curie, the Ca 48 activity in a
hectare amounts to only tenths of a microcurie.

§ 7. NATURAL RADIOACTIVITY OF SOILS DUE TO
Sr 90 and CsI 37

The radioactivity of individual types of soils due to their content of
natural Sr 90 and Cs'137 can be calculated tentatively by using data on the
content of the parents of the radioactive families, uranium, actinouranium
and thorium, as was done for the content of these radioactive isotopes in
rocks (see § 6, Chapter 3). A. P. Vinogradov' s data characterizing the
content of uranium and thorium in soils were used in these calculations.
The results of the calculations are presented in Table 63.
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T ABLE . Sr"' and Cs'radioactivity of soils as a result of spont aneous fission of uranium and thorium nuclei

S i t**P Sr"
t

radioactivity, curie/kg CS137
radioactivity, curie/kg

Th232 U 235 ~u238 Th232 U235 I U238

yeoman sindra i0~~~~~~~o1 10-
2
1 o 17 ' lo-~ i9C021 10 -17

>0 ~m podzolsic 1 22 158 i0-19 1021 i08s
Gra . forcer. ... ... 0 10 -22 10 -18 lo-'

9 io 2 ' o 1
LLJC,-chestnut .1..... 0 i-19 io0-2 lo' 1 o 19 10 21 10'1
Loam~i. chernozCITm. . . i o0 9 lo, lo -1 io'19 lo-,' l
Desert serozem .1 0 l19 lo-22 lo18 i0'1 9

10-21 l 

lKrasnozem . ....... I o 19 10-2 18 lo1 i0 21 10'1

As follows from this table, the Sr 9 0 and Cs 1 3 7 radioactivity of soils of
different tpes is extremely low, beyond the sensitivity limits of the known
methods of measurement. Despite the fact that a number of arbitrary
assumotions were made in this calculation, including the assumption that
the Sr 9 0 yil in U238 and Th 2 32 fission is 5 %, and the CS1 37 yield 6 , the
results give an idea, though a very approximate one, of the probable
magnitude of the natural radioactivity of the soil cover due to its content
of these radioactive isotopes. When such data are available, it becomes
possible to carry out a comparative estimate of the degree of contamination
of the soil cover by the artificial radioactive isotopes of strontium and
cesium, resulting from fallout on the earth' s surface from nuclear ex-
polosions. The advantage of such a comparison follows from the fact that
Sr 90 and Cs' 3 7 are biologically the most dangerous radioactive fission
products. The degree of contamination of the soil cover with these isotopes
is usually expressed by their radioactivity per unit area.

Table 64 gives data calculated on the basis of Table 63 and tentatively
characterizing the distribution density of the natural radioactive isotopes
Sr 90 and Cs 1 3 7 in soils. For comparison it should be noted that in the
neighborhood of Leningrad the contamination of the soil cover in 1957 by
Sr"0 fallout from nuclear explosions averaged 3.4 mcurie/km2 /18/. Some
types of U. S. A. soils had up to 15 mcurie/km2 due to Sr"0 in 1956 /26/.

TABLE 64. Probable distribution density of the natural isotopes Sr"
t

and CS132
in some soils (layer

thickness 1 cm)

Content of the isotopes, Content of the isotopes,

Soil t% pe 1- mcurie/kM
2

Sitye10-' mcurie/k m2

Sr", Cs'1
3
7 Sr

9 t
Cs'

3
7

Mtountain tundra . .. 1.6 2.6 Liglt-chestnut .. . 0.4 0.6
Medium podzolic . .. 0.2 0.4 Loamy chernozem . . . . 1.15 2.4
Gray forest soil ... 0.2 0.4 Krasnozem...... 0.2 0.4

A comparison of these values with the probable natural concentration of
the radioactive isotopes of strontium and cesium in the soil shows that the
radioactivity of soils due to the artificial products of nuclear explosions
is millions of times higher than the natural radioactivity due to Sr 9 0 and

Cs'3 7
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§8. AGRICULTURE AND SOIL RADIOACTIVITY

As mentioned above, the potassium content in soils is largely de-
termined by the soil composition; the more clay particles there are in
the soil, the more potassium it contains.

In heavy sandy soils the potassium content falls to 0.7-1.0 %. Peaty
soils are exceptionally poor in potassium; the content is below 0.05 %. In
most cultivated soils the potassium content is about 2 % (Table 65).

TABLE 65. Amount of potassium in USSR soils /17/

Soil type K20 content,%l Soil type K20 content,%

Loamy podzolic . 1.9 Southern chernozem and
Gray forest. ........ 2.4 chestnut soil ...... 1.83
Leached chernozem . . . 2.4 Serozem. ......... 2.3
Ordinary chernozem . . 2.34 Krasnozem ........ 0.8 6

Potassium compounds in the soil can be subdivided into the following
basic forms by their mobility and accessibility to plants:

a) mineral potassium of the skeleton part of the soil, found in silicate
minerals;

b) exchange or absorbed potassium;
c) water-soluble potassium compounds.
The main reserves of soil potassium are represented by quasistationary

silicate minerals. The potassium of these minerals is therefore unsuitable
for plants, and only weathering, under the influence of carbon dioxide and
water, causes these minerals to disintegrate gradually and the potassium
to become available for assimilation by plants.

The availability to exchange of the potassium in silicate minerals is
determined by the degree of pulverization of the minerals. Plants best
assimilate potassium contained in a thin, finely-divided soil fraction
(Table 66). The availability to plants of exchange potassium is due to its
capacity to dissolve in the soil. In the course of potassium assimilation
from soils by plants a balance is maintained by the transition of new
potassium cations from the absorbed state to an aqueous solution.

TABLE 66. Amount of exchange potassium in USSR soils /17/

Soil type ~Exchange K20 per 100 g
Soil type ~~of soil, mg

Podzolic sandy-loam soil . . . . .. 4-9
Strongly and medium podzolic loamy soils 7-12
Weakly podzolic loamy soil ... . .15 -20
Medium and weakly podzolic heavy

clayey soils .......... 20 -25
Podzolized and leached chernozems . . 25-35

Thick and ordinary chernozemns .... 40-50
Serozemns...........Ž_50 -60

Water- soluble potassium is represented in the soil by mineral and organic
salts, but its total content in the soil is extremely low, from 1 to 10 mg of K 20
per kg of soil.
180 2
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To raise the fertility of soils modern agricultural techniques utilize
large amounts of various kinds of fertilizers to introduce into the soil
substances needed for plant nourishment. Along with organic fertilizers wide
use is made of mineral salts, including potassium salts, which contain
from 30 to 60 % K20. Systematic introduction of potassium salts into the
soil in regions of intensive farming also compensates in the radioactive
balance for the potassium absorbed by plants. However, excessive use
of potassium fertilizers, in amounts exceeding their consumption, and
particularly in cases of nonuniform distribution of such fertilizers, may
cause some increase in the radioactivity of the soil.

TABLE 67. Probable activity introduced into Soviet soils with potassium salts

Weight of Weigh of
potassium K40 radioactivitypotassium K0

t
radioactivity,

Year fertilizers, cuisY a fetlzruis
thousand cuisthousand cre

tons tons

1913' 29 12.0 195:3 1247 520
1928 4 1.6 1955 1749 720
1932 27 11.2 1956 1818 750
1937 402 170 1957 2017 830
1940 526 220 1958 1286 540

1950 1015 420

1913 is given for comparison.

Table 67 gives a concrete idea of the total activity introduced into
Soviet soils with potassium fertilizers in various years. In preparing this
table it was assumed that the K2 0 content in potassium fertilizers averages
50 %. At first glance the figures characterizing the activity introduced
into the soil with fertilizers seem considerable, particularly for recent
ye ars.

But since the activity was distributed over huge areas, the additional
contribution of potassium fertilizers was obviously much smaller than
the natural radioactive background of the soil.

Table 68, based on Unanyants' data /17/, illustrates the contribution of
the activity of potassium fertilizers per m2 of soil.

TABLE 68. robable K40 activity introduced with potassium fertilizers per m2 f soil

Yer Amount of potassium Specific activity Amount of potassium Specific activity
Yer salts, g/M2 10- 1 curie/in

2
Year salts, g/M2 10- "scurie/in

2

1913 0.025 0.1 1956 0.93 3.7
1940 0.35 1.4 1957 1.0 4.0

1953 0.79 3.1 1958 0.91 3.6

From the figures of this table it follows that the contribution of potassium
fertilizers to the total radioactivity of soils is negligibly small. In fact,
since a hectare of chestnut soils contains about 60-75 tons of potassium
/15/, it is possible to calculate the K40 radioactivity of this soil. The
result is approximately (4.8-6.0) .10-6 curie/rnl.
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Thus, the activity introduced into the soil by potassium mineral
fertilizers is tens of thousands of times lower than the natural radio-
activity of these soils.

Table 69 gives data /17/ characterizing the amount of potassium
introduced into soils with fertilizers in various countries and the activity
calculated from these data.

TABLE 69. Total K
40

radioactivity of fertilizers introduced into the soil of various countries

1957 1958 1957 1958

E
Country ~ ,, .-2 ~ ;, Country ~ I *,, 

England 284 227 280 220 U.S.A. 1450 1160 1450 1160
Belgium 125 100 120 100 France 470 365 560 450
Denmark 140 112 130 100 G.F. R. 720 575 810 650

Italy 44 35 54 43 Japan 370 290 320 250
Spain 70 56 '78 621 _ _ _ _____

The figures of this table indicate that, despite the relatively large
amounts of potassium which are annually introduced with fertilizers into
the soils, taking into account the area over which this element is distributed,
its contribution to the total soil radioactivity is beyond the sensitivity limits
of present methods of measurement. It should be borne in mind that ac-
cumulation of potassium in soils as a result of its annual introduction, and
a consequent increase in radioactivity due to this accumulation, is pre-
vented by the fact that similar amounts of potassium are annually extracted
from the soil by plants and transferred along food chains.
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Chapter 5

RADIOACTIVITY OF THE SEA

§ 1. SEA WATER, ITS SALT COMPOSITION AND
AMOUNT

Water is rarely found in nature as a pure chemical compound. Even
rain and snow water contain some amounts of various impurities which
are absorbed from the air. Flowing water always contains appreciable
amounts of dissolved substances, whose content depends largely on the
chemical composition of the rocks over which it flows or through which it
reaches the earth' s surface. All fresh water therefore contains mixtures
of various mineral substances, including radioactive ones.

The water of the oceans and seas contains considerably larger amounts
of dissolved mineral substances than fresh water. The mean salinity in
the World Ocean is 350/oo.4' Due to the high salinity sea water is essentially
not water, but a solution of various salts, called oceanic or sea water, in
contrast to fresh water. Since some sea salts contain chemical elements
having natural radioactive isotopes, there is a direct relationship between
the salinity of the water and its specific radioactivity - the higher the
salinity, the higher the radioactivity.

The high salinity in sea water is due to the following circumstances.
The water of oceans and seas is in continuous circulation. It evaporates,
falls as atmospheric precipitation, traverses long paths in the form of
underground and surface water and again returns to the ocean. During
this long cycle, the water dissolves many different substances and carries
them to the World Ocean. The World Ocean thus serves as a place of
accumulation for those soluble substances, including radioactive isotopes,
which are carried there continually by the world' s rivers.

However, if we compare the chemical composition of the salts contained
in sea water and in fresh water, we observe great differences,

Ocean River
Salts

water, water, 

Chlorides. ........ 88.8 5.2
Sulfa tes ......... 10.8 9.9
Carbonates ........ 0.3 60.1
other substances ..... 0.2 24.8

It follows from these figures that chlorides predominate in sea water,
whereas in river water their content is very low. Carbonates predominate

The salinity of seawater is measured in promilles, i. e. he number of grams of salt per liter of water,
and is denoted by the symbol o
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in river water, whereas in sea water their concentration is low. This
relationship is due to the fact that calcium carbonate, silicon and other
carbonates in the seas are taken up in large amounts by animals and plants
for skeletal material. After the death of these organisms, their skeletons
and shells are deposited on the bottom, forming massive layers of bottom
sediments.

One of the important features of sea water, of great significance in
determining its natural radioactivity, is the fact that while the total salinity
varies, the ratio of the individual salt components is generally constant.
This is due to the fact that a variation in the total content of salts is as-
sociated with a regular or proportional increase or decrease in all com-
ponents. Zenkevich therefore states /14/ that a knowledge of the amount
of any single component is sufficient to determine the total salinity of sea
water.

The following figures characterize the percentage of the principal ions
in sea water (according to Vinogradov):

Cations, '~ Anions, 

Sodium....... 30.59 Chloride....... 55.29
Miagnesium...... 3.72 sulfate (So4)...... 7.69
Calcium ....... 1.2 Carbonate (Cc 3) .... 0.21
Potassium....... 1.0 Bromide....... 0.19

Sea water also contains many other chemical elements in considerably
smaller amounts. As follows from these data, the radioactivity of sea
water is almost entirely determined by its potassium content, since the
other chemical elements given here do not have natural radioactive iso-
topes capable of affecting the magnitude of its radioactivity. Therefore,
knowing the mean salinity in ocean water, 35 0 , and the potassium con-
tent, the specific K4 0 radioactivity of sea water, approximately 2.8-10O10
curie/liter, is readily determined. A direct measurement of the specific
radioactivity of water samples taken in mid-sea regions of the Atlantic
and Pacific oceans gave in all the cases a mean value of (3.2±0.2).10-lo
curie/liter.

It should be noted that whereas mid- sea ocean water has 350/00 salinity,
water in coastal regions may often be freshened by rivers and have a con-

siderably lower salinity. In the tradewind zones where rains are rare and
evaporation strong, the salinity rises to 360 /00 and even 3710,s In the Arctic
Ocean, on the contrary, due to low evaporability, the surface salinity
decreases to 340/00. At a depth of 1 000 to iSO0 m the salinity in all the
oceans is 350/oo. The concentration is somewhat different in seas. Adjacent
seas, which are connected to the ocean by a wide strait, generally have a
fairly high salinity. Thus, for example, the mean salinity of the Sea of
Japan is 330/oo. The Mediterranean seas, into which many large rivers flow,
have a low salinity, and consequently a low radioactivity. Thus, the salinity
of the northern part of the Gulf of Bothnia (Baltic Sea) barely reaches 300/00.

Seas which are surrounded by dry regions, on the contrary, have a high
salinity. For example, the Mediterranean Sea has a salinity of 38-39/00,
and the Red Sea, which is surrounded by deserts, about 410Io0, In some

cases in shallow bays and lagoons the salinity may reach extremely high
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values (even saturation and crystallization) as a result of strong evaporation.
Thus, in the Kara-Bogaz-Gol Gulf of the Caspian Sea the salinity reaches
360 ?%o.

The World Ocean contains colossal amounts of mineral salts, including
radioactive substances. Thus, the total surface of the World Ocean to-
gether with adjacent seas is about 3.6*10 8 kM2, and its volume .37-10 k

3

/34/. The area and depth of the oceans and some seas are given in
Table 70.

TABLE 70. Dimensions of the oceans and some seas //

Ocean or sea Area, 0
3

km
2

Depth, m
mean maximum

Ocean

Pacific. .. I......I... 17 9,679 3500~-6000 10,863
Atlantic. ............. 93,3 63 3400-5300 9,218
Indian. ............. 74,917 2000-4500 7,450
Arctic. ............. 13,100 1000-4000 5,220

Sea

Mediterranean. .......... 2,505 2400-3600 7,238

Bering. ............... 2,304 1 00--33 00 4,773

Okhotsk. ............. 1,590 200-1200 3,657

Barents. .. I.......... 1,405 1 00-350 600

Sea of Japan. ........... 978 3 100-37 00 4,036

Black. ............... 423 1000-2000 2.245

Baltic. ............... 38 6 60-150 459

Caspian. ............. 371.8 - 980
W hite .. . . . . . . . . . . . . . .

Aral. ............... 90 50-150 33 0

Azov. ............... 38 7-11 1 3

The data of Table 70 can be used to determine that the water of the
Atlantic Ocean contains about 1,347,848,145 tons of K40 and the water of
the Pacific Ocean about 2,946,966,575 tons of K40 , corresponding to more

than 9K10 9 curie for the Atlantic Ocean, and approximately 20'~ curie for
the Pacific Ocean, since the activity of K40 is approximately 6.8 curies per ton.

2. RADIOACTIVITY OF OCEAN WATER

Depending on hydrological, climatic, meteorological and other conditions,

the radioactivity of water samples from the World Ocean, taken at various
geographical points or at various depths, may exhibit appreciable deviations
from the figures which characterize the mean radioactivity. Thus, accord-
ing to the data published by one of the UNO committees / 13 /, the natural
K4 0 radioactivity of sea water varies within the limits (3-5).10't0 curie/liter.

In some cases, however, larger variations may be observed, due mainly

to variations in the potassium content. Potassium in sea water, as in other

geomnedia. is the element which largely determines the level of radioactivity.
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In any volume of sea water the specific activity due to K(40 is approxi-
mately a hundred times that due to uranium, thorium and their daughter
elements and almost fifty times that due to rubidium.

A general idea of the concentration of the main natural radioactive
isotopes in sea water, of their specific activity and of the reserves of
natural radioactive substances in the World Ocean can be obtained from
the data of Table 71.

TABLE 71. Radioactivity of sea water /26/

Concentration Total amount of Total activity

Isotope of the element pecificradio the radlioactive of the Worl
in watet, activty istoeinte Ocean, d0

g/ lier crie/iter ocean, 10' tons curie

K 40 4.5. 10-f, 3.5.10-10 63 000 460 000
Rb 87 8.410'- 6. 10- 12 118 000 8 400
U2

38 210-1 3.-10- 12 2 800 3 800
U-' 1.5.10-8 8 10-"' 21 110
Th

232
1.10-8 5. 10- 1 14 8

Ra 
221 3. 0- 1 3l 0- 1 4.2- 10- 1100

C'
4 4*10-1 2. 0- 1 5.610-1 270

H3
8. 0-17 l.-10-12 1.5*l0- 120

As follows from this table, the total amount of radioactive isotopes
dispersed in the World Ocean is extremely large, whereas their content
per unit water volume is comparatively low. A comparison of the mean
specific radioactivity of the World Ocean and of an ordinary volcanic rock
shows that the specific activity of the latter due to potassium is approxi-
mately 1 00 times that of sea water. The activity of this rock due to
uranium is approximately 3000 times, due to radium 10,000 times, and
due to thorium ,000,000 times as high. On the other hand, the C14 con-
tent in unit water volume is approximately 300 times as high as in the air,
and the total amount of C14 in sea water is approximately 50 to 100 times
the amount in the atmosphere. As regards tritium, it should be borne in
mind that this isotope is contained only in the surface water layer, to depths
of 5 0 to 1 00 m. The surface water of the World Ocean contains an average
of 0.35%07 potassium, 110-1 % radium, 1.10-6 uranium, 110-6 thorium /33/
and about 0. 04 % rubidium / 32 /.

The literature does not contain complete data of a radiochemical analysis
of the content of all the radioactive elements in ocean water. Most publica-
tions on the subject contain data on the content of radon, radium and to
some extent uranium and thorium. The uranium content in ocean water,
according to the data of other investigators /37-39/, is considerably lower
than the values given in Table 71. According to these data, the mean
uranium concentration in the World Ocean (for a salinity of 350/00 is 1.3.10-8
g/liter. The radium content also varies, usually between 1 .5.io'- 1 and
5-10-13 g/liter /36, 40, 42/.

A distinctive feature of the content of radioactive elements in water is
the fact that quantitative equilibrium between parent elements and their
decay products is never observed in this moving medium.

The relatively low potassium content in the sea as compared with its
concentration in rocks and soils, and also compared with the content
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of other salts in sea water, is apparently due to the fact that potassium is
readily adsorbed by particles of detrital matter and is deposited together
with them in bottom deposits /32/. Plants and animals also contributed
to the extraction of potassium from sea water; they concentrate it in re-
latively large amounts in their tissues. On the whole, the content of long-
lived radioactive elements in sea water depends on two factors: the rate
of their arrival from land and the rate of their sedimentation (with daughter
isotopes) on the bottom.

- 080~ 1.10- 0.~0-tOSedimentation on

U Th Ro ~~the bottom

FIGU RE 7. Geochemical balance of uranium, thorium and radium in the sea /18/.

All the values are in grams per m2 per year.

The circulation of radioactive elements in sea water is illustrated by
Figure 7. Calculations /19/ show that about 2l0-tlg of uranium are
added to each liter of ocean water annually. Therefore, if uranium were
not extracted from sea water, its content in the seas should double ap-
proximately every 6.101 years. Nearly the entire content of radium in
sea water comes from the decay of dissolved uranium and thorium. Due
to the fact that a definite fraction of the radioactive elements is continually
extracted from solution by sea sediments, radioactive equilibrium is not
established between sea water and deep-sea deposits, as illustrated by
Table 72.

TABLE 72. Content of radioactive elements in ocean water, river water and bottom sediments /18/

Element in oceans, g/liter In rivers, g/liter Inbotm
2
.sediens

tUtanium . . . .. 1.3-10' I-lo-, 0.8-10Q
Ionium (Tb 23 0) . . .. 51 -21.5-10- 1.8.10-
Radium....... (0 .6 ~1 .0 ).1 Qt3 Q.750

1 3
4-01

Thoriumn....... 5.10- 2.108' 1.8-10-

A comparison of the uranium and radium contents shows that there is a
relative deficiency of radium in sea water. If radium were in equilibrium
with uranium, its content would be approximately 510t1 3 g/liter. Actually,
the radium content averages one- sixth of this figure.

The radium deficiency in sea water and its excess in the surface layers
of deep-sea deposits is explained by assuming that ioniurn is deposited
from sea water with iron hydroxide and thus transports a potential reserve
of radium down to the surface of the sediments. There, in the course of
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time, radium forms from the deposited ionium and, remaining in contact
with the parent element, accumulates over tens of thousands of years until
equilibrium between the radium and ionium concentrations is established.
Then the amounts of both elements decrease uniformly at their decay rate;
the half life of ionium is 8104 years.

In addition, radium accumulates in considerable amounts in the tissues
of aqueous plants and animals. For example, the radium concentration in
marine algae reaches (0.5-1.2).10 t 11g/kg. This biological extraction
apparently has appreciable influence on the radium content of the ocean.
Approximate calculations show that in this way about 0.1 % of all the radium
contained in sea water is extracted annually. The annual decrement in sea
water radium was calculated using hydrobiological data based on the fact
that on the average 50 g of organic substances per m2 of water form annually
in a layer IlO0m deep. These figures show that the radium content in the
surface water layer may decrease by 10% in 100 years, i.e., in a period
shorter than the time necessary for the restoration of this radium by
ionium decay. The complete cycle of radium restoration in the ocean
therefore takes place in a period of from 100 to 1000 years /18/.

3. RADIOACTIVITY OF INDIVIDUAL SEAS

B a r e n t s S e a . The salinity of the Barents Sea is similar to that of
the ocean and does not vary considerably in different parts.

The mean content of the main radioactive elements in the water of the
Barents Sea, taken from various authors / 7, 9,31 /, is given in Table 73.

TABLE 73. Mean content of elements with radioactive isotopes in Barents-Sea water

Concentration of the Specific radioactivity,
Element element in the water, curie/liter

g/liter

Potassium .. . . . . 0.35-0.40 (2.8 -3.2) 1 0~

Rubidium .... (2.2 -3. 0)10'I (4.0 -5.5). 1O1
Uranium .. . . . .1.3-10" .60
Thorium .. . . . .5.10-' 1.7-10'1
Radium ....... 3.510l 3.5.1012

A direct measurement of the total radioactivity in twelve samples of sea
salt, which was concentrated from water taken at various points of the
Barents Sea, showed that its activity is (3.0- 0.2 )1 0-10 curie /liter.

W h i t e S e a . This sea received a large am ount of fresh water from
the Northern Dvina, Onega and many other rivers, and due to insufficient
exchange of water through the strait with the Barents Sea, has reduced
salinity in its central and southern parts. The salinity in the northern
part of the neck of the White Sea is therefore comparatively high, reaching
3301/34/. Further to the south it decreases and in the middle of the sea
is 25-260/o,. In the south, in the Dvina Bay, the salinity decreases to 90/oo
or less.
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The variation in the salinity of White Sea water with the sampling depth
in the deep part of the sea is characterized by the following figures:

Depth, mn...0 50 100 200 100

Salinity,1ii±.. ... 21.4 27.5 28.6 29.9 .30.2

The total radioactivity of avarious regions of the White Sea, determined
by radiometric measurements of a number of samples, is given by the
following figures (in units of 10-10 curie/liter):

Mouth of the White Sea .... 2.7 ± 0.3
Dvinia Bay........... 1. 6 ±0. 2
Kandalaksha Bay......... 1.9 ±0.3
Central part .......... 2.1 0.4

S i b e r i an S e a s . The northern regions of the Siberian seas have a
salinity approximately equal to that of the ocean, i. e. , 350o. The southern
regions of these seas receive abundant water from the powerful Siberian
rivers, b, Yenisei, Lena and others. As a result, the water of these
regions is strongly demnineralized and its radioactivity is reduced. The
total radioactivity of the western part of the Kara Sea, practically devoid
of river runoff, is relatively high (3.1-0.2).10-10 curie/liter. In the
estuaries, on the other hand, the radioactivity falls to (4- 6) .10-11 curie /liter.
A peculiarity of the Ob-Yenisei shallows is the stratification into two layers,
differing considerably in salinity. Due to intensive inflow of river water,
the upper layer has sharply decreased salinity and radioactivity, whereas
the lower layer of cold water has a salt concentration which approaches
that of the central Arctic water /21/.

The rubidium concentration in the Kara Sea reaches 2.10-4 g/liter,
which is somewhat lower than its concentration in the Barents Sea /7.

B e r i n g S e a. The Bering Sea is separated from the Pacific Ocean
by the Aleutian Island range. The northern part and the surface water of
other regions of the Bering Sea are therefore demineralized, whereas
deeper water of the central and southern parts has oceanic salinity.

The vertical salinity distribution southeast of Cape Olyutorsk is

Depth, m .... 0 3 00 500 1 000 3 000
Salinity . .... 32.5 33.4 34.0 34.4 34.7

S ea o f O kh ot sk. The waters of the Sea of Okhotsk and of the
Pacific Ocean are exchanged continually. The surface water of this sea is
somewhat demineralized and deeper water has normal oceanic salinity.
The maximum salinity of surface water is 32.5%, Nearer the coasts and
in bays it decreases gradually to 30-25%,oo Bottom water in the deepest
southern part has a salinity of about 34.5O/,o,/3/. The total K40 radioactivity
of surface water is 2.5.10-10curie/liter. The mean rubidium content is low,
1 .8.10-4 g/liter.

The vertical distribution of the salinity, and therefore also of the radio-
activity, in various regions of the sea is given by the following figures / 19/:
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Depth, m. ......... 0 46 91 183 549 914

Central part. ........ 31.6 32.8 32.9 33.4 34.2 34.4
Northern part ....... 31.9 33.0 33.1 33.2 33.5 33.7

S e a o f J a p a n. The salinity of the Sea of Japan, in contrast to the

Okhotsk and Bering seas, is very similar to that of the ocean, and even in
the surface layer is 34-35.5/oover a large part of the sea. However, at
the sea shores the salinity falls to 30-320/0. The rubidium content in this
sea is somewhat higher than in the Sea of Okhotsk, 2.1l-l0' 0 g/liter /7/.

The total radioactivity of the surface layer of the central part of the
Sea of Japan determined radiometrically, is (2.9±0.4).l-0-0 curie/liter.
and of Zolotoi Rog Bay (2.7 ±0.5) -10- 10 curie /liter.

B al1t ic S ea. This sea has strongly deminerlized water. Only in the
southwestern part of the sea does the surface salinity reach 80/oo. To the
east and north the salinity decreases. In the central part of the sea it is
6 to 7/,o. and in internal parts of the gulfs of Bothnia and of Finland it

decreases to 3 to 2/oo. The salinity of the Baltic Sea rises somewhat with

increasing depth. For example, at Gotland Island the salinity of the sur-

face water is 70 /oo and of water at a depth of about IlO0m 9.8o/oo. The potas-
sium content in the central part of the sea does not exceed 0.069g/liter,
corresponding to approximately 5 0-11 curie/liter.

A direct measurement of the radioactivity of a number of water samples
taken in the central regions of the Baltic Sea and near the town of Liepaja
made it possible to determine the specific activity, (5 -6.5).l 0- 11 curie /liter.
The mean radium content in the water off the Swedish coast is 9.0.10-14 g/liter.

B a c k S e a. This sea is also under conditions which contribute to
considerable demineralization of its water. The surface water of the
central part of the Black Sea and off parts of the coast, with the exception
of regions adjacent to river estuaries, has a salinity of the order of
15il8%/0 , deeper water 22.5-22.6/0o, only in the Bosporus region the salinity
rises appreciably due to water from the Sea of Marmara. In estuary regions
of the Black Sea the salinity is often considerably lower than 15o/,o

The uranium concentration in the water varies from 1.5.10-6 to
2.8.10-6 g/liter. These variations, however, have no pronounced regularity
either with area or depth. Despite the low salinity of the Black Sea, the
mean uranium concentration approaches that of the ocean, (2±0.3).10 6 g/liter
/22/. This is apparently due to hydrological and hydrochemical peculiarities
of the Black Sea. The contact of the Black Sea with other seas is through a
narrow and shallow strait. The evaporation from its surface is small and
the amount of precipitation is large. In addition, large rivers pour into the
Black Sea, intensively diluting its water. The uranium content in the water
of such large rivers as the Danube is (0.65-0.2V-0- 6 g/liter; the Dniestr
1.10-6, the Dnieper 1.7.10-6 and the Don 3.3.10-6 g/liter.

These figures show that a large amount of uranium enters the Black Sea
in river water. It is therefore possible that the intensive inflow of fresh
water, which decreases the total salinity of the sea, does not cause a sharp
decrease in its uranium concentration, which is found in sea water in an
ionic state /15/.

The thorium content in the Black Sea averages 22-10- 9 g/liter /30/,
appreciably exceeding its concentration in ocean water. The radium con-
centration in various regions of the sea averages (.0±0.1)-.101 3 g/liter /12/.
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This value is close to those obtained for the radium concentration in
ocean water, although the salinity of the Black Sea is approximately half
that of the ocean. This has the same cause as the increased uranium
content, the high radium concentration in the water of the rivers entering
the Black Sea. The ionium content in the Black Sea is (4±0.5).10' 31g/liter.
The total water radioactivity at the Caucasus coast is (.7±0.3).10G'0
curie/liter. The rubidium content averages 3.2.10-5 g/liter /9/. In the
region of Yevpatoria the rubidium concentration rises somewhat, reaching
9.1 0 5 g/liter. A particularly high rubidium concentration is observed
near Gagry, 1.10-4 g/liter. The rubidium concentration also depends on
the depth. Thus, at a depth of 200Gm the rubidium content is 9.3.1 0- 5 g/liter
and at a depth of 1500m it is appreciably higher, 1.1.10-4 g/liter /7/.

S e a o f Az o v. The total annual fresh water inflow from the Don and
Kuban rivers is approximately 60 km 3, i. e. , almost a quarter of the entire
volume of the Sea of Azov (256km3 ) . As a result, the salinity in the
eastern part of the Taganrog Gulf falls to 2 to 31oo, The mean specific
radioactivity from five water samples taken from the surface of the central
part of the sea is (1.2±0.4).10-10 curie/liter.

The central part of the sea has a salinity of 1 0 to llo/oo,. In the region
adjacent to Kerch Strait the salinity reaches 1 7 .5 0 /O* In northern Sivash
the salinity rises to 400/oo. Calculation shows that to such a high salinity
should correspond a radioactivity of the order of 4.4.1 0-10 curie /liter.

The potassium concentration in open sections of the Sea of Azov varies
from 0.1 to 0.4 g/liter /33/. The mean rubidium content is 210-4 g/liter /7/.

C a s p i a n S e a . The surface salinity of the Central and South
Caspian Sea is fairly uniform, 12 to 1 30 1 oo. A narrow sea belt adjacent to
the Caucasian coast has a lower salinity, about 1 1 to 2o/%, near the
estuary of the Kura River the salinity falls to 6 to 7/00, and at the estuary
itself it is less than 1% As one moves to the North Caspian Sea the
salinity drops and in its middle parts amounts to from 5 to 100/00. Approach-
ing the Volga estuary, the salinity falls even more, reaching less than
10o in its delta.

The eastern coast of the sea receives negligible amounts of river water
and little precipitation, whereas evaporation is great. As a result, in all
the bays of the East Caspian Sea there is very high salinity, reaching
3600/00oin Kara-Bogaz Gol. The specific K40 radioactivity of such water
is approximately 210G9 curie/liter, which is almost an order of magnitude
higher than the specific radioactivity of ocean water and approximately
30 times that of the water of the central part of the Caspian Sea.

A distinctive feature of the salt composition of the Caspian Sea is its
considerably higher content of sulfates than in the water of open seas.
Thus, sulfates, including potassium sulfate (K2S0 4 ), amount to only 10.8%O/
of the total amount of salts in ocean water, whereas the sulfate content in
the Caspian Sea water reaches 20 %. As a result, the potassium con-
centration in the Caspian Sea is somewhat higher than in open seas. The
radium content in the Caspian Sea averages 210-11 g/liter /23/ and the
rubidium content, 1.1lG5 g/liter /7/.

A r a 5Se a. The water salinity of this sea is similar to that of the
Caspian and Azov seas. However, as regards the salts dissolved in it,
the Aral Sea differs even more from the water of the open sea than does
the Caspian Sea. The sulfate content in the Aral Sea exceeds 31 % of the
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total amount of salt, and sodium chloride amounts to only 54 cJ%, whereas
in ocean water sodium chloride amounts to 77.3 % of the total amount of
salts. Hence the specific activity of the salts of the Aral Sea may in
individual cases be somewhat higher than that of the World Ocean due to
the increased potassium sulfate content, and consequently of K4 0 . The
rubidium content in this sea, in contrast to that of open seas, is consider-
ably lower, averaging 1.10-5 g/liter /7/.

§ 4. CAUSES OF FLUCTUATIONS IN SEA WATER
RADIOACTIVITY

As mentioned above, the level of radioactivity in the open sea is directly
dependent on the salinity. The ratio of concentrations of the salts dissolved
in the open sea is constant both in time and in space.

In contrast to this constant relationship, the salt composition of
Mediterranean seas and of coastal regions of adjacent seas may vary
considerably. Therefore, whereas the radioactivity of open sea water is
proportional to the salinity, the radioactivity of coastal regions and
particularly of inland seas may not be related directly to the total salinity.

The highest salinity found in open seas, 36.5 to 379/o is observed in
the surface water layer in relatively limited sections and is due mainly
to strong evaporation.

It has been established that all the major quantitative variations in
salinity which take place on the sea surface are due to variations in the
fresh water component of the water balance. In open seas the fresh
water component comes mainly from precipitation and evaporation, whose
ratio determines the salinity. In Antarctic and Arctic regions ice melting
and formation may have a large influence on the water salinity.

Variations in the salinity of the surface water layer are subsequently
transmitted to lower layers by mixing processes and by currents which
submerge from the water surface.

When evaporation exceeds precipitation, the salinity, and consequently
the radioactivity, rises gradually. However, despite the fact that the
salinity varies in a well defined manner, the accompanying variation in the
radioactivity is always less pronounced.

Variations in salinity due to variations in the fresh water component
of the water balance are well illustrated by the data of hydrological in-
vestigations conducted in the Indian Ocean. The highest salinity on the
surface of this ocean occurs in its western part, north of the equator. In
the northern part of the Indian Ocean the salinity exceeds 35.5%,OO In the
east, where precipitation exceeds evaporation, the salinity decreases
to 340/oo,, and in the Bay of Bengal to 320/o,.

In the Red Sea, where evaporation exceeds precipitation, the salinity
of the surface water reaches 40'/,,, and in the Suez Canal, 4%, /20/. This
example shows that the extreme figures which characterize the salinity of
different sections of the same water area may differ considerably under
appropriate conditions. But if we calculate the specific K40 radioactivity
of these ocean regions, assuming that potassium accounts for 1 To of the
total salt content, we find that the resulting variations in the water
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radioactivity are not larger than the limits of measurement errors. In
modern radiometry, a measurement error of 10-20 % is considered per-
missible. The mean salinity of the Indian Ocean is 3500, its extreme
variations being between 32 and 410/00 The specific K}( radioactivity for
the mean salinity is 2.8.10-10 curie/liter and for the extreme values
2.6.10-10 and 3.3.10-10 curie/liter. The activity for a water salinity of
321/,,, is only 8 % less and for a salinity of 410/,,, 17 % more than the adopted
mean. Therefore, in order to obtain more reliable values of the natural
radioactivity of sea water, the radiometric measurements must be per-
formed under conditions which guarantee a relatively high measurement
precision.

Decreases in salinity in inland seas are usually the result of the arrival
of a large amount of river water. Increased salinity very often occurs when
the sea protrudes into an arid region of a continent and the river runoff is
small. These circumstances have a particularly strong effect on the
salinity level of the seas bordering the Soviet Union. Figure 8 gives a
diagram of the amplitudes of the variations in the salinity of these seas.
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FIGURE B. Salinity of some seas FIGURE 9. Variation with
bordering on the Soviet Union depth of the water salinity
(the variations and mean values in the open sea /34/.
of the salinity are given for each
sea / 14/ ).

It follows from this figure that the variations in salt content are very
large, primarily due to intensive river runoff.,
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When an inland sea has limited contact with an ocean or an adjacent sea
and receives a large amount of river water, not only is its salt content
lower but the ratios of concentrations of the dissolved salts also change.
As a result, the direct relationship between salinity and radioactivity,
which is typical of open seas, disappears. This is well illustrated by the
figures in Table 74. It follows from this table that the water of the Volga,
which differs sharply in chemical composition from ocean water, has not
only reduced the salt content of the Caspian Sea into which it enters, but
has also changed the ratio of concentrations of different salts.

A distinctive feature of regions of open sea far from the demineralizing
influence of rivers is the characteristic variation with depth of the salinity,
including the potassium content.

Figure 9 illustrates the depth variation of the salinity of the Atlantic
Ocean at a point 20014! S lat. and 330! E long. However, this curve
characterizes the variation with depth of the specific activity due to K 40

only, since the variation of the uranium and radium content with depth is
somewhat different.

TABLE 74. Salt concentration of oceanic, Caspian and Volga water /14/

Content of the given salt, 1

Salt Ocean (351.~) Caspian Sea Volga at Astrakhan

Salt Ocea (35~~c) (12..13%/o) (0.198%to)

Na 30.59 24.82 6.67
K 1.106 0.66
Ca 1.197 2.70 23.34
Mg 3.725 5.70 4.47
Ci 55.292 41.73 5.46
Br 0.188 0.06 
so, 7.692 23.49 25.63
co 3 0.207 0.84 34.43

Figures 10 and 11 give the variation with depth of the uranium and
radium concentrations in the waters of the Atlantic and Pacific oceans.
As follows from these figures the radium content rises appreciably with
depth in contrast to the total water salinity, while the uranium concentration
rises only to a certain depth (approximately I1000 in), after which it de-
creases gradually.

'Radioactive hydrogen, tritium, has been detected only in the surface
layers of the sea (up to a depth of IlO0m), i. e. , at those depths where
cosmic rays and their interaction with water are detected.

Some variations in the radioactivity of sea water in the region of con-
tinental shelves and particularly where the sea is shallow may be due to
a variation in the content of suspended mineral and organic particles.
Further from the coasts the amount of particles (rock disintegration
products) in suspension decreases gradually. Near the coasts and
particularly in periods of strong sea agitation the amount of such particles
suspended in the water may rise appreciably, which affects the water
radioactivity, since the radioactivity of the sediment obtained by evaporation
of sea water for radiomnetric investigations depends directly on the amount
of suspended material.

106



In addition, the radioactivity of coastal water, usually desalinized by
rivers running into the sea, may rise appreciably in periods of strong
offshore winds, which drive large masses of water from open sea regions
with higher salinity.

Uranium content,
lo-' g/ml

1.0 1.25 1,50 Radium content,
0 X ~~~~~~~~~~~10-t6g/rml

2 2

Pacific
Ocean

6 ___________ ______ A tla n ti

Atlantic S 
Ocean Pacific Ocean

7 .9 

FIGURE 10. U.ranium con- FIGURE 11. Radium content versus depth in
tent versus depth in the the Pacific Ocean (near Mindanao Island) and
Pacific Ocean (near 'he in the Atlantic Ocean (near the Bermuda Is-
-I uamotu Archipelago) and lands) /35/.
in the Atlantic Ocean
(near the BermudalIslands)
/ 42/.

The dependence of the natural radioactivity of desalinize"' oastal water
on the strength and direction of the wind are well illustrated by the following
data. Some water samples taken near the coast of the Black Sea (town of
Anapa) in calm weather had a specific radioactivity of the order of
(4-8)-I1l1 curie/liter; the specific radioactivity of water sampled at the
same point during a storm was considerably higher, reaching l.7.10-10
curie/liter.

Variations in the natural radioactivity of sea water at a given point may
also be due to movement of water masses due to tides or other flows. Thus,
for example, in the southern part of the Barents Sea, where high tides
cause strong vertical water displacements, maintaining solid rockparticles
in suspension, the specific water radioactivity occasionally undergoes
appreciable variations.

Variations in the natural radioactivity of sea water may also be due to
other causes. For example, in winter the desalinized water of the southern
regions of the Barents Sea tends to accumulate at the coasts, and in summer
spreads out to the north in the form of a surface layer. In this case strong
coastal winds can drive the warm desalinized water further into the open
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sea, and its place is then taken by colder, deep water /32/. Such hydro-
logical phenomena are obviously accompanied by a rise in the water radio-
activity of the coastal regions.

§5. RADIOACTIVITY OF THE WATER OF
ESTUARINE AREAS

The radioactivity of the water of estuaries depends on the degree and
character of the mixing of sea and fresh river water. In some estuaries,
in particular where the bottom has a complex shape and strong tide flows
exist, the river water always mixes fairly rapidly and uniformly with the
sea water. But in cases when the fresh water flows over the salt water
(due to the difference in the specific weight), compensating flows from the
sea may arise, creating horizontal layers in both the salinity and the
radioactivity of the water.

River estuaries are divided into three types by the degree of mixing of
fresh and sea water /5/:

a) a clearly pronounced stratification of salinity;
b) partial mixing of the sea and river water;
c) full mixing.
It is obvious that the radioactivity of such estuaries depends on the

salinity distribution. A clearly pronounced stratification and relatively
high natural radioactivity gradients are observed when the fresh water
runoff exceeds the arrival of sea water with high tide and offshore winds.
When the runoff and sea water arrival are equal, partial mixing occurs.
When the amount of fresh water arriving is smaller than that of the sea
water, the radioactivity is uniformly distributed over the entire water
area of the estuary.

The radioactivity of estuaries also undergoes seasonal variations,
depending on the amount of dissolved and suspended materials transported
by the rivers. For example, the potassium content in the water of the
Varna [Stalin] Bay varied in different periods of 1954 from 0.154 to
0.2 17 g/kg (Table 75), which corresponds to a variation of activity of
1.2*10-10 to 1.7.10-10 curie/liter.

TABLE 75. Monthly variations of the potassium content in the water of Varna [Stalin]
Bay in 1954 /27/

Month Poasu otn n Month Potassium content in
the water. g/ktg the water, g/kg

January...... 0.181 July ..... 0.208
February . . .. 0.195 August .. . .0.202
Ma rch . . . .. 0.18 7 September . ... 0.198
April ...... 0.154 October .... 0.21 6
May ...... 0.196 November . ... 0.164
June ...... 0.217 December . ... 0.213

In addition to mineral suspensions (sand, clay, etc.), river water
carries to the sea suspensions and colloids of organic origin. These are
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mainly the products of the life activity of animals and of the disintegration
of the tissues of dead organisms. In spring and during rains this com-
ponent, which is rich in potassium, rises appreciably; in the dry period

of the year it decreases sharply.
Thus, the rivers running into the Barents and White seas annually

transport about 3.364107 tons of dissolved matter and 1.46-107 tons of
suspended matter. The Northern Dvina gives 6.6.106 tons of solid runoff,
the Mezen 5.i105 tons and the Pechora 4.7*lO 01 tons. The amount of dis-
solved matter transported by the Northern LDvina annually is 2.14. 107 tons,
and by the Pechora .24 1 07 tons. The total amount of dissolved salts
which enter the northern seas of the Soviet Union with river water annually
isestimated at 3.5-108 tons along with 2.107 tons of organic matter /8/. Assum-
ing that the mean potassium content in the organic suspension is about
0.3 %, the total K4 0 activity which enters the northern seas annually with
river water from biogenic substrata alone amounts to approximately
50 curies.

§6. RADIOACTIVITY OF SEA BOTTOMS

It has been established by hydrological investigation that in the region
of the shelf ocean bottoms are covered with deposits which consist of
rocks carried from the continent. At the coasts, sand is very often en-
countered, and further into the sea clay and ooze also of continental
origin, deposit on the bottom /3/.

The bottom of the pelagic region (of the open sea) is of a different type.
Deposits (mud) of continental origin usually do not reach open sea regions,
and therefore oozes of organic origin predominate. Such oozes are formed
mainly by the remains of microscopic plants and skeletons and shells of
animals. An idea of the size of the organic deposits can be obtained from
the fact that lime oozes deposit 1.4.109 tons on the bottom of the World
Ocean annually. Most widespread in oceans and seas are oozes formed
from shells and skeletons, mainly of the one-celled animals globigerina
and pteropod.

Globigerina ooze usually are pale-yellow or rose-colored and are most
widespread at depths of 700 to 50QO m. Pteropod ooze are much more
rarely encountered, at depths from 700 to 2800 m.

In tropical seas and oceans (Indian and Pacific) radiolarian ooze, con-
sisting of silicon radiolarian skeletons, are widely spread. Diatomaceous
ooze (straw-yellow color), consisting of skeletons of diatomaceous algae,
are widespread in the Arctic seas /25/. The bottom of seas at very great
depths is covered almost exclusively by red ooze, which are apparently
the disintegration product of volcanic dust /4/. The deposition of red
ooze is an extremely slow process. This can be seen from the fact that
teeth of sharks which lived in the Tertiary period were found in bottom
samples extracted from large depths. These bottoms are widespread at
depths exceeding 4000-5000m.

The absence of organic ooze at great depths is due to the fact that very
small shells and skeletons of one-celled animals, sinking slowly to the
bottom, dissolve in the sea water before reaching great depths.
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Since most bottoms contain a considerable amount of organic compounds
and products of their mineralization, the radioactive isotope responsible
for most of their natural radioactivity is K40 . Comparatively high potassium
concentrations are observed in bottoms deposited by aqueous animals and
plants. As is known, aqueous organisms assimilate large amounts of
potassium. Some algae are capable of accumulating potassium in their
tissues in concentrations hundreds of times those in the surrounding water.
Subsequently, after the death of these plants and animals, these decompo-
sition products enrich the bottoms with potassium, thereby increasing the
radioactivity. Therefore, in sea regions where large amounts of biogenetic
material are found, the radioactivity of bottoms is quite high. From
Figure 12, which characterizes the distribution of benthos matter in the
Barents, White and Kara seas, it follows that in individual regions the
density of biogenetic material reaches 500 g per m2 of bottom. If we
assume that 1 kg of this material contains an average of 3 g of potassium,
then the bottom receives about .5K10-9 curie/in 2 per generation. In some
southern seas the organic content in oozes is more than 35.0 %l. In oozes
of the Barents Sea the potassium content reaches 3.0 %, and the total
radioactivity, determined by direct measurement of individual samples
taken from different sections of the bottom is (2- 3) 10-8 curie/kg.

Table 76 presents sample results of a chemical investigation of bottom
deposits of the Barents and White seas.

From the data given in this table it follows that the surface layer con-
tains somewhat more potassium than deeper layers.

The uranium content in recently deposited deep- sea beds is also not constant,
varying, accordingtoVinogradov, from .65410- to 1 .0710-4 q1. It has
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been established that oozes always contain more uranium than coarser
sedimentary rocks /6/.

In open regions of the ocean red deep-sea oozes have the highest
uranium concentration, averaging (-2)10- 4 % /44/. Even higher uranium
concentrations were observed in bottoms of the Norwegian fjords, in in-
dividual samples of which the uranium content reached (5-10).10- % /43/.

T-ABLE 76. Potassium content in deposits of the Barens' and White seas /11/

Sea Coordinates Depth, m Solayrith Ptsiu
column. cm conient,Js

White 66' 28' N lat. 348 1-_3 1.61

34' 12' E long. 20 -25 1.45

Barents 70' 20' Nltat. 1 8 3 -8 2.1

55' 1 9' E long. 57 -62 1.98

72' 20' N at. 3 00 3 -8 2.09

55' 19' E long. 57 -62 1.14

The maximum uranium and thoriumn concentrations in coastal placers
reach respectively 60'~ and 0.3 %, and the average concentrations are

approximately 20-4 % uranium and 60O4 % thoriumn / 6/.
Well sorted sea sands and sandstones, consisting mainly of quartz,

usually contain less than .10-4 % uranium. Even less uranium and other
radioactive substances are contained in bottom sediments of nonmarine
(river and estuary) origin.

Table 77 gives data which characterize the uranium, thorium and
radium content in deep-sea sediments of the Indian Ocean. It follows
from this table that the uranium concentration is practically independent
of the depth of the bottoms.

TABLE 77. Distribution of radioactive elements in core of ooze

3800 m dep (Indian Ocean. 68'28' S tat. . 141' 21' . tong.) /29/

Layer of the Li. lo, Ra.% Th.%
column, cm itt4% 10' % 10" %1 (-4

0-2.5 1.3 2.5 2.2 9
2,5-5 1.4 2.5 2.1 8
12-17 1.3 2.3 2.0 9
22-27 1.5 2.4 1.8 9
59-65.5 1.4 2.7 1.9 9

100-105 1.5 3 3 2.2 1 1
216-223 .2 4.2 2.0 1 1
345-360 1.2 2 9 1.8 1 2

Investigations of the radium content in samples of deep-sea bottoms,
collected in 1947-1948 by the Swedish expedition on the ship "Albatross,
show that the radium concentration in deep-sea sediments averages
10-1o to 10-11 %. A particularly high radium content was detected in the
surface layers of red and radiolarian oozes. The radium concentration
in these bottoms averages 10O9 % /24/.

The mean radium content in various types of bottoms is characterized
by the figures in Table 78.



TABLE 78. Radium content in deep-sea oozes

Radium content, Radium content,

Type f ooz 10-1 % Tye of ozei0'O tV,~

/10/ /41/ /10/ /41/

Blue mud .... - 3.1 Red ooze . 15.8 5 22.2- 52.6

Globigerina ooze . 8.4 6.6- 7.4 Terrigenous mud - 1.8- 4.76
Radiolarian ooze . 8.4 -

It follows from this table that the highest radium concentration occurs
in red mud. A number of other investigations have established that,
irrespective of the type of bottom, surface layers generally have an
appreciably higher radium concentration than deeper layers. For ex-
ample, Kurbatov and Ermolaev /77/, investigating the radium content
in bottom sediments of the Red Sea, found that radium occurs mostly in
surface layers, and its concentration decreases with increasing depth.
Thus, at one of the stations (8 043! N lat. , 69019!1 E long. ) the surface
layer was found to contain 1.13.10-10 % of radium, the layer at a depth
of 22 cm 0.7.10-10 %/, and so on. However, this gradual decrease in
radium content with increasing depth is not observed in all seas. The
surface layers of the bottoms in the Black Sea have a somewhat lower
radium concentration than deeper layers. Table 79 gives data which
characterize the distribution of radium, uranium, thorium and Th2 30 in
various bottoms of the Black Sea.

TABLE 79. Distribution of radioactive elements in Black Sea sedimenits/15/

Layer ofthe Ra. , T, T, Lyrh Ra. ,U.% I.,% Th.

column, cm I,, % /'~ %y i57 0 is 4
%column, cm I50

11
% I" 7 l 0'%I

0-8 2.0 6.5 5.8 3.1 100-116 7.6 - 0.5 7.2
8-13 7.3 8.2 7.4 4.4 135-139 8.0 1.2 0.5 6.3

13-19 5.8 5.4 6.0 3.4 156-159 8.1 - 0.5 7.7
19-24 6.9 2.3 8.4 7.1 192-196 4.8 1.0 0.5 7.2
42-48 6.0 0.3 0.5 3.3

This atypicality of the distribution of radioactive elements in Black
Sea sediments is due to the fact that it is an inland sea, supplied with
sedimentary material carried by large rivers. The rate of formation
of bottom sediments in the Black Sea is 12 to 13 cm per 1000 years.

In contrast to radium and uranium, which most often accumulate in the
surface layers of bottoms, thorium is found in large amounts in deeper
sediments. This is well illustrated by the figures of Table 80.

TABLE 80. Thoriumn content in an ooze column of the Indian Ocean (40'02' S lat.

120'35 E long.) /2/

Thorium content, Thorium. content,
Column layer, cm 10 ,, Column layer, cm 10-4

6- 20 1.7 147-152 10.0
42- 50 4.4 180-185 7.3

92- 97 9.5
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The figures given in this table were obtained from data collected by
the first Soviet General Antarctic Expedition in 1956. Radiochemical
studies of the rate of formation of sea oozes in the Indian Ocean (in open
regions) gave a rate of cm per 1600 to 2000 years.

The rate of sedimentation of radioactive isotopes on the sea bottom
depends on a number of variable factors, including the depth of the basin,
its hydrodynamical conditions, the size of the particles on which surface
adsorption of radioactive isotopes dissolved in the water occurs, etc.
Bottom sediments of the same type, but formed under different conditions,
may therefore have considerably different specific activities. Thus, in-
vestigations of the radium and thorium content in lBarents Sea oozes,
collected along the 32nd meridian showed that the radium concentration
in sandy oozes of this sea varies greatly; this follows from a comparison
of the figures given in Table 81.

TABLE 81L Radium and thorium content in Barents se;i oozes /16/

Depth, m Soil characterization Ra content, P10%, h content,

122 Muddy sand 4.7 5. 9
195 Sandy mud 5.6 7.:3

198 -204 '6.0 8.5

27 0 ' '6.9 8.8

163 4.2 5.4

223 "5.1 6.6

261 "4.2 0.0

27 5 ' 4.9 7.3~

290 "7.0 7.6

2 25 "5.3' 7.6

443 Muddy sand 9.9 8.1

A study of current deep-sea bottoms, as already mentioned, made it
possible to establish that their upper layer generally has an increased
radiumn content. n order to explain the mechanism of radium accumulation
in the surface layers of bottoms the assumption has been made that Th2 30
(ionium), depositing from seawater with iron hydroxides, thereby transfers
a potential reserve of radium from the solution into the sediments. In the
course of time radium forms on the sea bottom from the deposited ionium.
A part of it again dissolves, and a part is retained in the sediments,
accumulating over tens of thousands of years until an equilibrium is
established. However, simultaneously, the amount of both elements con-
tained in bottom sediments decreases uniformly in proportion to their
decay rates.
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Chapter 6

RADIOACTIVITY OF INLAND WATER

§ 1. RADIOACTIVITY OF CHEMICALLY
PURE WATER

The radioactivity of chemically pure water is very low due to the
presence of an extremely small number of molecules in which the atoms
of stable hydrogen isotopes are replaced by the radioactive isotope of
hydrogen (tritium). The amount of tritium in nature is very limited.
Thus, experimental investigations have shown that the total tritium con-
tent in the upper layers of the atmosphere (in the stratosphere) is approxi-
mately 61027 atoms /41/. However, this figure characterizes only
tritium of natural origin, i. e. , arising from the interaction of cosmic
rays with nuclei of atmospheric matter. Test explosions of thermonuclear
weapons in recent years have led to an appreciable rise in the tritium
content both in the atmosphere and in water. Investigations of air samples
taken in England /40/ in November-December 1958 and in July-August 1959,
showed that the ratio of tritium to stable hydrogen (T:H), expressed in
terms of tritium units-, amounted in individual cases to 38 TU. The tritium
content in rainfalls during 1954 in the region of Chicago was characterized
by from 3 to 34 TU /47/. The rise in tritium concentration in atmospheric
air after thermonuclear explosions inevitably leads to a rise in its content
in surface waters. Thus, it has been observed that the tritium content in
the Mississippi River shortly after a series of explosions rose from 4.7
to 44 TU. The content of artificial tritium in rainwater in this period
also rose to 21 TU, and in the upper layers of the ocean to about 2.5 TU / 45/

It should be noted that the concentration of natural tritium in rainwater
varies between and 2 Tu. On the basis of the hydrogen cycle in nature
it is assumed that natural tritium remains in the atmosphere approximately
40 days, and in surface water 5 years.

These investigations also show that the radioactivity of chemically pure
water depends on its content of natural and artificial tritium. The specific
radioactivity of chemically pure water due to natural tritium is approxi-
mately 310-12 curie/liter. But in nature chemically pure water is rarely
encountered. Water is one of nature's best dissolvers and therefore always
contains some radioactive isotopes, absorbed from the soil, rocks and
soc on.

A tritium unit, which is deted by TU, represents one tritium atom per 1018 hydrogen atoms. This unit
is used to characterize the tritium concentration in a humid atmosphere.
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§ 2. THE FORMATION OF THE RADIOACTIVITY
OF FRESH WATER

The degree of natural radioactivity of fresh water both qualitatively
and quantitatively depends primarily all on the physicochemical properties
of the radioactive materials in the medium in which it forms. In addition,
the radioactivity of water depends on the composition and solubility of the
substances containing radioactive elements with which the water comes
into contact while flowing over the terrestrial surface. The chemical and
physicochemical processes which result in the inclusion of radioactive
elements in the water are highly diversified. The principal ones are the
following:

a) solution of solid compounds containing radioactive elements;
b) separation of radioactive elements from the solution in the form of

sediments;
c) absorption of radioactive gases (radon, thoron, actinon);
d) separation of radioactive gases from the water.
A separate group are purely physical processes, which themselves

cannot cause the appearance of radioactive ions or dissolved gases in
water, but can greatly modify the radioactivity of natural waters indirectly.
These processes include:

a) evaporation or freezing of water, which causes an increase in the
concentration of radioactive isotopes in the remaining mass of water;

b) atmospheric precipitation, condensation of water vapors, thawing
of snow or ice. The result of these phenomena is a decrease in the radio-
activity of rivers, lakes, etc.;

c) mixing of water of different radioactivities.
These processes generally proceed simultaneously, affecting one another

considerably. For example, the dissolution of some substances causes the
precipitation of other, less soluble ones; evaporation of water, resulting
in the concentration of radioactive isotopes, is often associated in the final
analysis with the precipitation of their salts; an increase in the salt content
in water leads to a decrease in the concentration of soluble gases, etc.

The extent to which a given process affects the formation of water
radioactivity depends directly on the physical and chemical conditions of
the medium.

The concentration of radioactive gases in natural waters, all other con-
ditions being equal, depends largely on the atmospheric pressure. With
increasing pressure, the content of radon, thoron and actinon increases
proportionally. A rise in the water temperature causes a decrease in its
gas content and an increase in the content of dissolved salts, including
potassium ions.

It has been observed that a rise in the concentration of radium and
uranium in water also causes a rise in the content of dissolved alkaline
earth elements and a drop in the content of carbonates and sulfates in
the water /14/.

As a result of these and other processes the total mineralization of
natural water, i. e. , the content of substances dissolved in the water, may
vary over very wide limits, from 10 mg/liter to 349 g/liter.

V. I. Vernadskii divides water into the following categories by its total
mineralization:
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a) fresh (weakly-mineralized) water with a total mineralization of up
to I gliter;

b) subsaline water with a total minera ization from to 1 0 g/liter;
e) saline water with a total mineralization from 1 0 to 50 g/liter;
d) salt brines with total mineralization of more than 50 g/liter.
Fresh water almost always has a considerably lower specific radio-

activity than water with an increased mineral content.

3. SOURCES OF THE RADIO-ACTIVITY OF
ATMTOSPHERIC WATER

Most surface water, i. e. , water found in accumulations on the surface
of the earth, acquires its initial radioactivity while still in the atmosphere.
The radioactivity of atmospheric water is low. Nevertheless, depending
on the radioactivity and solubility of the rocks on which precipitation fall,
radioactive isotopes may play a relatively important role in the formation
of the activity of surface water in some geographical zones.

The largest contribution of the radioactivity of atmospheric water is in
northern regions, where the content of radioactive isotopes in surface
water is generally low. This influence gradually loses its importance as
one moves south, since the mineralization of surface water increases in
this direction. However, when atmospheric water falls in northern regions
on soils with an increased content of radioactive substances, this regularity
disappears, the contribution of radioactive isotopes carried with rain water
to the total radioactivity of surface water becoming unimportant in such
regions.

The appearance of radioactive substances in the atmosphere, and con-
sequently also in atmospheric water, is the result of a number of complex
physicochemical processes. Some radioactive isotopes, such as H3 , C 4 ,
Be 7 , Belo and others, exist in the air as a result of the interaction of
cosmic rays with atoms of atmospheric matter. Other radioactive sub-
stances enter the atmosphere from the sea surface together with water
sprays which are lifted by the wind to great heights. Due to convection
currents, finely dispersed water particles can be lifted to great heights
and then carried large distances into the continent by air currents. In
the course of this physical process the water of the sprays partially
evaporates and only very small suspensions of concentrated solutions or
even of dry salts remain in the air.

A large role in the formation of the radioactivity of atmospheric water
is played by aeolian (wind) transport of dry, readily soluble salts containing
radioactive isotopes. It is known that aeolian erosion is one of the important
factors modifying the terrestrial surface. Mineral dust, often containing
radioactive isotopes, is therefore always found in the atmosphere in con-
siderable amounts. This highly-dispersed suspension also contains
readily soluble salts, which form on the surface of the weathering crust,
particularly on saline soils and dry salt lakes rich in the radioactive
isotope K4 0

The radioactivity of atmospheric water and rain may also be due to
products of volcanic eruptions, ejected into the atmosphere, and containing
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uranium, thorium and their daughter products, as well as potassium,
rubidium and other radioactive isotopes.

A large contribution to the total radioactivity of atmospheric water may
be due to disintegration products of meteorites falling from cosmic space
into the terrestrial atmosphere. Radioactive isotopes of potassium,
uranium and other chemical elements have been detected in meteorites.
Of particular importance in the formation of the radioactivity of atmospheric
water is the contamination of atmospheric air by smoke particles containing
potassium and uranium and entering the air in the process of combustion of
coal, oil, wood and other industrial and domestic fuel materials.

Specific information on the radioactivity of the water suspended in the
atmosphere in the form of clouds, fog and rain clouds is lacking. Never-
theless, it can be assumed that the radioactivity of atmospheric water is
generally lower than that of atmospheric precipitation, since during the
fall of raindrops various aerosols, including radioactive ones, are ad-
sorbed on their surface.

The World Ocean places in the atmosphere a large mass of aerosols
containing natural radioactive substances. It has been found that approxi-
mately 2.7.1010 tons of marine salts arrive in the atmosphere annually
from the surface of the World Ocean /8/. Using Bruevich's data /6/, which
characterize the elemental composition of the World Ocean (Table 82), it
is possible to calculate the total amount of radioactivity which enters the
atmosphere annually from the surface of the World Ocean.

TABLE 82. Mean chemical composition of ocean water /6/ (selected data)

Element ~~~~Content by weight

I/,. ~~weight

Oxygen 85.94 859.37g/kg
Hydrogen 10.8 108.02 g/kg
Potassium 3.810-' 380 mg/kg
Carbon 3.10-' 30 mg/kg
Rubidium 2-10-' 200 mg/too
Cesium 2-10- 2 mg/ton
Uranium i.510-1 1.5 mg/ton
Thorium 5.10-1 500 -Y/ton'
Cerium 3.108 300 vY/ ton
Lanthanum 3-10" 300 y/ton
Krypton 2.8-10-' 380 -y/ton
Xenon 9.4 10" 94 y /ton
Radium (0.2-3)-10 14 20- 300 mg/k m

3

y denotes 1 gamma-equivalent (equal to 0.001 mg).

Since the specific activity of g of naturally abundant potassium is
approximately 810-l0 curie, and of rubidium 1.3.10-8 curie, the total
radioactivity which enters the atmosphere with sea salt annually is about
200,000 curie due to K40 and about 3000 curie due to Rb 87 .

The radioactivity of atmospheric precipitation also depends on the
amount of dust impurities in the air, on the size of the falling raindrops
and on the conditions existing during their fall (altitude of the rain clouds,
wind direction, preceding weather, air temperature and type of precipita-
tion, rain or snow).
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As a result of these interrelationships, radioactive substances fall from
the atmosphere to the earth' s surface as precipitation both in a dissolved
state, and in solid particles of aolian origin.

A definite role in the formation of the radioactivity of precipitation is

played by man. The combustion of coal and wood in industrial and domestic
furnaces is accompanied by sublimation of potassium, uranium and other
elements. The radioactivity of rain and other atmospheric preicipitation
in a populated region, and, in particular in a region of large industrial
centers, may therefore be higher than a comparable unpopulated region.

§ 4. NATURAL RADIOACTIVITY OF RIVER WATER

The radioactivity of river water is directly dependent on its chemical
composition, on the chemical composition of the rocks over which it flows
and on the mineralization of the water which is collected from the whole
river basin.

Comparing the radioactivity of river water with that of sea water we
notice (excluding rivers which flow through regions with increased radio-
activity) that river water, as well as the water of fresh water lakes,
always has a considerably lower total radioactivity than sea water. How-
ever, the radium concentration in river water often approaches its con-
centration in the sea. This is one of the radioactive peculiarities of river
and lake water. In addition, whereas for sea water its salinity may con-
stitute an indirect index of the concentration of typical radioactive isotopes,
no such relationship exists between the mineralization of river water and
its radioactivity.

The radioactivity of river water, like that of many other substances,
is due mainly to K4 0 , and therefore the radioactivity of this water can be
estimated by using the widely published hydrochemnical indices /2, 3/,
which characterize the total concentration of' ions of the alkali metals
Na and K in river water. But in this case it should be borne in mind that
in hydrochemnical practice the content of the cations of (Na±K) is calculated
from the difference 21aYc, where 'F. is the number of anions and c the
number of cations. Such a determination is obviously the least accurate.
Nevertheless, since the ratio of sodium ions to potassium ions usually
averages 3 to 7, it is possible to compute tentatively the natural activity
of the water of any specific river. The figures in Table 3 were obtained
in this way.

The last column of this table gives the K4 0 radioactivity of these rivers.
This calculation was based on the assumption that in all these rivers the
ratio Na:K is 5. These data do not exhibit a linear relationship between
the degree of mineralization of the river water and its radioactivity.

The figures of Table 83 generally represent the real radioactivity of the
water of the rivers under consideration. Thus, in July 1959, the water
radioactivity of the Danube in the region of Izmail was measured. The
total radioactivity of the collected samples was ( .6- 0.3).1 O12 curie /liter.
The potassium content in the two investigated samples of solid precipita-
tion was 1.9 and 2.6mg/liter. The directly measured water radioactivity
of the Danube is very close to the figures given in Table 83. Also close

121



to these data are the figures obtained by Rozhdestvenskii /30/. According
to the data of this author the mean potassium content in the water of the
Danube is 2.8 mg/liter, which corresponds to about 2.2.10-12 curie/liter.
The water of the Moskva River has approximately the same radioactivity.
It was established that the water of the Moskva River contained about 2 mg
of potassium per liter in the winter of 1957 and in the flood period 2.9 mg/liter
/33/. Such a potassium content corresponds to an activity of the order of
1. 6.1 0-12 curie /liter in winter and 2.3.10-12 curie /liter in the flood period.
The water radioactivity is not always constant, since it depends greatly on
the seasonal variations in the sources of the rivers. A relatively small
mass of water may produce considerable changes in cherpical composition.
This also explains the large variations in the water radioactivity of the
Moskva River found in observations in the area of Zvenigor6d in 1957-1958
/11/. These investigations showed that in the first days of the thaw the
radioactivity of the spring water corresponded to the total radioactivity of
dusty snow. As the snow melted and the soil cover was exposed, the
activity of the spring water fell by approximately a half. The variation in

the water radioactivity of this river was observed to follow a definite order.
In April (at the beginning of the thaw), when the surface of the Moskva
River is still completely covered with ice, a scarecly noticeable increase
in the water radioactivity, to approximately 310-12 curie/liter, is observed.
This increase has been explained /11/ as being due to the flow of a relatively
small amount of melted snow with an increased content of radioactive iso-
topes (possibly, including isotopes of fission origin). The maximum
activity was observed at the beginning of the flood; the mean radioactivity
of the river water in this period was 33.1O-12 curie/liter. In the period of
the maximum flood level and at the beginning of its lowering the river water
radioactivity decreased approximately by a half, to about 1 6.1 012 Curie /liter.

These investigations showed a pronounced dependence of the radio-
activity of river water on the type of source, which in turn depends on the
season and on meteorological factors.

Two basic types of river feeding are distinguished in hydrogeology:
surface feeding and ground feeding. These differ considerably in the
chemical composition of the water flowing into the river.

Surface water (snow, rain, ice water, etc.) contains relatively smaller
amounts of radioactive substances. As a result, during the period of the
spring when snow melts or during heavy showers the arrival in the river
of large water masses of such origin is associated with a decrease in the
radioactivity of these rivers. The first amounts of snow melt or rain water
which wash out the whole activity which fell on he soil surface in the
preceding period may cause a short-lived rise in the radioactivity of the
river. But on the whole, the total radioactivity of river decreases some-
what in the high water period and increases in the low water period. Such
a relationship has been established by radiological observations of the
Dnieper /24/, Pregel and Neman rivers /38/.

In some cases the chemical composition of the substances dissolved in
the water of individual rivers varies so much during the year that the
rivers pass from one class to another (three classes of water have been
established for fresh water: hydrocarbonate, sulfate and chloride water).
As a result of the seasonal variations in the chemical composition of
rivers (in the quality and quantity of the inflowing water), some rivers of

1802
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TABLE 83. Chemnical composition of the water of sme rivers //

Armount of itineral Approxim-ate
Ri~~er substances, ~ Na + K, specific radio-

Ris cr subs~~~i tnes, mng/liter activity
og/litet ~~~~1012 curie/liter

Amnazon . ......... SOC o 0.5
Parana........... 90 .6 18.6 2.9

Rio Negro. ......... 16 6.7 123.5 2,2

Colorado. ......... 68 4.9 102.7~ 16.4

M iss isszippi. ......... 210.6 13.8 2.2

N!issouri .......... 419.8 :38.0 6.1

St. Laserence ........ 200.2 7.2 1.1

Rio Grande. ......... 6.1 0.9 121i.5 19.7

Columbia.112.9 9.3 1.4

Yukon. ........... 1313.2 .01.0

Thamies . ... 2.5 .... 8.3 12.2 0 1.9

\ain. ............ 196.1 .580.9

Rhine. ............ 28 1.2 3. 2 0.8

Elbe. ........... 18 8.7 13.7 2.2

D anube .311 .. .0 5.3 0.8

W ese r .1...... 0 1.0 34.2 1.2

Klar Altv (Swedeni) 28.7 ..1 0.5

\lahanadi (India) 7 3.3 .5. 7 0.9

Seraju (Jav a) ........ 122.3 15.3 2.5

N\Ielang (Java) ........ 116.6 9.4 1.5

Nile. ..... 119.1 11.8 1.8

Soviet Central Asia belong to the sulfate class in the winter low water
period and pass into the hydrocarbonate class under the influence of flood
water. These rivers include the Tedzhen, Amu Darya, Syr Darya and
others / 12/. These sharp variations in the chemical composition are
associated with corresponding variations in the radioactivity level of the
rivers. Thus, the potassium content in the rivers of the Gissar and
Vakhsh valleys decreases appreciably from April to September and then
doubles or triples during the winter period /35/. Low water, being mainly
of ground origin, is always more radioactive than high water. The rise in
the total radioactivity of river water in the summer low water period,
which is also associated with a relative rise in the concentration of such
heavy radioactive elements as uranium, ionium, radium and thorium, is
due mainly to the fact that soils on the surface are better washed out by
atmospheric precipitation, as a result of which they contain less easily
soluble salts than the rocks with which the deeper underground water is
in contact. The passage of a river from surface to underground feeding
is therefore associated with a relative increase in the amount of radio-
active substances entering it.

In the winter period an appreciable rise in the concentration of the
radioactive gases radon and thoron is observed in the water of ice-covered
rivers. Table 84 gives figures which illustrate the contribution of the ma'f-r
radioactive elements to the total radioactivity of river water.

It follows from the table that the water activity due to alpha-radiating
isotopes is approximately an order of magnitude less than that due 1K40.
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In some cases, however, the radium and uranium content in river water
may be considerably higher. Extreme values of the radium and uranium
concentrations in river and lake water are given in Table 85.'

TABLE 84. Average radioactivity of river water

Element Specific radioactivity, Elemnent Specific radioactivity,
curie/liter curie/liter

K40 10O1 Ra 6-6 10-14
U (2-3) 10-13 Th 2.2-10-14
lo 2.8 1013

TABLE 8. Amplitudes of the variations in the concentrations of some radioelements /33/

Radium, g/liter Uranium, g/liter
Type of ater ea miiu mxmm

iniminimum maximum niuiaxmm mean

River 25i10-
13

4 .10O'2 2-1O' 2 108' 510-' 6 10o-
Lake 1-1 0 -t3 8.1O-1 1-10-2 2i o-' 4 10 2 1 6

It follows from this table that the radium and uranium content in lake
wxater is appreciably higher than in river water. This is apparently due
to concentration processes taking place in lakes as a result of moisture
evaporation and deposition of chemical elements.

Due to the large differences in the uranium content in natural fresh
water, bodies of fresh water are divided into five groups according to
concentration:

I) low concentration - up to .10-7g/liter;
2) moderate concentration -from .10-7 to 4.10-6 g/liter;
3) increased concentration -from 4.10-6 to 110 5 g/liter;
4) high concentration - from .l0-5 to 3.10- 4 g/liter;

5) very high concentration - above 30-4 g/liter.
An increased uranium content over the entire year is observed only in

rivers which collect their water in regions rich in granite rocks, or which
are intensively fed by underground water. In individual cases, in rivers
fed mainly by atmospheric precipitation, the uranium concentration falls
to 4 11V8 g/liter or less / 46/, whereas the uranium content in rivers with a
catchment area in regions rich in granite rocks may reach 2.10-5 g/liter
/43/. The mean ioniumn content in river water is of the order of
1.5.10-1 1 g/liter /15/.

Some idea of the uranium concentration in the rivers of the USSR can
be obtained from Table 86, which also gives computed data characterizing
the alpha-activity of this water from the natural isotopic mixture of
uranium. It was assumed in this computation that the specific radio-
activity of g of natural uranium (U2 3 8+U2 3 5 -U 23 4 ) is 6.7 10-7 curie.

The nonuniformity in the chemical composition of river water, the
different degrees of mineralization, the varying amount of suspended
matter and the considerable variation in these parameters along the length
of the river, all of which influence the water radioactivity, make the
measurements very difficult. In this connection, the radioactivity of river
water is largely dependent on the content of suspended solid particles. In
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cases wvh~n water samples purified from suspended mineral and organic
particles are subjected to a radiometric analysis, their radioactivity is
always lower than in samples from which mechanical admixtures have
not been rermovea,.

TABLE 86. Uranium content in the water of some USSR rivers /27/

Uranimconent, Specific radio- Urnumcntn, Specific radio-
River Urnulo ntnt activity, Rive Urnu otn, activity,

10 ,o ~10'3
curie/liter 10~ i-'

2
curie/liter

Riorsi .. 74.7 Yenisei . 10 - 20 6.7- 13.4
Ohb 10 6.7 Irtysh . 15 -21 10.1- 14.1
Oska .. 8 - 10 .. 7- 6.7 Danube . - 30 3.4- 20.1
\'olga . 1.1 - 11 1.0- 7.4 Don . 20 - 30 11.4- 20.1
Kama . 8- 15 .. 7 - 10.1 Syr [Darya 60 - 100 40.2 -67

Dnieper 1.3- 17 8.7- 11.4

The content of mechanical admixtures is extremely high in individual
rivers in certain seasons. Table 87 gives figures illustrating the gross
amount of mechanical admixtures carried by USSR rivers.

TABLE 87. Total annual soil transport by USSR rivers /7/

Total annual Total annual
River transport, River transport,

i0, tons 1 tons

Northern Dsina .... 10.1. Kura .... . 36.3
Dnieper......2'. 2 Oh ...... 12.9
Southern Bug ..... 0.3 Irtysh .... .11i.2
Volga ....... 25.5 Tobol ..... .1.7
Oka .1... .0 Yenisei ...... 10.5
Kama ....... 10.0 Lena ....... 7.0
Ural...... 3. Amur.... 61.0
Don ....... 6.4 Syr Darya ..... 24.7
Kuban ....... 8.8 Amu Darya ..... 21.7
Terek ....... 26.0

The influence of mechanical admixtures on the magnitude of water
radioactivity was determined for the rivers Chernaya and Yekateringofka,
which flow near Leningrad (Table 88).

TABLE 88. Radioactivity of suspensions and dissolved salts of river water

Content of soluble Content of insoluble Specific radioactivity of the
River sats mg/liter patiles mg/liter , precipitate, lO'10 curie/g

soluble insoluble

Chernaya 260 40 1.4 0.4 2.2 0.2

Yekateringoflka 230 60 2.1 0.3 3.1 ±i 0.4

It follows from thi:s table that the presence of insoluble particles in the
water mray affect its total radioactivity considerably.
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5. RADIOACTIVITY OF SOME USSR RIVERS

The extensive hydrochemnical data characterizing the ionic composition
of the water of many USSR rivers make it possible to obtain an approximate
idea of their radioactivity by simple computations. Results of such com-
putations are given in Tables 89-98. When the potassium content was
estimated together with the sodium content (Na± IC) it was assumed in the
computation that the ratio of sodium ions to potassium ions is 5.

Radioactivity of rivers in the Black Sea basin. A
direct measurement of the total radioactivity of water samples of the Don
and Northern Donets rivers, made on 9 September 1960, shows good
agreement with the calculated data. This measurement established that
the Don (at the town of Rostov-on-Don) had a radioactivity of 1.4.10-1
curie/liter, and the Northern Donets 1.5.10-11 curie/liter. Both these
figures are very close to those given in Table 89.

TABLE 89. K 
4

1 radioactivity of the Don and somne of its tributaries //

Specific radio-
River Point Month and yeat activitV,

10-'2 curie/liter

Don Zadonsk V 1939 0.50G

Vit - 1939 1.9

Kazanskaya village 1I-1938 3. 8
Razdorshaya village IX -1938 16.8
Town of Rostov XI-1938 14.4

Bystraya

Sosna Town of Livny II11-1929 0.9
Khoper Towii of Balashov 111- 1939 .5.0

Dundukovskii hamnlet IX -1936 10.4
Voronia Town of Novokhopersk VIII-1928 20.8
BUZu~luk Luk'yanovskii hamlet XI - 1936 3-8.8
Medveditsa Zhirnoe village IV -1936 0.6

Archedinskii hamlet XII-1936 11.7
Ilovlya Aleksandrovkra village 11-1936 20.0
IKarpovka K rivomuzginskaya village III1-1940 40.0
Chit Oblivskaya village 11-1939 4.0
Aksai Vodyanskii hamlet X -1938 50.0
Tsv'mla Novotsimnlyanskoe village X -1938 10.0
Sal B. Nlartynovka village VIII 1936 64.0
Bol'shoi Yegorlyk N. Yegorlvkslroe village VII -1939 240.0

N. Troitisuoe village VIII -1938 40.0
Srednii Yegorlyk Shablievskoe village X -1936 1 74.0

Northern Doneti Town of Zmniev 11- 1939 10.4
Town of Izyrm 111- 1939 17.6

Oskol Anpilovo village 1-1933 0.8
Lozovaya Manuilovskoe village X-i929 12.8
Kalitva Pogorelov hamlet 1- 1939 10.8

In examining this table, one notices the very high water radioactivity
of the Boll shoi Yegorlyk and Srednii Yegorlyk rivers; the activity reaches
2.4.10O-10 curie /liter. This high radioactivity may be due to the fact that
these rivers flow over a territory with a very dry climate and with highly
salinized chestnut soils. On the whole, the figures given in Table 89
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indicate that the natural K40 radioactivity of rivers flowing in regions with
a prevailing composition of chernozem, clark-chestnut and forest soils
varies over very wide limits, approximately 10-13 to 10-10 curie/liter.
The River Don, which collects mineral substances from a large area,
carries about i4O05 tons of potassium to the Sea of Azov, corresponding
to an activity of approximately 80 curie.

The comparatively high radioactivity of the small Samarka River
(Table 90) is apparently due to the increased salt concentration in its
water as a result of strong evaporation, which is so great that the river
dries up completely at the end of the summer.

TABLE 90. K 
4

0 radioactivity of Crimean rivers

Specific radio-
River Point Month and year activity,

10-12curie/liter

Chernaya SIkelya village VII-1939 0.4
Baidarka Biyuk- Muskomiya village XI -1939 1.9
Bel'bek Al'bat village IX -1938 6.4

Uchan-Su Town of Yalta VIII -1939 0.4

Avunda Town of Gurzuf VII- 1939 7.3

Ulu-Uzen' Town of Alushta 1- 1939 2.1

Taraktash Town of Sudak X-1939 2.1

Salgir Town of Simferopol IX -1938 2.1

Angara Kurlyuk-Su site IX -1938 3.4

Samarli Leninsk village IX -1939 80.0

TABLE 91. K
4
' radioactivity of Ukrainian and Moldavian rivers

1 ~~~~~~~~~~~~~~~~~Specific radio-

River Poin~t Month and year activity,

i2 "curie/liter

Prut Town of Chernovtsy VIII -1946 4.0
Dniester Belyaevka urban settlement I -1935 3.2
Southern Bug Town of Sabarov VII -1940 1.6

Podgury village V II- 1940 3.2
Buzhok Yaroslavka village IX -1934 7.3
Desna Town of Bryansk IV -1940 1.0

Town of Chernigov 1- 1940 0.9
Pripet Town of Mozyr' VH - 1947 0.3
Oster Krivitskii hamlet V II 1940 2 1
Ros' Fesyuri village I-i940 3.6
Sula Town of Lubny IX -1940 1.6
Udai Town of Priluki 1- 1939 4.4
Psel Town of Sumy 11- 1939 8.0

Town of Gadyach VIII -1940 1.5
Khorol Town of Mirgorod 11- 1939 8.8
Samara Kocherezhki village 11 -1940 24.0
Dnieper Town of Kremenchug I-1940 1.6

Town of Dnepropetrovsk 1- 1940 0.7
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The small rivers Molochnaya, Taschenok and others, which run into
the northern part of the Sea of Azov, are characterized by a water regime
typical of the steppe zone of the southern European part of the USSR, with
a short flood period, a stable low water period and fairly frequent floods
during winter thaws. The lowest radioactivity of these rivers should
therefore occur during the spring high water period and the winter floods,
and the highest radioactivity should occur during the summer low water
period. But even during the high water period and the winter floods the
specific K40 radioactivity of these rivers does not drop below(3-6)-10'12

curie /liter; in the summer it may reach approximately 4.8 .10-"1 curie /liter.
From data of measurements of water samples collected in September

1960, the total radioactivities of the Dnieper, Dniester and Tisza rivers
are (2.8-4.7)-10-12, (2.7-6.4).10-12 and (2.9-4.8).10-12 curie/liter.

These results are similar to the figures given in Table 91 and to data
obtained by other authors /24, 36/ in investigations of the radioactivity of
the Dnieper at various points and in various seasons.

R ad ioac tivity of rive rs of the C aspi an ba sin ( exclud -
i ng Ca u ca s ian r iv e rs). The basin of the Caspian Sea occupies a
large territory with very diverse physicogeographical conditions. The
radioactivities of individual rivers of this system therefore differ con-
siderably. The main river of the basin is the Volga, into which flow
numerous tributaries, including such large rivers as the Oka and Kama.

TABLE 92. K40
radioactivity of the Volga River and its tributaries

Specific radio-
Rivet Point Month and year activity,

10-'curie/liter

Volga Uglich III1-1939 1.7
Kostroma 11-1939 0.4
Syzran 11-1940 4.0
Saratov 111-1940 2.4
Astrakhan VIII -1935 1.0

Sheksna Cherepovets VII - 1946 0.4
Shaga YakovIevo village I1I-1938 13.6
Kostroma Bui 1-1939 4.0
Unzha Kologriv 111-1940 8.0
Viga Il'inskoe village III1-1938 0.4
Zhusha Mtsensk X -1938 0.3
Moskva Rublevo urban settlement 11-1926 1.6

Pronya Zareche village 111-1938 2.4
Moktsha Kadom urban settlement III -1939 4.0
Tsna Tambov 1-1934 8.8
Klyazma Gorodok IX -1939 3.2
Oka Orel VIII -1939 3.2

Vetluga Veoluga 111 -1940 1.6
Kazanka Kazan III -1940 11.2
Sura Penza VIII-1940 1.4
Chusovaya -V -1942 0.8

Belaya Ufa IX -1944 2.4
Vyatka K irov III1-1941 2.4

Cheptsa Glazov VIII -1941 3.2
Kama Perm 111-1944 4.0
Samara Buzuluk VIII -1938 1.7
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A direct measurement of the total radioactivity of water samples from
the Volga, taken in the summer of 1960 near the towns of Saratov and
Volgograd, showed complete agreement between the values of the specific
radioactivity determined by computation and experimentally. As can be
seen from Table 92, the computed K40 specific activity of the Volga varies
from 0.4.10l12 to 4.0.10-12 curie/liter. The measurements showed that near
Saratov the radioactivity of the Volga was 5.7.10-12 curie/liter, and near
Volgograd 3.7.1 0-2 curie/liter.

The radioactivity of the Ural River is higher than that of the rivers of
the Volga basin. This is due primarily to the fact that the Ural River and
its tributaries flow through a territory rich in igneous crystalline and meta-
morphic rocks. Table 93 gives figures which characterize the magnitude
of the natural radioactivity of rivers of the Urals and of some rivers of the
North Caspian.

TABLE 93. K
45

radioactivity of rivers of the Urals and the North Caspian

Specific radio-
River Point Month and yeat activity,

101 2 curic/liter

Ural Orenhurg III1-1943 9.6
Gur'ev 111- 1935 21.6

Or' Aulsovet No.7 [village council]' VIII-1938 22.0
Ilek Aktyubinsk{ I1- 1941 11.2
Emnba Dyuseke site 111 -1941 27.2
Ternir Leninskii kollshoz V - 1941 21.6
Sagiz V III-l1934 171.2
Ui Tal-Toga village 111 -1941 16.0

*[Aul is a village of a constant type of the previously nornadic nations: Kirghiz, Tartars, and others.

R ac i oa ct iv it y o f Ca u ca s ian ri v er s. The complexity of the
Caucasian mountain chain is responsible for the great diversity in the
natural radioactivity of Caucasian rivers, whose physicochemical properties
often differ greatly even within a comparatively small territory.

TABLE 94. K40 radioactivity of Caucasian rivers

Specific radio-
River Point Month and year activity,

10"
2

curie/liter

Urup Armavir XII -1938 1.6
Belaya Maikop III -1936 2.4
Kuban Krasnodar III - 1940 2.4
Kalaus Petrovskoe village XII - 1938 724.8
Kurna Budennovsk [now Prikumnsk] 11 - 1941 36.8
Terek Ordzhonikidze It - 1936 4.0
Sunzha Grozny X - 1936 5.6
Surngit-Chai Perekishkyul' village IX - 1941 190.0
Lenkoranka Lenkoran X - 1943 2.4
Tala-Chai Zakataly tX -1941 4.0
Kura Tbilisi IX - 1942 2.4
Sochi Sochi it - 1936 2.4

Tuapse Tuapse IV - 1938 1.4
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As can be seen from Table 94 the radioactivity of Caucasian rivers
varies over very wide limits, from .4.10-12 to 7.2.10-10 curie/liter.

In 1960 the Kuban and Sukko rivers had specific radioactivities of
(4.2 ± 0.3).10-12 and (1.2 ± .3).10-12 curie/liter, the Podkumok River
3.7.1 0-12 curie/liter and the Teberda River 0.64.10-12 curie/liter.

Radioactivity of the water of some rivers in Kazakh-
stan and Soviet Central Asia. This large territory, covering
one of the world' s largest internal drainage regions, the basin of the Aral
Sea, the Lake Balkhash and anumber of other smaller lakes, contains a
large number of large and small rivers, whose waters have very different
radioactivities, diverse ionic compositions and differing hydrochemical
regimes. The reason for this exceptional variegation in the hydrochemical
character of the rivers is the great differences in the physicogeographical
conditions of the area through which the rivers flow.

The data of Table 95 illustrate the extremely wide variations in the
natural K40 radioactivity of this basin' s rivers.

TABLE 9. K radioactivity of rivers in Kazakhstan and Central Asia

Specific radio-
River Point Month and year activity,

10.12 curie/liter

Irgiz lrgiz village VII -1940 60.8
Turgai Tusum settlement VIllI-1940 1236.8
Atrek Kizyl-Atrek urban settlement 1-1947 17.6

Lyuch-ob Dushanbe II -1942 0.4
Amu Darya Termez VIlI- 1938 5.2
Shirabad Darya Kishlak [village] Shirabad II1-1942 92.8

Chirchik Khadzhikent I -1943 1.2
Syr Darya Kazalinsk XI -1943 8.0
Assa Maimak urban settlement 1- 1938 6.2

Chu Kochkorka village IV-1943 2.5
Lepsa Lepsy urban settlement V -1941 0.6
Malaya Almaatinka Alma-Ata 11-1942 1.3

TABLE 96. K 
40

radioactivity of Siberian rivers

Specific radio-
River Point Month and year activity,

i0-52 curie /liter

Biya Biisk VIlII-1945 1.9
Tom Tomsk V-1942 0.6

Kiya Mariinsk IX -1942 0.8
Om Kalachinsk 11- 1934 24.0

ishim Akmolinsk III1-1940 103.0
Ui Troitsk VIII-1941 4.8
Tura Turinsk II1-1945 1.2
irtysh Omsk III-1945 4.1
Ob Barnaul VI -1942 2.4

Novosibirsk V -1945 0.6
Kacha Krasnoyarsk VII-1936 4.0
Ushakovka Irkutsk 11- 1941 2.2
Angara "Vil- 19 27 0.6
Yenisei Krasnoyarsk VII -1936 0.3
Lena Yakutsk IV -1941 22.4
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R adio a ctivity of Siberi an rivers. The chemical composition
and radioactivity of river water in the large area of Siberia also vary widely.

Table 96 gives data characterizing the specific K40 radioactivity of
some Siberian rivers.

R ad i oa ct iv ity o f r iv e rs o f t he b as i ns o f t he B al1ti c
S ea, A rc t ic O c ean a nd Pa ci f ic O c ean. Part of the data of
Tables 97 and 98 was obtained by direct radiometric measurement of water
samples taken in 1960, and part by computation from hydrochemical data.

TABLE 97. K radioactivity of individual rivers

Specific radio-
River Point Month and year activity,

1012 curie/liter

Neman Sovetsk V -1960 3.4
Western Dvina Riga VI -1960 21.7
Neva Leningrad VI -1960 3.0
Yana Verkhoyansk VII -1927 0.2
I ndig irka VII -1936 0.8
Kolyma IV -1943 0.8
Taimyr IV -1943 0.4
Chita Chita IV -1947 0.3
Shilka Sretensk 11 -1946 1.6
Amur Khabarovsk X-i960 8.4
Amur Komsomolsk-on-Amur X - 1960 32.0

Since the chemical composition of river water is not entirely uniform
either along or across a river, the radioactivity in different parts of
rivers can be significantly different, particularly where tributaries join
the river.

TABLE 98. K radioactivity of the Neva and its tributaries

Specific radioactivity,
River Sampling place i0~ 12curie/liter

Neva Upper reaches 0.7
Below Slavyanka River 3.0

Below Chernaya River 10.0
Below Yekateringofka River 12.0
Before Vasil'evskii Island 10.2
Estuary (at the ank) 23.4 -41.1
Estuary (in the middle) 9.7 -12.4

Fontanka Leningrad 15.0 -21.5
Moika 12.7 -15.0
Chernaya 36.1 -69.0
Y ekateringofka 38.0 -63.0

Bypass channel 520.0 -130.0
Gtiboedov Channel 21.7
Vvedenskii Channel 5.1 -22.0
Kryuko.' Channel '75.0

The water of a tributary which flows into the river first flows in a
separate current near the side on which it entered, and only at some
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distance below the tributary mouth does it mix completely with the water of
the main river. The distance necessary for full mixing depends on the
width and depth of the river, on the flow velocity, etc. The slope of the
bank is very important; the larger the slope, the smaller the distance at
which full mixing occurs.

The influence of the radioactivity of tributaries on the radioactivity of
the main river near the place at which the trib r~,aries enter is well
illustrated by the data of Table 98. The water of the Neva River, its
tributaries and channels was investigated in 1960. In some cases up to
10 liters of water were sampled for the radiometric analysis. It follows
from Table 98 that, whereas near its source the specific radioactivity of
the Neva was 0.7.10-12 curie/liter, at its mouth the Neva has an activity
tens of times as high, due to the addition of tributaries with higher con-
centrations of radioactive substances.

In the middle of the mouth the specific radioactivity is considerably
lower than at the coast, which indicates insufficient mixing and the in-
fluence of tributary water.

6. RADIOACTIVITY OF LAKE WATER

The radioactivity of a lake is closely related to the chemical composition
of the water of its tributaries and its underground sources. But despite
the fact that lakes are fed mainly by rivers, the radioactivity of the lake
may differ greatly from that of the rivers. For example, the water of the
Nura River, which falls into Lake Tengiz, has a specific K40 radioactivity
between 8.8.10-12 and 3.6.10-11 curie/liter, whereas the radioactivity of
Lake Tengiz is much higher. Investigations of the potassium content in
the water of this lake at different times gave the following potassium con-
centrations /12/:

X lo-, %1

25 April 1956.38.0
10 October 1956..........76.4
10 November 1956.........60.0
22 April 1957 .......... 29.9
27 August 1957 ................. 70.0

The specific radioactivities corresponding to the extreme potassium
concentrations are approximately 2.3-10-10 and 6.1-1 0-10 curie/liter.
Similar relationships between the radioactivity of lake water and of the
water of its tributaries are observed for Lake Sevan. Thus, the mean
potassium content of Lake Sevan is estimated at 21.4mg/liter, and of its
tributaries 2.7 mg/liter /20/, corresponding to a K40 activity of .7.10-11
curie/liter for the lake and 2.1.10-12 curie/liter for the tributaries. The
main reason for this difference is the slower runoff of lakes, so that
water spends a considerably longer time in them than in river beds. Under
appropriate climatic conditions this obviously contributes to an increased
water radioactivity due to evaporation.

When the lake is situated in a zone of excess moisture and the water
inflow exceeds the evaporation, there is water runoff from the lake. In
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this case, the total radioactivity of the lake differs only slightly from that
of the rivers, and is generally low. For example, the radioactivity of
Lake Ladoga near the town of Priozersk is (8 ±2).10-13 curie /liter and the
radioactivity of the Neva River is 710-13 curie/liter.

The opposite occurs in dry climates. Due to the excess of evaporation
over inflow, there is little or no runoff from such lakes, salts accumulate
and the radioactivity of the lake rises. This explains the considerably
increased radioactivity of the lakes of Central Kazakhstan. According to
a number of authors /22, 23/, the potassium content in such lakes reaches
570 mg/liter. The potassium concentration in Lake Teke is 340 mg/liter,
corresponding to a 40 activity of 2.7.10-10 curie/liter. The potassium
content in Lake Kyzylkak reaches 390 mg/liter, corresponding to an activity
of 3.1.10-10 curie/liter, and the potassium content in Lake Seksembaisor
reaches 570mg/liter, corresponding to 4.5.10-10 curie/liter. Lakes in the
north of the Soviet Union, where moisture is great, contain considerably
less potassium and are thus appreciably less radioactive. The lakes of
the Karelian isthmus contain the following amounts of potassium and
sodium ions /9/: in Lake Piktya-Yarvi 0.3-2.0mg/liter, in Lake Kauk-
Yarvi 1.02-2.9 mg/liter, etc.

A particularly high water radioactivity is observed in salt lakes. In
some salt lakes near Kotlas the potassium concentration reaches
13.2 g/liter /34/, corresponding to approximately 110-8 curie/liter.

An important radiological peculiarity of lake water is the fact that often
the radioactivity at different points in the same lake may be very different.
These differences are particularly large in elongated lakes with different
parts in different water-exchange conditions. A good example of these is
Lake Balkhash. The potassium concentration in this lake rises by approxi-
mately a factor of five from the inlet of the Ili River to the opposite coast.
Using the data of / 19 / on the lake' s potassium content, we find that its
radioactivity varied between opposite points at its west and east from
4.2.10-11 to 2.2.10-10 curie/liter (July-August 1941).

TABLE 99. Radioactivity of large lakes

Specific radio- Specific radio-
Lake actIvI Lake activity,

1O'12curie/liter 101'2 curie/liter

Baikal ........ 0.9 Chudskoe ........ 1.8
Balkhash 220 Great Salt Lake (USA) . 15.4
Valdai ........ 0.5 Geneva ......... 0.7
Ladoga ........ 0.8 Lacul San (Rumania) 2.8
Onega ........ 0.2 Dead Sea . .4.1
Sevan ........ 17.0 Michigan ......... 0.8
Teletskoe ...... 0.3 Tamenhicos (Chile) .. 16.8

But the largest differences in the radioactivity of the same lake are
observed in coastal zones, in detached bays and gulfs, particularly if
rivers flow into them. Table 99 gives computed data characterizing the
radioactivity of a number of large lakes.

The radioactivity of bottom deposits in lakes, as well as in other basins,
is determined primarily by the potassium concentration. The mean
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radioactivity of bottom deposits of Ladoga Lake is (2.7 ±O0.3) .1O0- curie /kg.
The mean radium content of bottom deposits in Lake Onega is 9.2.10-10%
in Lake Konchezero 8.3-10-10 %, and in Lake Baikal 19.5.10-10 % /16/.

7. RADIOACTIVITY OF UNDERGROUND WATER

Underground water can be divided into three basic types /18/:
a) soil water;
b) groundwater;
c) middle water.
Soil water lies near the surface after being formed by atmospheric

precipitation and its radioactivity is determined primarily by the amount
of dissolved potassium washed out from the soil. Groundwater is the term
applied to water which accumulates in the confining rock bed nearest the
surface. Its radiochemical composition is also determined by the amount
of soluble radioactive compounds in the soil it washes. Middle water is
an accumulation of water between confining beds of rock.

The concentration of radioactive isotopes in soil water is greatly
affected by meteorological and climatological conditions. When evaporation
exceeds moisture, the radioactivity of soil water may'reach very high
values. Thus, the K40 radioactivity of soil solutions in the Golodnaya
Steppe [Bet Pak Dala] reaches 5.6-10O9 curie/liter /13/, in the Fergana
steppes 9.7.10-10 curie/liter. The radioactivity of soil water of the northern
zone of the countryislow, (2.3±0.4).10-12 curie/liter in samples collected
on the Karelian isthmus. Soil and groundwater of the northwestern part of
the USSR has little radioactivity. Thus, the computed K40 radioactivity
of well water in some villages in this zone averages 3.2.10-12 curie/liter.
The radioactivity of well water of Babkovo is 0.8. lO'-1 curie /liter, of Yazl va
4.8.10-12 curie/liter, and of Militino villages 6.8* 10-12 curie/liter.

In deep and strongly mineralized water the potassium content is generally
higher. For example, in the water of Cambrian deposits (a well in the
Povarovka village) at a depth of 175Gm the potassium concentration reaches
1.22 g/liter / 39/, corresponding to 9.6-10010 curie/liter.

Table 100, which is compiled from the data of /39/, shows that the
radioactivity of artesian waters is dependent more or less linearly on the
total salt concentration.

A high potassium concentration was also found in mineralized water of
ancient Paleozoic Belorussian deposits. The potassium content in water
taken from the region of the town of Minsk reached 00 mg/liter, of
Bobruisk 80 mg/liter, of Drissa 89 mg/liter, etc. /21 /.

The potassium content in water of Bibi-Eibat oil strata is estimated
at from 400 to 1300 mg/liter /35/. The radium content in this water
reaches 9.5.1 010 g/liter, and the uranium content 110-" g/liter.

Soviet investigators were the first to establish that water of oil strata
may contain a considerable amount of radium and of isotopes of the
thorium series, MsTh and ThX, whereas other radioactive elements, in
particular uranium and thorium, are present in much smaller amounts.

The radium content in water of Emba gas-bearing strata reaches
7.9-10'10 g/liter, and the uranium content 1.10-8 g/liter. The radium
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content in water of oil-bearing strata of west Turkmenia reaches 6.1.10O1
g/liter, and the uranium content 210-7 g/liter. The radium and uranium
concentrations in the surface water of this region are hundreds and
thousands of times lower than in the middle water /4. High radium con-
centrations were also found in water of the Fergana strata. In individual
samples of this water the radium content reached 4.3-10-'s g/liter /26/.
The highest radium concentration is observed in sulfateless water con-
taining an appreciable amount of barium, an element chemically similar
to radium. Investigations of water of Azerbaidzhan oil strata established
that the radium content reaches very high concentrations in hard water
(1.8.10-8 g/liter), but the highest uranium concentration is found in alkaline
water (of the order of more than 10-6g/iiter) /29/. The discharge of this
highly radioactive middle water onto the surface during well-boring creates
foci of increased radioactivity in the soil cover and often raises the radio-
activity of the water basins into which the water flows.

TABLE 100. Potassium content and radioactivity of underground water of the Moscow artesian basin

Specific

Lithology of the water-Total salt Potassium radio-
Water sampling place Lithoiogy ofthl a ter - Depth. m content, c on tent, activity,

beating layer ~~~~~~~g/liter mg/liter 11

c u rie / ie r

Orsha. ........ Limestones 6(1 0.2 2.5 2.0
Smolensk ... The same 1 30 0.D 4.8 3.8
Bryansk. ....... Dolomitized limestones - 0.3 1.8 1.4
Khiloso . ....... Limestones 10( 2.0 2.7 2.1
Soltsv clavs and maris - 8.0 62 49.6
Staraya Russa. ... The same 219 19.0 122 9 7.6
Yels<. ...... The same 2783 304 5330 424
Vologda. ..... Sandstones 900 201 236 188
Oparino. ..... The same 1354 8 2 1 104.5 836

The radium content in water from nonoil-bearing strata is always con-
siderably lower than the above figures, and only the ascending waters of
mineral sources may have radium concentrations exceeding these by more
than an order of magnitude. Vernadskii and Khlopin /7/ note in this
connection that of all known middle water, water of productive oil strata
has the highest radium concentration, reaching the order of 10-8 to
10-10 g/liter.

Exceptions to the general rule may be some parts of water tables which
belong, according to V. . Vernadskii s classification, to the class of middle
water. Thus, for example, the water of the Portugese granite massif
contains up to 2.1 5 1 0-8% radium / 45 /.

The thoriumn content in soil, ground and middle water is low and, with
rare exceptions, one to two orders of magnitude lower than the uranium
content. The smallest thoriumn amounts are encountered in the water of
uranium mines, an average of 20-7 g/liter, which is approximately two
orders of magnitude lower than the mean uranium and radium content in
this water.

The thoriumn content in the water of sedimentary and metamorphic rocks
is somewhat higher, reaching an average of 110-6 g/liter, which is approxi-
mately one order of magnitude low'er than the uranium content. In water
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gathered in igneous and sedimentary metamorphic rocks the thorium con-
centration is approximately the same as that of radium and uranium /32/.

Some nii~dle water contains an increased mesothorium content /42 I.
Thus, the radioactivity of underground water, as well as that of sur-

face water, is entirely dependent on the geochemical characteristics of
the rocks washed by the water. The most beta-active water is that of
artesian wells. The most alpha--active is generally the middle water of
oil fields. But the water with the most radium, radon and uranium is that
of the radioactive sources. In accordance with the adopted classification
radioactive sources include those whose water has a concentration of
radioactive elements exceeding, an arbitrarily chosen limit, 5 0-1 curie/liter
for radon, 1.10-10 g/liter for radium and 310 5 g/liter for uranium.

§ 8. RADIOACTIVITY OF WATER OF MINERAL
SOUR CES

According to the classification adopted in radiohydrogeology all radio-
active mineral sources are divided into the following three types, depend-
ing on which radioactive element prevails in their composition:

a) radon water;
b) radium water;
c) uranium water.
An additional classification is intermediate water, comprising radon-

radium, uranium-radium and radiurn-mesothorium water /28/.
Radon and radon-radium water are of particular interest in medicine,

since they are used successfully for many illnesses.

TABLE 101. Radium and radon content in the water of medical spas /5/

Source location Radium, Radon, emans Radon, Mach unitsl0-11 gAiter

Molokovka (Transbaikalia) 7.4 944 273
Ukhta (Komi ASSR) .... 748.0 13.5 3.7
Vishnegorskii (Urals) . ..... 0.1 176.0 48.0
Belokurikha (Altai) .. . . . .- 127.0 35.0
Yarnkun (Transbaikalia) .. . .- 2002.0 550.0
Slavyansk (Caucasus) . . . .. 21.4 23.3 6.4
lstisu No. 18 (Transcaucasia) . .. 37.0 2643.0 726
Dzhety-Oguz (Kirghizia) . . .. 6.0 1238.0 340

Matsesta (Krasnodar Territory) .. . I 5.1 0.7 2.6

Table 101 gives figures characterizing the radium and radon content
in medical waters at USSR health resorts.

In some mineral spas the radium concentration reaches exceptionally
high values. In the water of 'special" regions in France, the radium
concentration reaches .4.l0'0 lg/liter, in Austria .10-7 (Bad Gastein),
in the USA 310-7 (Colorado State), in Czechoslovakia 510-7 (Yakhimov),
inJapanupto7-10-7 g/liter /10/. Therichestradonwatersknownare those
of the uranium mines at Yakhimov. In some of them the radon concentration
reaches 1.8.10-6 curie/liter. /17/.
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Chapter 7

RADIOACTIVITY OF THE ATMOSPHERE

§ 1. THE ATMOSPHERE AND THE SOURCES OF
ITS RADIOACTIVITY

Atmosphere is the term applied to the gaseous envelope of the globe.
The mass of the atmosphere is approximately 5.27.1015 tons, which is
1/106 of the mass of the earth (5977.1021 tons).

With increasing altitude the density of the atmosphere decreases and
the physical phenomena taking place in it change. Several layers are
distinguished in the atmosphere. The lower layer, whose thickness in
temperate and polar latitudes reaches 10-li km and in tropical latitudes
14-17 km, is called the troposphere. Above the troposphere lies the
stratosphere. According to the International Union of Geophysics and
Geodesy, the term stratosphere should be applied to the air layer lying
above the troposphere up to an altitude of 40kin, and the term mesosphere
to the layers from 40 to 80 km. According to this nomenclature, the air
layer above 80km is called the thermosphere, since a strong temperature
rise is observed in this region. At present this layer is called the
ionosphere.

Atmospheric air consists mainly of nitrogen (78.09 %), oxygen (20.95%
and argon (0.95 %), with a constant admixture of small amounts of carbon
dioxide, hydrogen, helium, neon, krypton and xenon. The air also con-
tains ozone, methane, nitrogen oxide, carbon monoxide and other natural
and industrial gases, but in even smaller, variable amounts /26/.

The percentage composition of the air is illustrated by Table 102,
whose figures are taken as standard by a 1947 international agreement.
The atmosphere also contains water vapor and dust of terrestrial and
cosmic origin. As a result, the air as a whole is a colloidal solution of
finely dispersed substances /46/.

Depending on their method of formation and state of aggregation, all
radioactive substances permanently situated in the atmosphere can be
divided schematically into the following groups:

a) radioactive isotopes produced in the atmosphere by cosmic radiation;
b) radioactive gases entering the atmosphere from the terrestrial

surface;
c) radioactive isotopes entering the atmosphere from the terrestrial

surface together with dust particles;
d) radioactive isotopes entering the atmosphere together with cosmic

dust;
e) radioactive isotopes entering the atmosphere as a result of man!'s

activity;
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f) artificial radioactive isotopes entering the atmosphere as a result
of nuclear explosions or other causes.

TABLE 102. Composition of dry air

Gas Chemical formula Content, '/o by Molecular weight
volume

Nitrogen......... N2 78.09 28 .016
Oxygen........... 02 20.95 i32.000
Argon. ........... Ar a0.95 '39.944
Carbon dioxide ....... co, 0.03 44.011
Neon. ........... Ne i.810-1 20.183
Helium. ........... He .5.24 10-' 4.003
Krypton. ........... Kr i.Gi0-1 83.80
Xenon. ........... Xe 80C10.6 1:31.3
Hydrogen. .......... H2 .5.C10-1 2.016
Ozone.03 1.0.10.6 48.00

Mean molecular weight of dry air ............. . 28.966

The content of radioactive substances in the atmosphere, irrespective
of their method formation, is highly variable and depends greatly on
meteorological situations. Nevertheless, under any meteorological,
climatic or other conditions, the radioactivity of the lower layers of the
troposphere is due mainly to gaseous daughter isotopes of uranium,
thoriumn and actinouranium which enter the air from the terrestrial surface
and to radioactive isotopes of an aeolian origin. In the formation of the
tropospheric radioactivity, radioactive isotopes of other origins play a
secondary role. Variations in the various meteorological, climatological,
geochemical and other conditions occasionally lead to considerable varia-
tions in the concentrations of both dust of aeolian origin and of gaseous
decay products of heavy nuclei in the surface air layers. The specific
air radioactivity may therefore vary considerably not only with location,
but also with weather, season, etc.

§ 2. COSMOGENIC ISOTOPES AND RADIOACTIVITY
OF THE ATMOSPHERE

The radioactivity of the upper layers of the atmosphere is due mainly
to the presence of isotopes which are produced by collisions of cosmic
nuclei with nuclei of atoms of the atmosphere. Since the gaseous com-
position of the atmosphere up to an altitude of 80 km can be considered
practically uniform, and the flux of cosmic particles at any level can
also e considered constant, the rate of production of radioactive isotopes
and their concentration in the upper air layers are relatively stable.

The known list (Table 3) of radioactive isotopes formed by cosmic
rays is apparently far from complete.

The formation of cosmogenic radioactive isotopes begins with the
production of large members of neutrons by interactions between cosmic
particles and the atmosphere. The neutrons participate in nuclear re-
actions, producing relatively light radioactive isotopes. Almost all the

141



neutrons formed in this process are situated in the upper layers of the
atmosphere, at altitudes exceeding 9000m /2/. Most of these neutrons
interact with atmospheric nitrogen. The cross section for the reaction

N4(n, p )C' 4 is much larger than the cross section for the interaction of
neutrons with oxygen, argon, carbon or hydrogen. The total yield of
cosmogenic radioactive isotopes in the atmosphere therefore varies from
110 nuclei per minute per kg of air for C14 to 2.4.1 0- 2nuclei/min.kg for
p3 2 . Besides C' 4, tritium is formed in large amounts by cosmic rays.
Both these isotopes, their production rates,' distributions and other aspects
were considered in § 3 of Chapter and § 2 of Chapter 2.

The radioactive isotope of beryllium, B, was first detected in 1955
in rain water, which was subjected to complex chemical processing for
this purpose. After the isolation of beryllium from 250 liter of rain
water, it was spectrometrically analyzed using a NaI scintillation crystal.
The shape of the spectrum and the half life made it possible to identify
the isolated radioactive isotope as Be 7 /50/. Subsequent works /5'1, 61/
showed that this isotope forms in the atmosphere by fast protons in the
reaction

N'4 (p, 2a)Be'.

The rate of production of Be 7 in an air column with a base area of
1 cm 2 is of the order of 3024 atoms per 24 hrs. According to other data
/56/, the rate is 2300 atoms/CM2 -day. The Be 7 forming in the atmosphere
can enter compounds of the type BeG or Be(OH) 2 . These molecules diffuse
until they combine with aerosol particles or raindrops with which they fall
to the surface of the earth. The mean specific radioactivity of rain water
due Be7 is estimated at 45 disintegrations/min-liter, i.e., 2 01 curie/liter.
The specific radioactivity of snow is somewhat lower, 1.4.10-11 curie per
liter of water formed from the snow /50, 83/. The mean Be 7 concentration
in the air is estimated at 12.1 atoms/liter, which corresponds to an activity
of approximately 610-'7 curie per liter of air /56/. The rate of production
of the isotope Be 7 in the atmosphere by cosmic rays at various altitudes
and geomagnetic latitudes is characterized by the curves given in Figure 2.
The rate of production of Be 7 in the stratosphere is 5 atom S/CM 2 .min and
in the troposphere 1.3 atoms/CM2 -min /39/.

In addition to Be 7 , another radioactive isotope of beryllium, Be10 , has
also been detected in atmospheric air /61, 67/. Its rate of production was
computed to be approximately 3-6 atoms/CM2 .min, or (-2).106 atoms/cm

2 .
-year /83/ (approximately 510-16 curie per year per liter). According to
data of other authors /73/, who investigated red mud taken from the bottom
of the Pacific Ocean at a depth of 2000 m in the region 28'N lat. and 125'
E long. , the rate of production of Bell in the atmosphere should be con-
siderably higher, since the deposition rate of Bel0 per unit area of the
ocean bottom is estimated at approximately 2.31.106 atoms/CM2 .year.

Reaching the earth' s surface and surface air layers, beryllium enters
the food chains and exchange processes of plant and animal organisms.
The distribution of Be 7 in animal tissues is illustrated by the data of
Table 103. These data were obtained /55/ in experiments with rats, into
which carrier-free Be 7 was introduced intramuscularly.

In addition to the radioactive isotopes listed, p3
2 

3 3 S and other
isotopes have also been found in atmospheric precipitation. The production
mechanisms of these and other radioactive isotopes by cosmic particle
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interactions with air nuclei are very different. Whereas radioactive
carbon and tritium are formed mainly by collisions of cosmic particles
with nitrogen atoms, the formation of radioactive sulfur is explained by
the disintegration of argon nuclei. The radioactive isotope of sulfur was
isolated from rain water collected at two places in India /62/.

The investigations showed that one liter of collected water samples con-
tained from 1.0-101tol.2K0 6 S3 5 atom s.

TABLE 103. Distribution of the isotope Be' in rat tissues /5-5/

Ist day 4th day 16th day 64th day

Tissue %p er do 
0

per do per do <lper 3to

________________________organ per g organ per g organ perg Iorgan per g

Heart . . <0.11 < 0.11 0.08 0.10 0.01 0.09 < 0.08 < 0.08
Lungs .... . 0.56 0.20 0.39 0.16 0.43 0.13 0.1 2 0.04
Spleen .. . . 0.1 1 0.17 0.23 0.31 0.20 0.29 0.17 0.22
Blood ... .1..... .99 0.14 2.0 1 0.13 1.44 0.11 0,24 0.0 1
Liver ... .1..... .04 0.64 9.60 1.09 5.25 0.48 0.48 0.05
Kidneys .... . 3.14 1. 65 1.96 0.96 0.84 0.45 < 0.15 0.06
Adrenal glands .. ..... <0.11 < 0.08 < 0.07 < 0.08
Thyroid glands. .- --- < 0.11 < 0.08 < 0.07 0.08
Lymphatic glands ...... <0.11 0.16 0.07 < 0.08
Pancreatic glands.- --. <,0.11 <0.11 0.16 0.13 0.09 < 0.07 < 0.08 < 0.08
Brain... . .< 0. 11 < 0. 11 0.08 < 0.08 < 0.0 7 < 0.07 < 0.08 < 0.08
Fat............ .. < 0.11 0.08 < 0.07 < 0.08
Stomach.. . .< 0.17 0.06 0.21 0.05 0.12 0.04 < 0.08 < 0.08
Large intestine . . 1.76 0.22 0.60 0.08 0.34 0.02 0.08 0.008
Small intestine . . 0.12 0.11 0.52 0.05 0.27 0.04 0.11 0.009
Skeleton .. . . 29.4 1.90 2.0 2.03 28.8 1.55 2 7.0 1.44
Muscles .. . 1.88 0.019 2.35 0.021 1.60 0.014 1.97 0.012
Skin ... . . 0.6 7 0.02 0.70 0.02 0.41 0.01 0.21 0.006
Brain appendix .. ...... <0.21 < 0.08 < 0.07 < 0.08
Eyes... . .< 0. 11 < 0.11 0.08 0.21 < 0.07 <0.07 < 0.08 < 0.08
k productive glands . . . .ii 0.06 0.16 0.05 0.09 0.04 <06.08 < 0.08
Urine ... . .42 38.1 43.5 54.5

Excrement . . 11.9 10.9 16.4 15.0

The radioactive isotopes of phosphorus, P-32 and p3 3.1 are considered
by some authors /72/ to be produced by the disintegration of Arl0 nuclei
by high-energy cosmic particles, probably mainly neutrons. According
to data of these authors, the mean 3 2 concentration in the atmosphere is
approximately six atoms per cm 3 of air.

The appearance of radioactive sodium (Na 2 2 ) in the atmosphere is also
considered to be the result of disintegration of Ar40 by cosmic particles.
The mean concentration of Na 22 in rain water is estimated at approximately
34 atoms per g of dry residue from this water /78/.

An investigation of the radioactivity of rain water collected in Rio de
Janeiro gave a Na 2 2 water radioactivity which varies somewhat from
season to season but averages 0.01-0.03 disintegrations/min-liter, i.e.,
1.10-14 curie/liter /78/.

Radioactive chlorine is formed by the interaction of atmospheric argon
with p-me sons. It is assumed that this reaction proceeds as follows:

Ar 40 ± I --+C1 3 + n +v.
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The detection in atmospheric precipitation of radioactive argon Ar 41 ,
with a half life of 109 min, is reported in /35/. Radioactive argon is
probably formed by the reaction

Ar40 ± n -+ Ar41.

3. EMANATIONS AND THE RADIOACTIVITY OF
THE AIR

A number of investigations, beginning in the first decade of the 20th
century, established that atmospheric air contains radioactive substances
and that its radioactivity is due primarily to the presence of radon. The
data obtained in subsequent works confirmed these investigations, and at
present it is generally known that the element which determines the degree
of air radioactivity is radon. The contribution of all other radioactive
isotopes to the total radioactivity of the air is considerably smaller than
the radioactivity from radon. The surface air layers contain all three

*radon isotopes: radon, thoron and actinon. The rate of arrival of these
radioactive emanations in the air from soils or rocks corresponds to the
rate of decay of the parent elements, uranium, thorium and actinouranium.
Mixing with the air which fills the pores and capillaries of soils and rocks,
the radioactive emanations and their decay products enter the air from the
soil by diffusion and mechanical exchange of the soil air with the atmos-
pheric air and spread by vertical and horizontal wind currents in various
directions. Studies of the mechanism of the atmospheric dispersal of
emanations have shown that variations in the concentration of radon and
its decay products depend more on the vertical than on the horizontal
displacements of the wind currents /93/.

Studying radon release from a mineral containing a parent element,
I. E. Stanik /35/ established that the emanation of radioactive gases by a
mineral is a volume process, in which the diffusion of the radioelement
takes place along the network of capillaries existing in the crystal. Leaving
the mineral and entering the air, these gases generally remain as free
atoms, so that when the air is passed through filters, practically all the
radon passes through /15, 48, 69/.

The decay products of radon, which possess a high adsorptional affinity
to many finely-dispersed substances situated in the atmosphere, "combine"
rapidly with them, forming radioactive aerosols. It has been established
that not less than 50 % of all the radioactive decay products of radon are
adsorbed on various aerosols /15/.

The decay of radon proceeds by the following schemes.
1. The decay scheme of radon:

Rn -LL' RaA -~RaB

RaC' I1-sec

a;~ \

-~RaG 19 l7rnl/ N RaD ~-~RaE 4.'If
1.32 min/

'RaC"/

R F140 da-ysRG
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2. The decay scheme of thoron:

94sec Ol~~~sec O6 hOurs
Tn -cThA -e-. ThB --a a

ThC'
/0\.9 1 0- sec

-+ThC 605 mi ThD.

3.1lmin/

*ThC"/

3. The decay scheme of actinon:

1. AcC' \10.3 sec
3.9sec 2l10- sec 2316mm n/ a 

An ----- AcA -- pAcB AcC CAcD.~0a a c \ 2.7 mmi

Garbalyauskas /14/ estimated that about 122 tons of radon escape into
the atmosphere daily. It follows from the above schemes that thoron and
actinon and their daughter products have very short half lives. The
behavior of radon and of its decay products in the air is different. Most
of the mass of radioactive daughter elements is adsorbed on dust particles
and gradually falls to the earth' s surface, as a result of which radioactive
equilibrium between radon and its daughter products is not established in
the atmosphere /53/. The total content of radioactive emanations in the
surface atmospheric layer is highly variable, 210-12 to 2.10-'1 curie/liter.
In closed places radon accumulates, resulting in an increase in the air
radioactivity. The mean radon radioactivity of open air in Moscow is
(1- 6) .10-13 curie/liter. The radon concentration in closed places exceeds
their concentration in the outside air by a factor of 4-6. The radioactivity
of cellar air is 8-25 times as high as that of the external air /18/. The
mean radon concentration in the air of various populated pilpees in the
Soviet Union is shown in Table 104.

TABLE 104. Air radioactivity due to radon at various Soviet points

Specific radio-
Place of measurement Year of measurement activity , Literature source

10-'3 curie/liter

Arlkhan~elsk . . .. 1938 0.17 9
Dyushanbe 1959 0.61 41
Kremenchug . . .. 1952 2.60 25
Kiev ....... 1959 0.46 47
Leningrad . . . .. 1927 0.05 24
Leningrad . . . .. 1957 0.40 44
Moscow .. . . . . 1960 1.0- 6.0 18
Odessa .. . . . . 1959 0.50 47
Northern Dvilia (estuary) 1938 1.4] 9
Kharkov . ......... 1959 0.14 47
Elbrus Mountain 1938 0. 26 -5.10 8
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According to this table, the radon content in the air of various places
in the Soviet Union ranges from the order of 10-15 curie /liter to 10-13
curie/liter.

Table 105 gives data characterizing the radon content in the air in various
non-Soviet towns.

TABLE 105. Radon concentration in the atmospheric air of various towns on the globe

Mean specific
Place of measurement Year of measurement radioactivity Literature source

10-" curie/liter

Amsterdam ........ 1938 2.3 54
Washington 1957 1.72 74
Yokosuka ........ 1957 0.54 74
London. .......... 1950 5.92 58
Leghorn. .......... 1958 1 - 10 49

Manchester. ........ 1950 7.89 58
New, York 1950 0.68 65

Panama ......... 1951 0.008 7 52
Puerto Rico. ........ 1951 0.0009 52
San Francisco ...... 1951 0.97 52
Chicago.1951 0.235 52

It follows from this table that the radon content in the air and, con-
sequently, the radioactivity of the air at various points on the globe can
differ greatly. Thus, whereas in Leghorn the radon concentration in
some periods of the year reaches 1.0.10-12 curie/liter, in Puerto Rico
the specific activity of the air due to radon is only 9.10-17 curie/liter.
Such a large amplitude of radioactivity variation is characteristic only of
the air. Other substances of the biosphere, in contrast to the air, have
a considerably more constant radioactivity.

The thoron content of atmospheric air is considerably lower than that
of radon. This relationship is well illustrated by the values obtained in
the measurement of the air radioactivity near the town of Dyushanbe / 41/
It was found out in this investigation that the concentration of radon atoms
in the air is 1.9 atoms/cm3 , whereas the concentration of thoron atoms is
approximately four orders lower, 1.8 3-10-4 atoms/cm3 . Data agreeing with
these figures were also obtained in other investigations (see, for example
/ 1 5/), acc ording to which at a height of I1- 2m from the earth' s surf ace the
mean thoron concentration is of the order 1.4-10-4 atoms/cm3 , correspond-
ing to an activity of 210'14 curie/liter.

An even smaller contribution to the total air radioactivity is made by
actinon due to its very short half life and the lower abundance of its parent
element, actinouranium. In addition to radon, thoron and actinon, the air
also contains very small number of atoms of other radioactive isotopes,
including those which enter the air as recoil nuclei in the disintegration of
heavy elements /12/. However, the range of recoil inuclei in air at normal
atmospheric pressure is only about 0.1 mm. Their further spreading in
the air is therefore facilitated only by molecular convective diffusion.

Along with the above-listed radioactive isotopes, atmospheric air should
also contain some amounts of the inert gas Kr 8 5 , with a half life of 10 years.
Kr 85 is formed in the surface cover of the continents as a result of
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spontaneous fission of uranium /75/. Other radioactive gases of non-
emanational origin and not belonging to the radioactive isotopes which are
produced by cosmic rays may also be present in the atmospheric air.
However, on the basis of current investigations it can be considered
certain that under the most diverse combinations of circumstances the main
alpha-emitter in the troposphere is radon.

§ 4. VARIATIONS IN THE RADIOACTIVIT'Y OF
ATMOSPHERIC AIR

The rate of formation of radon in the mantle rocks in a given region is a
constant, depending only on the concentration of the parents of the radio-
active series in these rocks. The emanation of radioactive gases into the
atmosphere, however, is a very unstable process which depends on a

number of conditions. Therefore, despite the fact that the content of
uranium, thorium or actinouranium in any specific geographical region
is practically constant so that the quantity of radon formed in these rocks
is also constant, the radon content in the air may vary over fairly wide
limits. Thus, an investigation of the air radioactivity in the town of
Arkhangelsk gave as the lowest and highest concentrations of alpha-
radiators in the air of this town during the year 510-15 curie/liter and
7-10'14 curie/liter /17/.

These large variations in the air radioactivity at a single geographical
point are due to variations in meteorological conditions and to climatic
and other factors connected with temperature, pressure, humidity, rate
of displacement of the air, morphologic state of the soil, etc.

The diurnal variation in the radioactivity in the atmosphere is therefore
a complicated function of a number of factors, and its determination re-
quires the determination of the process which most significantly affects
the radon concentration in the surface air layer at the given moment. The
data of Table 106 may serve to characterize the range of diurnal variations
of the natural air radioactivity.

An examination of Table 106 shows that in individual cases the extreme
concentrations of both alpha- and beta-radiators at the same point differed
by 1-2 orders in the course of 24 hours.

The maximum air radioactivities are generally observed during the
night and morning, the minimum radioactivities in the afternoon. This
regularity is well displayed when the emanation process proceeds without
meteorological complications and the radon distribution in the atmosphere
is brought only by turbulent air exchange.

The afternnon minimum is then due to the fact that the most intensive
mixing of the atmosphere occurs at these hours, resulting in an equaliza-
tion of the radon concentration with height and, consequently, in its de-
crease in the surface air layer.

In a particular experiment, whose results are presented graphically
in Figure 13, it was observed that on windless nights with stable air
stratification, the difference in the radon contents at heights of 1 and 1 3 m
from the soil surface is comparatively large. The night concentration
increase, observed first at a height of m, spreads upward toward morning
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in a somewhat weaker form. The strong midday convection reduces the
differences between the radon contents at various heights. Thus, the
radon concentration in the surface air layer is inversely dependent on the
temperature of the external environment. In clear, cloudless weather this
dependence is clearly pronounced, but under a clouded sky the difference
between night and midday radon concentrations decreases sharply /39/.

TABLE 106. Mean and extreme values of the natural radioactivity of the atmosphere /25/

Concentration in the air

of radon of alpha-radiators of beta-radiators

Point DateE EE 22 E

a X c a s<~ ~ ~ a- X 

In the vicinity of ores 7.IX.1959 3.9 17.0 0.1 - - - - - -

and open emanation 7.IX.1957 4.0 32.0 0.5 - - - - - -

sources. ....... 7.IX.1953 8.5 54.6 0.2 - - - - -

Kremenchug 1952 2.6 6.6 0.6 - - - - - -

Moscow .1..... .X.1955 1.0 1.8 0.35 - - - 1.9 4.0 0.4

Novo- Shikhovo village 1957 1.4 2.1 0.2 2.8 8.4 0.4 2.9 10.5 0.5

Rybnskwatr rseroir 1953 - 1954 0.9 1.6 0.2 2.0 4.9 0.5
9.X.1956 0.8 2.1 0.3 1.4 2.8 0.8 1.6 2.8 0.6

Norwegian Sea .... 6.VII.1958 - - - 0.1 0.7 0.03 0.08 0.5 0.02

A considerable decrease in the air radioactivity occurs during a strong,
prolonged wind. A sharp decrease in the radon concentration is observed

when an ice cover forms or when snow
22- or heavy rain falls, reducing emanation

lm from the soil. Such inhibition of the
2 13m emanation results in an accumulation

~~ 16 - -% - ~~of radon in the soil air. For these
U ~~~~~~~~reasons low radon concentrations in

c - the air are observed in the winter and. 0 auunlanorss
during auunladspringfrs,

6 ~~~~~~~during which ice crusts form over large6o 4 8 12 16 20 24 soil areas. However, the variation in
Time, hours the concentration of radioactive aero-

FIGRE13 Dirnl aritin n te lpa- sols (radon decay products) in atmos-
FciURty3 fiurnvrat hiton n the alpha- pheric air is far from similar to the

actviy f ar s eihtsof ad im '3~' variations in the radon concentration

itself. Thus, whereas during a strong
wind the concentrations of radon and of radioactive aerosols decrease
similarly, when the air temperature rises, the radon concentration de-
creases rapidly due to intensification of the air turbulence but the con-
centration of radioactive aerosols in the surface layer rises slightly. At
low air temperatures (from 0 to -20O) a relative rise in the radioactivity
of the aerosols of the atmospheric air on a background of a decrease in
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the radon concentration is also observed. This is due to the fact that low
temperatures cause the crystallization of water vapors into frost dust,
on which the radioactive decay products are adsorbed /27/.

The highest radioactive aerosol concentrations are observed for high
relative humidities. A rise in the relative air humidity creates favorable
conditions for the intensification of the condensation of water vapors and,
consequently, for the adsorption of radioactive decay products on them.
Table 107 gives the mean concentrations of alpha- and beta-radiating
aerosols in various weather conditions.

TABLE 107. Weather dependence of the radioactivity of atmospheric aerosols /3/

Concentration in the air, 101 curie/liter

Weather of alpha-radiators of hera-radiators

1957 1958 193 7 19,58

Clear, total cloudiness 0- 4, no
precipitation. ........... 1.4 1.0 2.2 1.9

Variable cloudiness, total cloudi-
ness 4- 7, no precipitation . 1.4 1.1 2.1 1.6

Overcast, cloudiness 7- 10, no
precipitation. ........... 1.5 1.6 2.2 2.4

Overcast, cloudiness 7- 10,
precipitation. ........... 1.7 1.5 2.9 2.4

Weather dependences of the concentration of radioactive radon aerosols
in the surface air layer are illustrated by 'Figures 14 and 15.

100
Chicago

10 rhAfric

ePiipns Alask

U ~~~~~~~~~~~~awai
U

Month of the year Month of the year

FIGURE 14. Dynamics of radon concentration in the air at various

geographical points /64/.

Figure 14 gives curves characterizing the variation in the concentration
of aerosols (decay products of Rn) which were collected by a filter over a
year at various geographical points. Figure 15 gives curves characterizing
the annual variations in the concentration of radioactive aerosols of the
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thoron series. The decay products of thoron were also collected by
air filtration.

It follows from the curves in these figures that the variations in the
radioactive aerosol concentration during the year are highly irregular and
only in the summer is a tendency to a decrease in the content of radio-
active aerosols observed at most of the places investigated.

Considerable differences have been detected between the concentrations
of radon and its radioactive decay products in the air of the continents and
in the air over the ocean, as well as between Arctic, Antarctic and tropical
regions. Styro /40/ states that the mean concentration of radon and its
decay products in the air over the ocean is approximately three orders
lower than that in the air over the continents. According to other data these
differences are somewhat smaller. Thus, direct measurements have shown
that the mean concentration of radon and its decay products in the air over
the Pacific Ocean far from the coasts is approximately 1.l01 5 curie/liter
/80/.

100
North Africa

E

U 10chiago 

\ hlippines/

Samoa

U
Alaska

II Elffy TFluff'T171 X la H Y Nff/Mr TIIU
Month of the year Month of the year

FIGURE 15. Dynamics of the thoron concentration in the air over various
geographical points /64/.

TABLE 108. Radioactivity of air masses at various geographical latitudes (relative
units) /13/

Air radio- Radioactivity of Ratio of precipita-
Type of air mass aciiy atmospheric tion radioactivity

activity precipitation to air radioactivity

Arctic ... . 9 50.6
Polar continental .... 100 100 1.0
Polar marine 37 38 1.0
Tropical ... . 82 126 1.5

A low air radioactivity is also observed in the Arctic and Antarctic
regions, due to the inhibition of radon emanation by the solid snow cover.
There, the radon concentration decreases considerably by decay before
reaching the atmospheric air. FPor example, the mean air radioactivity
in Antarctica is estimated at 1.10-15 curie/liter /88/.
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Table 108 presents statistically processed data on air radioactivity at
different geographical latitudes.

An analysis of histograms prepared for the study of alpha-tracks showed
that, irrespective of the place of the air mass and its concentration of
radioactive elements, all air masses contained the same radioactive
elements. A number of investigations established that the air radioactivity
due to radon may vary considerably with the sampling altitude abov,,e sea
level. For example, in studying the natural radioactivity of the air of the
Alps, it was found that the mean activity at an altitude of 675 mn reaches
about I 0 - 3 curie/liter and at an altitude of 1780m about I 0'-1 curie /liter
/90/. Another investigation /60/ showed that the radon concentration in
mountain air is considerably lower than in valley air. However, due to
variable meteorological conditions and the influence of many other factors,
such a regular stratification of the air radioactivity is not always observed.
For example, Figure 16 shows that when the cold air arrives in a valley,
"inversion" of the more radioactive air of the valley may occur and. then
the situation becomes temporarily the converse of the above. In this case,
the radon concentration does not decrease with increasing height, it
increases.

CIO

FIGURE 6. Air "inversion" for one-sided heating of
a valley slope.

A simple, direct relationship that the atmospheric radon concentra-
tion decreases with increasing altitude above sea level does not always
exist in nature. The decrease in air radioactivity with increasing
altitude is primarily due to the fact that while radioactive emanations
ascend to considerable altitudes, a definite part meanwhile decays into
stable elements. But if a region with an increased uranium or thorium
content is situated near the region under consideration, then the air en-
riched with radon, thoron and their decay products can penetrate into the
region with a moderate content of radioactive elements, upsetting this
simple stratification. Similar phenomena were observed in the Central
Alps, where the atmospheric radon concentration undergoes very sharp
variations, depending on the regions from which the air masses arrive.
When the air masses arrive from the south, i. e. , from a region with
an increased content of uranium ores, the air radioactivity in the Central
Alps rises by a factor of approximately 4.3 /89/.
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FIGURE 17. Radon stratification in the air over
Ohio /45/.

The solid and broken lines refer to two different

flights.

Airplane measurements of the air radioactivity at various altitudes
showed that at altitudes above 2300 m the radon content was low, and at

altitudes of 1000- 1200 m the concentration was

9 approximately 3.2.l0-'3 curie/liter. The air
/ ~radioactivity in this region increased with de-

creasing altitude, and at an altitude of 300- 400 m
I ~~it was 4.2-10-13 curie/liter, and near the ground

2 __ __ 4.9.10-13 curie/liter /2/. However, in investi-
gations of the atmospheric radioactivity, also

~~ 45 ~~~carried out by means of airplanes, but in other
climatic-geographical conditions, different data

/ ____ ____ were obtained. It was found in these investiga-
tions that even at an altitude of 9000 m relatively

1.5 -~Ihigh values of the natural radioactivity of the
atmosphere may be observed. Figure 17 shows

0 5 ~10 15 that in two airplane flights over Ohio the radon
concentration decreased with increasing altitude,

Radon concentration, reaching approximately 6 of the specific
relative units activity of the surface air at an altitude of 9000 m.

FIGURE 18. Radon stratification Figure 18 gives the results of two soundings of
in the air above the Gulf of the atmosphere over the Gulf of California. It
California /45/. follows from the curves that in both cases the

Thesoidandbrke liesreer radon concentration rose with increasing altitude.
the swoli difren lies rfr At an altitude of 9000 m the specific air activity

to to dffeent ligtswas approximately five times as high as in the

surface layer. This rise in the air radioactivity
with increasing altitude is explained by the authors /45/ as due to the ar-
rival from Asia of air with a high radon content in the high layers.

These investigations thus show that the stratification of radon in the
atmosphere depends on the motions of air masses.

A considerable influence on the radioactivity of the surface air layer is
exerted by the temperature and barometric pressure. In most cases rises
in air temperature and decreases in the barometric pressure are accom-
panied by an increase in the emanation of radon and thoron from the soil
cover /39/. The rise in the concentration of radon and thoron in the sur-
face air with increasing temperature is due to faster drying of the soil and
freeing of its capillaries from moisture.
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5. RADIOACTIVITY OF AEROSOLS

Along with the radioactive elements which are formed in the free
atmosphere by cosmic rays and the inert radioactive gases which enter
the air from minerals dispersed in the earth' s crust, one of the important
components in the formation of the total radioactivity of the air and of
atmospheric precipitation re solid aerosol particles containing natural
radioactive elements. A considerable part of the solid aerosols falls on
the earth' s surface together with rain and snow; another part settles by
gravity.

The causes of solid aerosols are:
1. A great role in the dusting of the atmosphere belongs to the wind.

As a result of 2colian erosion, which constitutes an important factor in
the modification of topography, a considerable amount of dust is always
found in the air ocean. The radioactivity of this dust depends on the con-
centration of natural radioactive elements (potassium, uranium and
thorium) in the initial materials (soil and rocks).

2. The second most important source f aerosols containing natural
radioactive isotopes are sea sprays. Due to convective air currents,
fine sprays picked up by the wind from the surface of an agitated sea may
be lifted to considerable altitudes and carried over large distances. During
such transports the moisture evaporates and tiny crystals of sea salt,
containing potassium, rubidium, uranium and other radioactive elements,
remain in the air.

3. Volcanic eruptions make a definite contribution to the overall radio-
activity balance of aerosols.

4. A large amount of radioactive isotopes enters the atmosphere to-
gether with incomplete combustion products.

5. Cosmic dust which enters from space or forms with the evaporation
of meteors passing through the atmosphere, also plays a role in the
formation of the natural radioactivity of atmospheric aerosols and pre-
cipitation.

The sizes of dust particles floating in the atmosphere are as variegated
as their origins, but investigations have shown that most of the natural
radioactivity of atmospheric aerosols comes from particles whose sizes
range from 0.01 to 0.04 p. The maximum activities, as established in
these investigations, are for particles of about 0.02 p diameter /70/. Near
the earth's surface large dust grains predominate. During sandstorms
particles of 1 mm and more are thrown into the air. The size of cosmic
dust particles is .5 p and less; volcanic dust particles, for example those
observed in the atmosphere after the eruption of the Krakatoa, were about
1 .8 pu in diameter. Since dust is transported in the atmosphere by random
turbulent air motions, its distribution in the air is far from uniform.
Sometimes, therefore, upper air layers may have more aerosol radio-
activity than surface layers. Thus, in investigating the stratification of
the air radioactivity over the territories of some French Departments it
was found in one case that the total radioactivity of aerosols collected at
an altitude of 1 0km was approximately 23 times that of the radioactivity
of the aerosols collected in the surface air lay er. The specific radio-
activity of the latter was 40'15 curie/liter /87/. On 22 November 1958
in the region of Paris the dust radioactivity per unit air volume at an
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altitude of 12 km averaged 220 times the radioactivity of dust collected in
the surface layer on the same day /68/.

In other investigations /59/ it was found that the natural radioactivity
of atmospheric aerosols greatly exceeds the contribution made by artificial
radioactive substances which have entered the atmosphere in the last decade
as a result of atomic weapons tests.

The rate of dust arrival depends on many circumstances. It has been
established that even a weak wind appreciably increases the amount of
dust in the air. If the soil is not dry and is covered with vegetation, a
wind is accompanied by an increase in the amount of dust in the surface
air. Further intensification of the wind only contributes to the spreading
of the dust to higher layers. If the soil is devoid of vegetation, dry and
with easily crushable particles (for example, chernozems), a particularly
large amount of dust is then carried into the atmosphere.

The main source of aeolian dust and, consequently, of aeolian radio-
activity is arid territories (deserts and steppes). Thus, during the black
storm" in the Ukraine on 2 6-27 April 1892, described by A. V. Voznesenskii,
the wind lifted more than 1.5.107 tons of chernozem dust from an area of
about 1 1 06 km2. Knowing the specific activity of chernozem soil (see § 6,
Chapter 4), we easily obtain approximate figures characterizing the total
amount of radioactive substances injected into the atmosphere during this
"black storm. " Calculations show that about 300 curies were thrown into
the atmosphere in this aeolian dust in the course of two days.

Lifted dust can travel large distances. The dust which was injected into
the atmosphere in the 1892 storm in the Ukraine rapidly spread over large
areas and in four days was observed in the region of the towns of Kaunas
and Petersburg [now Leningrad], and later in Stockholm and Yaroslavl.
During the Sahara winds dust from this desert reaches southern Europe.

The dust content in the surface air layer under normal conditions is
determined by the vertical temperature and wind distribution, and there-
fore the dust content in the lower layers of the atmosphere increases in
autumn and at the beginning of winter. With the fall of snow the air again
becomes cleaner. In summer the dust level is comparatively low; strong
ascending air currents then carry the dust from lower layers to upper
layers of thc atmosphere, reducing its concentration in the lower layers.

In investigations of the concentration of natural aerosols over various
regions of the Soviet Union, the highest concentration was observed in
Central Asia, where in summer at an altitude of lO00m it is estimated at
up to 200 dust particles per liter of air and, second, over the southern
regions of the European part of the USSR, 00 particles per liter. Over
other regions of the country the concentration averages from 10 to 40
particles per liter. Even in the air over the Black, Caspian and Aral
seas the dust content was 12 particles per liter /23/.

During a night inversion*, in a calm period dust descends from upper to
lower air layers and its maximum concentration in the surface air is
observed before sunrise / 91 /. As the solar radiation increases and the
air temperature rises, the dust concentration near the earth' s surface
decreases.

In the summer of 1959 an investigation of the radioactivity of solid
aerosol particles of aeolian origin was carried out. It was proposed to

*A temperature inversion in the atmosphere is a meteorological phenomenon in which the air temperature

rises with increasing altitude instead of its usual decrease with increasing altitude in the troposphere.

1802
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investigate aerosols which had participated in a prolonged migration in the
air. The methodical solution of this problem was as follows. Enameled
vessels with an area of 0.25 in

2 , in whose bottom some water was introduced,
were used for collecting the dust. The presence of the water ensured the
immobilization of the aerosols and protected them against being windblown.
The aerosols were collected in a forest zone with a humid soil on the coast
of Ladoga Lake, a distance of 7 km from the nearest populated point. This
location of the sampling point reduced to a minimum the possibility of dust
of local origin entering the vessel. The vessels were placed at a height
of 15 m above the ground. After an exposure of one month (with inter-
ruptions during rains) the contents of the vessel were poured into an eva-
porating cup, the water was evaporated and the solid residue was weighed
on an analytical balance. Two samples were collected in this way. These
investigations showed that the mean daily fallout of nonlocal dust is 35- 43 mg.
The specific activity of the fallen aerosols amounted to 4.6.10-9 and 8.9-10-9
curie/kg respectively. Consequently, the daily radioactive fallout per
square meter from the atmosphere together with aerosol precipitation was
1.6. 0-13 -3.8.10-13 curie. These data agree with the results of /77/, in
which the amount of potassium contained in atmospheric preicipitation
falling on open territories and in forests was studied. It was established
in these investigations that in the first case the annual density of potassium
fallout is 3 kg/ hectare, and in the second case 24 kg/hectare. Assuming
that the specific activity of potassium due to K40 is 8.lI0- curie/kg, we
find that, according to the data of these authors /78/, approximately
7.10-15 curie precipitated daily per square meter of open country and
5.10-14 curie per m2 in the forest.

In 1961 the radioactivity of dust deposited on the roof of one-story
buildings situated in a humid forest on the coast of Ladoga Lake was in-
vestigated. The potassium content was also determined in the collected
dust samples.

The total radioactivity of this dust was (3.2 ±0.7).10-9 curie/kg. The
potassium content, determined for five dust samples, was about 0.08 %/,
corresponding to 6.4.10-10 curie /kg due to K40. The results obtained in
the two cases agree to some extent, if we take into account that part of
the activity of atmospheric aerosols is now due to long-lived artificial
radioactive isotopes injected into the atmosphere in nuclear weapons tests.

The potassium content in atmospheric aerosols has also been determined
in other investigations (see, for example /84/). It was found that the
potassium concentration and, consequently, the radioactivity of aerosols,
is largely determined by the geochemical. composition of the surface cover
of the territory where they form. Borisov /5/, examining the chemical
composition of atmospheric dust collected in the town of Omsk, points out
that this composition closely follows the chemical comoosition of cherno-
zem soil. According to data of other authors / 63, 64, 71 /, the potassium
content in the upper layers of the atmosphere is due to its arrival together
with sea salts and volcanic and meteoritic dust. However, a considerable
part of the sea-originating potassium which is very soluble is washed out
of the atmosphere together with rains. Thus, according to Rozhdestvenskii s
data / 32 /, precipitation contains approximately 30- 4 g of potassium per
liter of water. The mean abundance of potassium in the atmosphere is
estimated as 3108 atoms/cm2 of an air column /75/.
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The K40 radioactivity of atmospheric precipitation fallen during
1953-1960 at various points in the Soviet Union is illustrated by the curves
in Figures 19 and 20. These curves were plotted by V. V. Chugunov for
the towns: Leningrad (the curve marked L on the figures), Arkhangelsk
(A), Moscow (M), Syktyvkar () and Riga (R) on the basis of data of the
Main Geophysical Observatory im. A. I. Voeikov on the chemical composition
of atmospheric fallout, including the potassium content.
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FIGURE 19. Specific K40 radioactivity of atmospheric precipitation.

For explanation see text.

The abscissa in Figure 19 gives the months and the ordinate the specific
activity of atmospheric precipitation in curies per liter. Curves marked 1
characterize the maximum activity of individual samples collected in the
corresponding month; those marked 2 characterize the mean specific
activity during the month,

The abscissa in Figure 20 gives the months, the ordinate, the density
of radioactive fallout in curies/kM2 . Curves marked 1 characterize the
maximum density of single fallouts recorded during the month; those
marked 2 give the mean monthly fallout density.

It follows from these figures that the K(40 radioactivity of atmospheric
precipitation rises appreciably in winter and decreases regularly for all
populated points in summer. This behavior of aerosol K40 radioactivity
is possibly connected with the heating seasons, i. e., with the intensified
potassium sublimation in wood burning during cold seasons.

These investigations detected cases of very large potassium fallout
which affected the total radioactivity of the precipitation. For example,
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the density of radioactive potassium fallout in Leningrad on 21 October
1958 was 1.3-10-7 curie/km 2. in Arkhangelsk on 5 August 1958 3.1 0- 6
curie/km2 fell in 30 min, in Moscow on 27 June 1953 710-6 curie/km2 fell
in 7 hours, and in Riga on 7-8 April 1959 1l10- curie/km2 fell in 15 hours.
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radioactive fallout.

For explanation see text.

Organic dust, consisting of plant pollen, bacteria, molds, insect eggs,
etc., may also constitute a source of radioactive aerosols. This kind of
dust is called aeroplankton. It has been recently observed that in fall and
early spring the air over Moscow contains very small Chlorella algae and
bryophyta spores / 1 1/. Aeroplankton can travel very large distances,
since they are a center of adsorption of very small natural and artificial
radioactive particles. For example, pollen of South American and African
plants has often been detected in atmospheric precipitation in Central
European towns.

A considerable amount of dust with relatively high radioactivity enters
various atmospheric layers as a result of eruptions, particularly volcanic
explosions. The ash ejected in the explosion of the volcano Krakatoa
(1883) traveled around the globe for 5 years, providing the inhabitant of
Moscow, Petersburg and other towns of the world with a spectacle of
luminous yellow-silvery clouds. The eruption of the volcano Katmai
(Alaska, 1912) was accompanied by such a large ejection of solid particles
that within 15 days the whole northern hemisphere was blanketed with
volcanic dust. Volcanic eruptions can probably explain the presence of
uranium atoms in the atmosphere, as mentioned in Styro's work /39/.
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In addition to aeolian and volcanic dust, the atmosphere has always con-
tained some amount of cosmic dust, which arrives from interstellar space.

Cosmic dust is divided into several types by its method of formation / 19/
a) dust forming as a result of physicochemical transformations of

meteorites which, flying into the gaseous envelope of the earth, partially
or completely disintegrate, leaving behind a thin trail of dust of inhomogen-
eous composition. This disintegration process takes place at high tem-
peratures;

b) dust which is the disintegration product of large cosmic bodies which,
penetrating through the air envelope of the earth, collide with the surface
with tremendous force, disintegrate and form fragments and very fine
du st;

c) dust which is collected by the earth when the latter, in its motion
through world space, comes into contact with clouds of finely-dispersed
cosmic matter, which enters the solar system from the galaxy.

The data on the total amount of cosmic dust which enters the terrestrial
atmosphere are highly contradictory. According to calculations made by
Young, about 100 tons of cosmic dust fall on the earth's surface daily.
Taking the earth's surface to be 5.1.108 k 2, we find that at this rate the
earth's surface receives 0.19 g/km daily, i.e., about 0.19 M.g/M 2 . According
to other data /92/, 5000 tons of fine cosmic dust falls on the earth's sur-
face daily, or about 9.5 pkg. According to Vernadskii /10/, up to2O,000 tons
of cosmic particles fall on the earth annually.

The rate of arrival of cosmic dust in the terrestrial atmosphere is not
constant. Thus, it is known that every year in August the earth passes
through a huge meteorite swarm in the constellation Perseus, which
measures about 7.0-107 km across. The time it takes the earth to pass
through this swarm is about a month, the maximum concentration of
cosmic dust occurring in the fourth five-day period of the month. In addi-
tion to the Perseides the earth also intersects many other meteoric swarms:
the Leonids, Draconids, Lyrids, etc. All this greatly influences the radio-
activity of atmospheric aerosols. Thus, according to Vernadskii s data,
potassium amounts to about 0.04 % of metallic meteorites, and to 0.28 T. of
stony meteorites. According to other data /20/, the mean potassium con-
tent in meteorites is estimated at from 0.01 to 0.11 %/. The contribution of
K40 to the total activity of meteorite matter is estimated at 2.4-6.4 dis-
integrations /min-kg( (1-3) .10-12 curie/kg) from an investigation of three
meteorite samples.

The relationship between the potassium isotopes in meteoritic matter
differs considerably from that in terrestrial matter. The isotopic abundance
of K40 on the earth is 0. 01 99 %. The K40 content is always considerably
higher in meteorites, due to the effect of cosmic rays during the prolonged
wanderings of the meteor in space. Since the accumulation of radioactive
potassium in meteorites is related to the duration of cosmic irradiation,
the ages of meteorites are commonly determined from their K40 contents.
An idea of the differences in the content of potassium isotopes can be
obtained from data from the analysis of three meteorites /95/:

M eteorite. .... K39, % K0, % K4 %
Carbo. ........ 79.5 4.8 15.7
Treysa. ........ 85.35 3.1 11.55
Clark. ........ 90 8 0.8 8.4
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The radium content in some meteorites reaches 310-12 g/kg and the
uranium content 3.10- 3 g/kg /57/. According to data of Stanik and Shau
/36/, the uranium concentration in individual meteorites is characterized
by the following figures:

Mleteorite [-i-concentration,
0-

4
gA/g

Pallas iron . . .. 2.O0±0.2
Sikhote Alin . . .. 0.2± 0.1
Avgustiniovka .. . . 0.03± 0.01
Sarato .... 0.9± 0.1

In addition to potassium, uranium, radium and thorium, other radio-
active isotopes have also been found in meteorites. Thu,_s, in the crust of
the Ramsdorf meteorite the radioactive isotope of hydrogen, tritium, was
detected. The specific activity of the meteorite due to tritium was
estimated at 0.32 disintegrations/g.min, or about 1.10-'o curie/kg. The
formation of tritium is apparently the result of the interaction of cosmic
particles with atomic nuclei in the meteorite.

Observations show that when large meteorites collide with the earth
there is an appreciable rise in the content of solid aerosols in the atmos-
phere. It is assumed that the Tunguska meteorite threw into the air
several million tons of finely-dispersed dust containing radioactive
elements.

A tentative idea of the amount of radioactive elements which enter the
terrestrial biosphere from the universe can be obtained by a simple
calculation. Assuming on the basis of the above data that the average
amount of cosmic dust entering the terrestrial atmosphere daily is 100 tons,
that the potassium content is 0.1 % and that the mean isotopic abundance of
K4 in meteorites is 3 %, we find that about 3 kg of K40 arrives on the earth
daily corresponding to an activity of about 20 mcurie. This quantity is
relatively small, but if we take into account that the half life of K40 is
I1.34109 years, and that the settling of cosmic dust on the earth's surface
is extremely slow (it is known that 0.4pu-ciameter particles of unit density
descend in calm air at a rate of about lO0m in 170 days), the total K4
activity of atmospheric aerosols is considerable. Marine salts also con-
tribute considerably to the total radioactivity of atmospheric aerosols. The
wind, tearing off spray from the crests of an agitated sea, is capable of
carrying it large distances. These moisture particles evaporate as they
move through the air and very small marine salt crystals, whose sizes
vary from 0.1 to l0jp, remain in the air /81/. Subsequently, microscopic
salt particles are lifted by air currents to large altitudes and are spread
over large areas. These particles play an important role in the formation
of rain clouds as condensation nuclei for water vapor.

Investigations of the rate of wind transport of marine salts into the
atmosphere established that along the Caspian Sea coast alone about
2460 tons of salt are thrown into the atmosphere daily /6/, amounting to
about 2 curies due to K40.

According to Blinov's data /4/, wind salt transport from the Caspian
Sea, excluding the water area of the Kara-Bogaz-Gol Gulf, amounted to
2.3l107 tons annually during the period 1417-1949 for a mean wind velocity
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of 6 sec. Converted to K
4 0 radioactivity, these salts contribute about

180 cries annually to the total radioactivity of atmospheric aerosols. It
should be assumed, however, that most of these aerosols settle in the
coastal zone, causing increased radioactivity of atmospheric precipitation
in coastal regions.

Using the figures obtained by Blinov, it is possible to approximate the total
amount of K40 and other radioactive isotopes which enter the atmosphere
from the surface of the entire World Ocean in marine salt aerosols,
assuming that the rate of transport of sprays for the World Ocean is the
same as that determined by Blinov for the Caspian Sea. As was indicated,
about 201 I07 tons of salt are carried into the atmosphere from the surface
of the Caspian Sea, whose area is about 4.3. 10 k

2
. Consequently km

2

of the Caspian Sea (mean salinity of about 10oI,,,) annually contributes an
average of about 53 tons of salt to the atmosphere.

The area of the World Ocean is 3.6.108 km 2 and its water salinity is
more than three times that of the Caspian Sea. Assuming that for the
World Ocean the mean wind speed is also 6 m /sec, and that the amount of
salt ejected by an agitated sea is directly proportional to the salinity, which we
take as 30o/O,, for the World Ocean, we obtain for the total weight of aerosols
created by the whole water area of the World Ocean 53. 3.6.108.3 = 5.7.1010
tons/year.

In the complex mixture of marine salts potassium amounts to only 1I/s
and g of the isotopic mixture of potassium has a specific activity of the
order of 810-10 curie. Hence the annual total K 40 radioactivity of marine
aerosols alone is approximately 4.5-1 05 curie. This figure shows that the
World Ocean contributes to the atmosphere a very large amount of radio-
active isotopes in salt aerosols. Assuming that this calculation over-
estimates the total aerosol yield by a factor of 10 or 100, we obtain even
then that the total amount of K40 radioactivity which arrives in the atmos-
phere from the sea surface is still very large.

In addition to potassium, other radioactive isotopes, R
8 7

, Uj2 38 , 2 3 5
,

Tb
2 3

2 and others, also enter the atmosphere with sea salts. It has been
established that the chief source of C'4 in aerosols is sea sprays /82/.
All this indicates that the total amount of radioactivity which enters the
atmosphere from the surface of the seas is very large. In addition to
aeolian and cosmic dust and sea salts natural radioactive isotopes are
also introduced into the atmosphere by smoke particles, which contain
not only radioactive carbon, but also radioactive potassium and possibly
other radioactive isotopes in correspondingly smaller amounts. A particularly
large amount of smoke enters the atmosphere in dry periods of the year,
when forest and steppe fires are frequent. For example, due to the great
taiga fire of 1938, a smoke cloud covered the area between the Oh and
Yenisei rivers. The density of this cloud was so great that over an area of about
1.5.105 km 2 the illumination of objects decreased to th-e level observed

during solar eclipses.
The products of man's activity also contribute to the total radioactivity

of atmospheric aerosols.
Modern industrial towns, despite sanitary-hygiene measures, still

remain a vast source of dust and smoke in the atmosphere /43/. Three
dust layers, situated one above the other, are distinguished over large
towns. The lower layer, lying between buildings and over open areas,
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results from intensive street traffic. The second layer is formed by
z-r-noke from heating systems and lies at a height of about 20m above the

ground. Above this layer, at a height of
5 0-60m, lies the third layer, formed mainly

(AN ~~by smoke from factory chimneys /73/.
However, this stratification of dust and smoke

~~~~~~71 particles is ery arbitrary, since various
meteorological factors often upset it sharply.

Thus, Figure 21 shows schemes of possible
b s moke behavior in different weather conditions.

Scheme a shows a wavelike smoke jet, often
observed in good weather when the ground is
heated strongly by the sun. Scheme b shows

- --. ~a conelike jet; this form is usually observed
in cloudy and windy weather. Scheme c shows
a fan-shaped jet, generally observed during

- - surface inversions and in clear winter weather.
__________ d Scheme d is very often observed at sunset,

when the higher-lying air layers have a higher
temperature than the surface layers; this
form of smoke dispersal is very favorable for
towns, since it is associated with minimum
deposition of smoke particles near the factory.
Scheme e is a smoke-screening jet; it is

FIGUR-E N-i Behavior of sole jets very often observed in the morning, when the
tinder arious mnereorolopical con- surface air layers are heated by the sun
d iion . rays, and the upper layers are cold, forming

For explanations ee tet a roof.
Thus, the atmosphere of towns with in-

tensive traffic and developed industry is still often strongly contaminated
wkith dust and smoke /42/. The radioactivity of dust particles is mainly
due to radioactive potassium and the radioactivity of smoke to the radio-
active isotopes of potassium and carbon.

An investigation of the radioactivity of dust in the air in the center of
London gave for the total radioactivity of the dust in the air of this region
6.6.10 -1 2curie/in

3 / 58/.
Investigations carried out in 1958 in Leipzig /87/ showed that the

natural radioactivity of the solid particles suspended in the air of this
town is due mainly to products of fuel combustion and ashes. According
Lo Solovev's data /34/, 50%~ of the specific radioactivity of the ashes of
some enterprises of Ivanovo is due to radioactive potassium.

Observations in recent years /18, 96/ have established that the relative
content of radioactive carbon in the atmosphere of industrial towns is
appreciably lower than that in the air of agricultural regions. This is
explained as due to the fact that in modern towns minerals fuels,' whose
C' 4 concentration is lower than that of the firewoods used in agricultural
places, are burned. Carbon dioxide relatively poor in radioactive carbon
therefore enters the atmosphere of towns, lowering the relative C14 content.
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6. RADIOACTIVITY OF PRECIPITATION

The natural radioactivity of precipitation is due to two components which
permanently exist in the free atmosphere, but are in different physico-
chemical states. The first component is composed of radioactive gases,
radon, carbon, tritium, thoron, etc. The second component includes
mineral substances found in the atmosphere in the form of solid aerosols.

The natural radioactivity of precipitation due to the short-lived decay
products of radon (RaA, RaB, RaC) is illustrated by the figures of Table 109.

TABLE 109. Natural radioactivity of precipitation de to short-lived decay products of Rn

Specific radioactivity, 10- curie/liter
Investigation year Literature source

minimumn maximumn mean

R ai n

1919 0.01 0.03 0.1 28

1937 10 210 57 30
1 9J8 0.005 0.14 - 31
19,53 0.37 0.57 0.02 38

S no W

192.5 1.2 9.1 5.5 22

1 937 4.0 420 150.0 30

1938 30.0 310 0.0 21
1955 0.5 13.97 2.8 38

It follows from this table that the radon radioactivity of precipitation
is highly variable.

Solodikinal's investigations / 33/, conducted in 1959 on the Mt. lbrus,
showed that RaC predominates in snow crystals and RaB in rain drops.

On the basis of the data obtained in these investigations it was concluded
that each type of precipitation has its characteristic specific radioactivity.
For example, soft hail has a mean activity of the order of 2.10-8 curie/kg,
snowflakes 3.7*10-9 curie/kg, rain showers .37.10-8curie/liter and con-
tinuous rain 3.7.10-9 curie/liter.

Variations in the radioactivity of atmospheric precipitation, as established
by Obolenskii / 28 /, are determined primarily by the rate of formation and
fall of the precipitation. He found that the higher the rate of fall of the
precipitation, the lower its radioactivity. It was observed in addition that
the first rain or snow is always somewhat more radioactive than later
precipitation. It was found that in falling, rain drops increase their
activity considerably by absorbing radioactive substances from the air.
Thus, rain (snow) serves to purify the atmosphere from radioactive sub-
stances. This also explains the interesting phenomenon observed in the
air of the Niagara waterfall: the specific radioactivity of the air near
the waterfall is approximately one-fifth that of air situated far from this
intensive source of water sprays.

Experimental investigations have shown that snow falling in large
amounts captures dust and smoke particles, which occasionally contain
up to 92 % of the total activity of snow precipitation.
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In investigating the variation in the mean snow radioactivity with distance
from the center of a town, a characteristic zonal distribution of thc snow
radioactivity was observed. In the town itself the mean radioactivity was
29 mcurie/kM2 , on the border of the town it rose to 45 mncurie/kn 2 , then
decreased rapidly, reaching 24 rrcurie /krm2 at a distance of 20- 30 km from
the town's border /29/. The rise in the mean snow radioactivity on the
outskirts of the town can be explained by the high content of dust and smoke
in the air of this region from industrial enterprises situated there.

The radioactivity of rains due to the mineral component and to radio-
active fission isotopes is illustrated by the data given in Table 110. These
data were 'obtained from rain samples collected in the summer of 1 960 in
the towns of Anapa and Leningrad. The activity of the samples was
measured one-two months after their collection.

TABLE 110. Radioactivity of the mineral component of rain precipitation

Weight of dry Radioactivity of Specific radio-
No. of sample Place of sampling precipitate, precipitate, activ it of

mg/liter 1012 cone precipitate,
mg/liter 10-12 C~ie 10_ curie/g

10 77 Anapa 2 70 27 10
108.1 80 1.7 

1088 164 8.i 
1054 Leningrad 320 .57 1
103,8 235 43 20
106 7 80 8.7 10
1069 64 0.84 1
1071 72 0.8 7 1

The largest fallout of mtneral salts in rain is observed near seas or in
regions with saline soils. Thus, in the Lower Volga in 1936-1937 an
average of about 475 kg of salt fell in rain annually per 1 hectare of soil,
i. e., approximately 47 g per m //. The chemical composition of these
salts is:

Salt............HCO 3 Ca Mg K +Na Cl so, Total
Salt consent, kg/ia-year ... 141 58.6 9 80.5 83 101 473,.1

Assuming the ratio K:Na in rainwater to be 1:10, the density of K40)
falloutinrain isnotless than 6.2.1-la icurie/in 2 , or 0.62 mcurie/km2 . These
figures show that the natural radioactivity of rains is due not only to radon
and its daughter products, as is usually assumed, but also to a number of
other natural radioactive isotopes, including K40 .

Investigations showed /66/ that the mirleralization of rain drops occurs
very rapidly. Appreciable amounts of dissolved mineral substances may
therefore be found in rainwater in individual cases.

Table 11I1 gives calculated data characterizing the radioactivity of rains
from their dissolved potassium content /7/. This table shows that the
radioactivity of rains due to K40 may reach a comparative high amount,
10-12 curie /liter.
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TABLE 111. Content of potassium ions and radioactivity of rains due toK4

Geographical Amount of Na + K content, K content, Specific K 
41

Geograhical Concentration A on of N Kcnt t, K Cnet, radioactivity
point ions, mg/liter mg/liter mg/liter 10- 1 curie/liter

Polar region

Dickson Island Minimum 35.6 1.9 0.19 1.5
Cape Chelyuskin Maximum 78.7 14.4 1.4 11

Sakhdialin

Opor [now Zabai- Minimum 21.35 4.8 0.5 4.0
ktalsk] Maximum 57.8 11.9 1.2 96

Northwestern
regions

Valdai Minimum 22.1 0.7 0.07 0.56
Bsrovichi Maximum 51.7 8.0 0.6C 4.8

Central regions

Kaluga Minimum 26.8 5.0 0.5 4.0
Tavda Maximum 181.7. 32.9 3.3 26

Ukraine

Kiev Minimum 12.3 1.2 0.1 0.8
Nlaximum 182.1 7.2 0.7 5. 6

Soviet Central

Asia

Dushanbe Slinimum 11.6 2.0 0.2 1.6
Pishpek Maximum 91.3 10.3 1.0 8.0
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Chapter 8

RADIOACTIVITY OF PLANTS

Plant organisms, in synthesizing nutritional substances from inorganic
matter, assimilate and deposit in their tissues during their life activity
various natural radioactive isotopes dispersed in the soil, water, and air.

The natural radioactivity of plants is therefore due almost entirely to
the radioactive isotopes which are found in the soil, water and air feeding
these plants. However, depending on pysiological peculiarities and growth
conditions, different plants accumulate in their tissues differing amounts
of different radioactive isotopes. For example, whereas land plants
assimilate radium and thorium isotopes in amounts which are proportional
to their content in soils, water plants generally contain very small amounts
of thorium. This is due to the fact that in water the equilibrium between
elements of the thorium series is upset due to the poor solubility of
thorium and its resulting shortage in water. In contrast, soils contain
mesothorium and radiothorium in mobile states accessible for plants //.

Thus, some mineral substances and their natural radioactive isotopes
are assimilated by plants to larger extent than others. However, in the
overwhelming majority the highest rate of accumulation in plant tissues
is that of radioactive potassium, which is thus the radioactive isotope
which characterizes the radioactivity level of plants.

Due to the capacity of plants to synthesize organic substances from
elements of nonliving matter, they fulfill the function of extracting natural
radioactive isotopes from inorganic matter and transferring them along
various food chains to diverse representatives of the living world. Accord-
ing to Vernadskii, plants have a mass IO' to 1 01 times that of the mass of
all animals populating the earth's surface. He finds that the total mass of
the various organisms populating our planet amounts to about 11018 tons,
which is equal to a volume of approximately 1. 106 km 3.

If we therefore assume that the mean specific K40 activity of plants is
1 .10-8 curie/kg, then the total radioactivity concentrated in all thei plants of the
earth is ofthe order of1013 curie. These figures show that plants constitute the
most important reservoir of radioactive isotopes, and aid in their circulation
in the biosphere as plants die or are consumed by herbivorous organisms.

§1. CONTENT OF ALPHA-RADIATORS

The principal alpha-radiators contained in plants are radium and
uranium and thorium isotopes. According to observations of a number
of authors, the mean content of these radioactive isotopes causes a radio-
activity in plants of the order of from 10-12 to 0-1 curie/kg.
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However, in some ases, the radioactivity of plants may be con-
sicierably higher. Special geobotanic investigations have discovered that
individual plant types have a capacity to accumulate certain elements in
amounts considerably exceeding their content in equivalent soil volumes.

Uranium is generally better assimilated by those plants which readily
absorb relatively large amounts of ions of sodium, selenium, sulfur and
calcium. Plants which absorb potassium usually have a somewhat lower
uranium content. Some coniferous plants with deep-lying roots are
capable of accumulating uranium in particularly large amounts. In the
ashes of plants which row on soils not enriched with uranium its mean
content reaches 30-4g/kg, whereas in the ashes of plants which grow in

uranium-mineralized areas its content rises to approximately 21 0-3 g/kg.
Plants of the vetch family, whose roots penetrate very deep (in and
more) into the soil, have a particularly strong concentrating capacity. The
high uranium accumulation in the tissues of these plants is due primarily
to the fact that for their normal development they require an increased
selenium content, which they extract from uranium minerals in the amount
of several kilograms per ton of green plant mass.

Table 112 gives data characterizing the uranium content in individual
plants. In the calculation of these data, which are based on the uranium
content in plant ashes /26/, it was assumed that the ash constitutes an
average of 10 To of the living plant weight.

TABLE 112. Radioactivity of plants due to uranium. Uranium content in plants

Plant ~Uranium content in the Specific radioactivity of the
ashes, %plant, curie/kg

Dill:
leaves .. . . . .2.95-10- 210-"
seeds .. . . . .9.5610' 6.4-1012
roots .. . . . .1.54-10-' i.0-i0"1

celery:
leaves .. . . . .2.65-10C 1.810"
roots .........

Gardic:
bulb .. . . . .4.1-10- 2.7-10 

Potato........3.2.108' 2. 1i0o"1
Wormwood .. . . . 181- 1.2-10O'

Apple tree:
seeds .. . .. . .1-10 3.4*10"

Grape:
stem .. . . . .8.0.10 5.4.10'
f ru its .. . . . . .-. 1.1.10"
seed ...... 2.8.103 1.9.1081

Mistletoe:
branches .. . . .3.73.10-' 2.3-10"
leaves .. . . . .5.83-10- 3.910"l
be rrie s .. . . .2.16-10-' 1.3-10"1
seeds ...... 6.8,106' 4.5'10'"

Pine tree.
branches .. . . .4.5.107 3.1.1012

needles . . . .. 2..5,106 1.7'10-"

The concentration of thorium isotopes in tissues of plant organisms has
hardly been studied. According to some data, the portion of the total
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radioactivity of land plants due to thorium may be considerable. For
aqueous organisms it is small, being considerably smaller than the
contribution of radium. Thus, the content of mesothorium in the water
plant hornwort is estimated at 7.6510-15 % of the living weight, whereas
the radium content in this plant reaches 2.36.1 0-12 To/l1/. In contrast to
this, the thorium content in the widespread clover weed creates a radio-
activity practically equal to that from the radium contained in this plant.
For example, about 8.7.10-

7
g of thorium and .9.10'13 g of radium per g

were found in clover roots, corresponding to specific radioactivities of
approximately 1.4. 10-13 and 1.9.10-13 curie/g.

One gram of the part of this plant above ground is estimated to contain
7.6.10-7 g of thorium and 7.2.10-1

4
g of radium. In terms of specific radio-

activity these concentrations correspond to 1.2.1 0-13 and 7.2.10-14 curie/g,
respectively.

Extensive investigations of the basic regularities of radium accumulation
by plants were carried out by Kunasheva /15/. She established that most
of the radium concentrates in the root system. The radium concentration
in the above ground part of most representatives of the flora is generally
lower than in the roots. It has also been established that the radium con-
centration in the tissue both of the above ground part and of the root
system is proportional to the radium concentration in the nutritional
medium.

Some idea of the radium content in the tissues of various types of plants

can be obtained from Tables 11 3-11 6, based on the data of a number of
authors /6, 23, 26, 29, 30, 34/. The figures given in these tables should be
considered only approximate, since the same plant types growing in different
geochemical or climatic provinces, may have considerably different con-
centrations of alpha-radiating isotopes. For example, investigations of
the radium concentration in flora in the neighborhood of the radium plant in
Joachimstal showed that these plants generally had very much higher
radium contents than those of the same plants growing in ordinary
conditions /32/.

TABLE 113. Radium content in dicotyledonous flowering plants

Plant ~~Contents, PatContents,
Plant ~~~~10o" curie/kg Pat10-11 curie/kg

lInpatiens noli-tangere. ........ 0.9 Prunella vulgaris. ......... 2.9
Symphytum officinale. ........ 5.0 Lythruin virgatun) .2.0 ... 
Myosotis palustris...........83.5 Epilobium . .............. 2.8
Dianthus. ................. 1.3 Chelidoniumt utajus 183 .... .

Crepis paludosa. ............ 1.2 Polygonum .... ... 2.1
Niatricaria matricarioides ....... 1.9 Lysituachia vulgaris. ........ 4.4
Centaurea jacea. ............ 3.8 Filipendula ulmaria .5.1 .. 
Falsealysium. ............... 3.6 Gallium nuollugo. .......... 4.81
Cardarmine amara .8...... .2 RanunCulus acris. .......... 4.1
Calluna vulgaris. ........... 9.4 Anthriscus sylvestris......... 35
Mielampyrum pratense. ........ 4.2
Geranium palustre. ........... 3. 5

In estimating the radioactivity of large plants whose root systems
cover large areas, for example trees, cases may occur when branches
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growing in different horizontal directions may have very different radio-
activities. This is due to the fact that roots of one side of the tree are
directly connected only to a definite group of branches, so that if the
distribution of radioactive isotopes in the soil is nonuniform, their con-
centration in the branches will also be different.

TABLE 114. Radium content in nonocotvledonious flowering plants

Plant CnetPlant Contents,
10-"curie/kg 10 "1curie/kg

Echinops ......... 2.0 Alisma plantago aquatica .... 1.0
Cynodon dactylon....... 0.7 Sagirraria......... 0.6
Phragmites ......... 0.9 Butomnus umbellatus ..... 0.8

Allium angulosuin.2.2i Calla palustris ..... 1.2i
Scirpus lacustris........ 1.6 Sparganium hyperboreum 0.7
Typha latifolia........ 0.4 Sparganiumn simplex...... 2.8
Elodea ..... 7.......tioes aides .0... ;O

TABLE 11-5. Radium content in water algae

Plant ~~Contents, Plant Contents,
Plant ~~~10-"curie'kg 10

t t
curie/kg

Ascoptyllum angularum 0.64 Phyllaria ......... 1.9
Focus edentatus. ........... 1.1 Rhodymenia palmiformis ..... 0.22
Fucus resiculosus. ........... 1.2 Macrocystis. ............. 3.2
Laminaria saccharifera ........ 0.3 Lithothamnion. ........... 3.0

TA BLE I16. Radium content in some foodstuffs of plant origin

Product Contents, Product Contents,
IO1'lorie/kg 10-" curie /kg

White bread. .............. 0.3 Carrot. ................ 0.16 - 0.61

Rye bread. ............... 0.2 Apple. ................ 0.09
Wheat flour. .............. 0.3 Bean. ................ 0.5 - 0.6
Cabbage. ................ 0.1- 0.24 Pea. .................. 0.8 -2.4
Potato. ................ 0.6 - 1.2 Mushrooms. ............. 0.2- 0.12
Grape . ................ 0.5 - 2.9 Edible algae. ............ 1.1

Kunasheva /15/ observed an important relationship between the radio-
activity of parts of a plant and the stages of their development. The ex-
periment was performed with plants of the same kind, wheat of two pure
species. The results of these experiments are given in Table 117.

It follows from these data that toward the end of the plant development,
the radium accumulation in its tissues rises appreciably.

Similar data were also obtained by Drobkov /10/, who established in
an experiment with peas that plants assimilate radium during the whole
vegetation period, but that most of the radium accumulation occurs in the
blooming and ripening periods. According to this author' s data, the
radium content in the surface organs of pea is (per dry matter):
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Stage Ra, 10-"~l

intensive growth. ........... 0.68
Blooming. ............... 1.14
Ripening. ............... 2.9

In other experiments Drobkov showed that plants actively react to the
presence n their tissues of definite amounts of radioactive isotopes. These
experiments established that low concentrations of radioactive elements,
introduced into the soil, stimulate plant productivity. The results of one
of these experiments are given in Table 118.

TABLE 117. Dependence of wheat radioactivity on the growth period

Radium content pet kg of living weight,

Developmrent stage i0-11 curie/kg

T. Prelude T. Ferrugineum

S e eds

0.66 0.57

1st stage - intensive growth .1.31 0.83
2nd stage - blooming .... 1.32 1.33
3rd stage - heading 1.4 1.61

TABLE 118. Influence of radioactive elements on the development of sugar beet and its content
of carbohydrates

Mean weight of crop Carbohydrate content in the
Scheme of experiment _______Suga r cont ent in leaves, %1

leaves roots the roots, I. mnsga urs

Control (full alimentary
mixture) .. . . . 12.85 1.18 5.0 0.56 0.37

Mixture with polonium . 27.5 3.0 7.6 0.85 1.02
Mixture with samnarium . 20.5 2.16 6.88 1.02 1.04
Mixture with radium ... 23.4 2.58 8.75 1.5 1.00
Mixture with uranium .. 23.25 2.42 8.7 1.2 1.05

In these experiments, before seeding the sugar beet in vessels con-
taining sand, the radioactive elements were introduced in the form of
solutions to a depth of 7 cm. The dose of uranium, polonium, samarium
and radium was estimated at 10O9 curie per kg of nutritional mixture.

As follows from this table, all the investigated radioactive isotopes
increased the sugar content in the sugar beet roots and the content of
various fractions of carbohydrates in the leaves. Other experiments
showed that these isotopes raise the content of carbohydrates in carrot
roots, the largest effect being obtained by uranium. However, when
excessively high concentrations of radioactive elements are used, the
opposite effect is observed, the life activity of the pl1ants is suppressed
by these elements.

According to experimental data of /10/, harmful concentrations for
plants are 10-6 to 10O7 curies of radium per 100 g and 10-2 to 01 T of
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uranium and thorium in the nutritional mixture. Such doses do not cause
sharp external variations, but over long durations they cause injuries to
the most sensitive organs and weaken the plant as a whole.

It was mentioned above that the accumulation of radioactive isotopes
in plant tissues is clearly dependent on their content in the soil. However,
there is no direct relationship. Investigations showed /10/ that with in-
creasing concentration of alpha-radiators in the nutritional medium, the
relative accumulation of these elements decreases gradually on the back-
ground of the nonlinear rise in the absolute plant radioactivity. This in-
dicates that the assimilation of radioactive isotopes by plants, despite
their very small amounts, is a controllable process depending on the
functional and physicochemical reactions which take place in the plant
organism. For example, it was established /5/ that water plants absorb
radium from the surrounding environment most actively in spring, i. e. 
in the period of most intensive vegetation. At this time an appreciable
decrease in the radium content is observed in. small water basins. In
autumn, when plants are dying, radium is leached from their tissues and
again enters the water.

§2. CONTENT OF BETA-RADIATORS

The main beta-radiator contained in the tissues of plant organs is the
potassium isotope K40. The contribution of other natural elements, such
as Rb817, C 4 , H3 , etc. , to the total plant radioactivity is considerably
smaller, and therefore such elements are of no practical importance in
a general estimate of plant radioactivity.

The potassium content in plant organisms is approximately one-third
to one- tenth its content in the earth' s crust (in the same weight units).
This is due primarily to the fact that plants consist mainly of compounds
of hydrogen, oxygen, nitrogen and carbon. Animals have even lower
potassium contents, approximately one-tenth to one-fifteenth the con-
centration in the earth's crust /8/. Nonetheless, potassium is of great
physiological importance and is classified in the biophyl group, i. e., in
the group of chemical elements without which the development and existence
of living organisms is impossible. Despite the fact that potassium is not
included in the albumins of plants, its biological importance is very great.
Potassium participates in the regulation of water flow into the plant tissues
and influences the rate of assimilation of carbon dioxide by the leaves. A
shortage of potassium causes a delay in the transformation of soluble
carbohydrates (glucose, fructose and other sugars) into insoluble ones,
i.e. , into starch. Potassium influences the formation of certain ferments.
As a result, when there is insufficient potassium in the plant organism,
both the albumin and the carbohydrate exchange are profoundly upset.

The potassium consumption of the principal cultivated plants exceeds
their calcium consumption. Particularly large amounts of potassium are
consumed by tuberous root crops, potato, beet and young plants and
sprouts. The potassium content in the latter often reaches 50 % of the total
ash weight /8/.
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TABLE 119. Potassium content in the ashes of various types of plants

Plant group Amount of ashes, 1k Potassium content Specific radioactivity, 108' curie/kg
in theashes 13/,fo of the ashes of the living plant

Aquatic plants ...... 16.3 15.5 12 2.0

Gramineae ......... 6.6 23.0 18 1.2
Liliaceae ......... 8.1 30.7 24 1.9
Polygonaceae 9.5 25.0 20 1.9
Chenopodiaceae 20.5 12.4 9.8 2.0
Cruciferae ......... 9.6 23 18 1.7
Legumes ......... 7.9 27.0 22 1.7
Umhellifetae ....... 13.0 28.4 23 3.0
Ericaceae 2.1 16.0 12 2.5

Compositae ........ 13.8 19.7 16 2.2
Cultivated gramineae . .7.0 31.8 25 1.7
Legumes. ......... 10.4 27.0 22 2.2

Algae

Green algae . ....... 25.3 5.0 4.0 1.0

Btown algae. ........ 27.8 18.2 14 3.8
Red algae. ......... 20.0 11.0 8.8 1.7

M u s h t o o in s

Diverse. .......... 7.2 28.4 22 1.5

Lichens

Crustose. .......... 8.7 0.98 7.8 0.6 7
Foliose. .......... 4.5 10.0 8.0 0.35
Fruticose ......... 2.6 9.3 7.4 0.19

B r y oph yta -M os se s

Diverse. .......... 4.6 8.0 6.4 0.29

Fe rn s

Dsverse. .......... 6.9 35.4 28 1.9

H or s e ta i l s

Diverse.19.0 11.2 9.0 1.7

G y m n osp e rin s

Coniferous needles . . . 4.5 6.5 5.2 0.23
The whole tree ...... 3.8 15.4 12 0.45

From an examination of the potassium content in the tissues of plants
in various development stages it follows that the highest potassium con-
centration and, consequently, the highest radioactivity is oserved in the
ashes of the more developed plants. The ashes of angiosperms are richer
in potassium than the ashes of gymnosperms, ferns and algae. If we ex-
clude from this examination Equisetaceae and Chenopodiaceae, then a
direct relationship characterizing an increase in tissue radioactivity from
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the representatives of more ancient plants to present organisms is observed.
Hence it follows that the evolution and regeneration of species, and parti-
cularly the appearance of herbs, was associated with a simultaneous rise
in the potassium content and, consequently, with a radioactivity rise.
The relationship between the potassium content in plant ashes and the level
of evolutionary development of plants is illustrated by the data of Table 119.

The potassium accumulation in plant tissues depends to a certain extent,
along with their selective capacity, on the character of the chemical com-
pounds in which potassium is contained in the soil.

It has been observed that assimilation of potassium from alkali soils
is greater than from acid soils /22/. However, the investigations showed
that by means of ionic osmosis plants can exert some influence and control
the chemical reaction of the medium and thereby modify the mineralogical
composition of the tissues themselves.

In addition, it was found in experiments with water corn crops /28/ that
the potassium absorbed during the day is intensively eliminated at night.
This osmosis includes not only the roots, but also the surface part of the
plant. Consequently, the radioactivity of the tissues of a plant torn off
toward the evening is somewhat higher than that of a plant taken in the
morning. In connection with this diurnal potassium movement it is be-
lieved that, since in plants there are no organic compounds in which
potassium is an indispensable part, the solar light maintains or strengthens
the unstable bond of this element with the substances which are synthesized
in the cells. In darkness this bond is destroyed, causing the elimination
of potassium into the soil and lowering the plant radioactivity.

An idea of the total K4 0 radioactivity which long-lived plants can have can
be obtained from the investigations of N. P. Remezov, who determined th(_
total potassium content in very old trees, Table 120 gives values calculated
on the basis of experimental data illustrating the radioactivity of old trees.

TABLE 120. Potassium content and radioactivity of old trees

Kind of tre Age, years Amoun.t f porassium Total K1 radioactivity
Kind of tree Age, years ~in a tree, g of the tree, 0-7 curie

Pine. ............ 100 553 4.4

Spruce. .......... 100 305 2.4

Oak . ........... 100 944 7.5

Linden ........... 75 1040 8.3

Asp ............ 50 590 4.7

Birch. ........... 60 717 5.7

The figures of this table show that a relatively large amount of K40

enters the atmosphere together with smoke particles from burning wood.
Large forest fires are a particularly intensive source of radioactive
potassium of plant origin in the atmosphere.

Due to the high potassium content in foodstuffs of plant origin, these
are one of the main sources of the potassium entering the organisms of
animals and of man. The largest amount of potassium is contained in
legumes, beans, peas, soybean. Man receives with foodstuffs of plant
origin an average of about .2-10-9 to 1.10-8 curie daily, due to radioactive
potassium.
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Table 121 gives the specific radioactivity of various foodstuffs of plant
origin, calculated from their K4 0 content /2, 1 6/.

TABLE 121. K4' radioactivity of foodstuffs

Product ~~Potassium Specific radio- Potassium Specific radio-

Product content, activity, o-, Product cotnt sct i''ty, 1 c 
9

curie/kg cotn, curie/kLi

Wheat ..... 0.5 4.0 Buckwheat ..... 0.131.
Rye ...... 0.6 4.3 Oat groat ..... 0.131.
Wheat flour 0.44 3.5 Ground -barley groat 0.34
Rye flour . 0.34 2.7 Potato. ....... 0.45 
Soybean flour 2.2 18.0 Beet. ....... 0.33 2.
Potato flour . 0.12 1.0 Carrot. ....... 0.2s)
Wheat bread 0.15 1.2 Onion . 0.13. 1.2. 
Rye bread . 0.24 1.9 Apricot. ...... 0.23 ;,
Rice ...... 0.7 0.6 Pear. ....... 0.131.
Pea ...... 0.9 7.4 Cranberry 0.131.

Bean 1.1 9.4 Lem-on. ....... 0.17 1.14
Bean (dried) 1.2 10.0 1_________

In addition to potassium, as mentioned above, the tissues of plants
contain other natural beta-radiating isotopes. Second after potassium in
the size of its contribution to the total plant radioactivity is Rb

8 7
.

The figures of Table 122 characterize the rubidium content in the tissues
of various land and water plants /3, 4, 6/, and their Rb

8 7 radioactivity.

TABLE 122. Rb817 radioactivity of plants

Pat Rubidium content, Specific radio- Rubidium content, pcfcrdo
Plant i 0 -4 % activity, 10-", Plant 10- activity, lo-"

curie/kg curie/kg-

Bean ....... 3.4 6.2 Sea plants
Barley ....... 7.7 14.1 NMacrocystis . 5.6 10.2
Corn ....... 6.0 11.0 Lamninaria . . 4.4 S.1I

Birch: Phyllaria . . . 3.2 .5. 9

leaves ... 3.1 u.n FucUS . 1.9 35 
roots ... 1.2 2.2 Zostera ..... 1.4 2.3
stemi . . . 1.0 1.8

Pine: F rs h- wa te r
stem . . . 1.1 2.0 plIanit s

needles . . . 5.7 10.4 Ceratophyllum
branches .. 3.1 n densiersuisi . 1.6 2.9

roots 1.4 2.5 Nuphar luteum11 2.6 4.7

Centaurea jacea 5.6 10.2 Lemina 3.1. .. 5.5.
Lathyrus pratensis 8.0 14.6
Anoplanthus willow 20 36.7
Transbaikal geran-

iumn ... 10 18.3

As follows from this table, the Rb
8 7 radioactivity of plants is approxi-

mately two orders lower than that due to K 0 . Rubidium has been shown / 31/
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to enter plants, not by simple osmosis, but by an active excbange process.
Negligible roles in the formation of plant radioactivity are played by the
natural radioactive isotopes of carbon and hydrogen. The contributions of
these isotopes to the total dose are estimated to be of the orders of 10-10
to 10-12 curie/kg, which are much lower than the K

4 0 activity.
The Ca

4 8 radioactivity of plants is beyond the sensitivity limits of present
radiornetric methods. Using data on the calcium content in the tissues of
some plants /20/ and assuming that the isotopic abundance of Ca 481 is only
0.185 To, we easily find that plant radioactivity due to this isotope is approxi-
mately iO-'5 to 10-16 curie/kg. This is confirmed by the figures of
Table 23.

TABLE 12:3. Ca48 plant radioactivity

Seeds Stems

Calcium content, Specific radio- Calcium ontent, Specific radio-
Plant 101~ activity , 10' 101, activity, lo1

/)curie/kg curie/kg

Wheat ........ 0.42 3.6 0.16 1.3

Oats ......... 0.71 5.9 0.25 2.1

Buckwheat ..... 0.71 5.9 13.5 114.7

Pea ......... 0.8 5 7.2 13.2 112.0

F la,\. ......... 1.9 16.1 B.8 49.2

Hemp 8.0 68.1 8.6 83.1

Thus, present data on the contribution of various natural radioactive
isotopes to the total radioactivity of plants indicates that plant radio-
activity is due mainly to the isotope K

4 0
.

~ 3. VARIATIONS IN THE RADIOACTIVITY
OF PLANTS

The amount of natural radioactive isotopes accumulated in the tissues
of various types of plants is not constant but may vary under the influence
of a number of factors.

For example, it is known that when the soil is enriched with boron, the
potassium content in plants (and, consequently, their radioactivity) may
rise by more than a factor of four. Plants grown on manganese enriched
soils generally absorb potassium more readily than plants grown on soils
with a moderate Mn content /21/.

The amount of natural radioactive isotopes accumulated depends largely
on the plant' s physiological needs for specific minerals salts. Differences
in the radioactivity of tissues may appear not only between individual types,
but even between individual specimens of the same type. However, in the
latter case, these differences are usually small.

The radioactivity of plants is markedly influenced by soil-climatic
conditions. The reaction of the medium is of' great importance in the
entrance into plants of electrolytes, and radioactive isotopes.
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In 1 92 3 it was established that cations are more intensively absorbed
in an alkaline soil than in an acid soil /18/. The presence of chlorides
in the soil reduces the amount of potassium accumulated in plant tissues.
Corresponding experiments established that the addition of chlorides to
the nutritional mixture not only reduces the potassium accumulation in
plants, but even causes intensified elimination of potassium /27/. These
experiments consisted in submerging barley roots for 2 hours in 0.01 N
solutions of various chlorides, after which the potassium loss was de-

termined. It was found that the largest potassium losses occurred in a
medium acidified with hydrochloric acid. The influence of chlorides on
the elimination of potassium from plants is illustrated by the figures below:

Solution . .. CaCI NMgGI NaCI NHCl HC1
Potassium losses, 7, 3.9 2.4 2.4 17.9 95

The entrance of potassium into plants is particularly intensive when
soil humidity is high. It was found that in dry periods of the year the
entrance of potassium into plants from the dried soil decreases sharply
/14/. The accumulation and assimilation of radioactive elements is also
affected by the air humidity. When the relative air humidity is high and
the transpiration rate is low, the assimilation of nutritional substances,
including mineral salts, is stronger than with a low relative air humidity
and intensified transpiration. In experiments with sunflowers it was found
that with a high relative humidity about 1 60 mg of potassium is assimilated
per liter of water evaporated by the plant, whereas for a low relative
humidity only 133 mg is assimilated /9/.

TABLE 124. Radioactivity of trees grown in similar soil-climatic conditions

Specific radioactivity,10o
9
curie/kg Specific radioactivity. 10- curie/kg

Type Type
wood pulp leaves(needles) wood pulp leaves (needles)

Birch . .. 1.10 0 .12 3.30±20.21 Aspen . .. 3.10 a 0.42 2.5 ± 0.4
Spruce . .. 3.20 0.27 2.90 ±0.31 Mountain ash 0.90±0.10 1.50 ± 0.21
Viburnum . 3.720 0.41 1.50 0.16 Pine .... 1.10± 0.12 2.40± 0.42
Alder ... 0.50 a 0.11 1.70±0.14 Birdcherry . 2.00 ±0.22 1.2 ±1.2

The figures of Table 124 characterize the peculiarities in the accumula-
tion of natural radioactive substances in various species of plants grown
under similar soil- climatic conditions.

It follows from this table that the variations in the total radioactivity
both of the wood pulp and of the leaves (thorns) of trees of different kinds
grown in the same soil-climatic conditions are confined to one order of
magnitude.

The absorption and assimilation of nutritional minerals by plants is
largely influenced by age variations. Physiological investigations established

that to each period of plant development corresponds a definite type of
functional activity of the corresponding plant organ, and to each cycle of
physiological processes corresponds its type of nutrition.
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It was observed that in certain developmental phases plants begin to
eliminate through the roots some of those mineral compounds which they
received earlier. It was established in this connection that the potassium
content is generally appreciably higher in the tissues of young plants or
in actively developing organs than in old plants or organs which have ended
their active development /19/.

A definite influence on the radioactivity of the tissues of cultivated plants
can be exerted by the radioactivity of fertilizers. Protective fertilizers
increase plant radioactivity by increasing the amount of potassium accumu-
lated in the tissues /24/. However, when the soil is depleted of calcium
or some trace elements, even the introduction of abundant amounts of
potassium fertilizers does not improve the assimilation of potassium from
the soil. In addition, the degree of assimilation of potassium by plants is
significantly influenced by the soil structure. A number of observations
have shown that considerably more potassium is assimilated by plants
in chernozemn soils than in podzols /17/.

The temperature regime is of great importance in the process of
potassium assimilation by plants. In experiments with barley and soy-
beans it was found that the maximum accumulation of potassium by these
plants took place when the temperature of the surrounding medium was 220.

Increases and decreases in the temperature always decreased potassium
assimilation /33/.

Table 125 gives the results of radiometric investigations on a number
of agricultural crops grown in various regions of the Soviet Union in 1956.
These investigations make it possible to estimate the differences in the
radioactivity of plants grown in different regions. The arithmetic mean
specific activity of these plant tissues was calculated from measurements
of not less than 20 samples. In some cases; the potassium content was
measured.

It follows from Table 125 that tissues of plants grown in different geo-
graphical regions, with different soil- climatic conditions, have different
radioactivity levels.

Thus, the specific radioactivity of plant tissues is not strictly constant.
The total content of radioactive isotopes in plant tissues may vary with
the concentration of these isotopes in the surrounding medium, the seasons
of the year, the stage of development of the organism, the medium' s
humidity and a number of other factors.

As a rule, the experimental radioactivity of plants of the same type varies
within one order of magnitude. However, in individual cases under ap-
propriate conditions, most often related to an increased content of natural
radioactive isotopes in the soil, specific radioactivities hundreds or
thousands of times as high as the mean values may be observed. This
property of plants to accumulate certain elements is the basis of one of
the methods of modern inductive geobotanics, including prospecting for
uranium deposits /12/. In this connection, Vinogradov /7/ divides all
plants distinguished by an increased deposition of some chemical elements
in their tissues into two large groups.

1. Group concentration - when all the plants within a province with a
high content of a chemical element accumulate it in increased amounts.
This property refers to 30-40 chemical elements, including potassium
and uranium.
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2. Group of selective concentrators - when a definite species or type
of plant always contains an increased amount of definite chemical elements com-
pared with plants of other types grown under the same conditions.

TABLE 125. Radioactivity of some food plants of various regions of the Soviet Union

Measured specific Calculated specific
Plant Region radioactivity. Potassium content, activity due to K40

10-9 curie/ kg i0-' curie/kg

Swede Leningrad 2.1 ±0.1 0.19 1.5
Arkhangelsk 1.7 0.2 -

Potato Bryansk 3.0±0.1 0.53 4.2

Pskov 2.9±0.1 - -

Kalinin 4.10 ±0.25--
Nlinsk 3.10 0.16 - -

Leningrad 3.50 0.23 0.52 4.1

Onion Bryansk 1.0±f0.1 -

Bashkir ASSR 1.40 ±0.17-

Krasnodar Territory 1.00 ±0.08 - -

Carrot Leningrad 1.80±0.06 0.24 1.9
Novgorod 2.10 ±0.26 0.3 5 2.8
Vologda 2.40 0.12 0.19 1.5
Zaporozhe 2.90 ±0.14 - -

Cucum her Krasnodar Territory 1.8 ±0.1 - -

Kursk 1.0±0.1 - -

Tomato Astrakhan 2.1 ±0.1 - -

Crimea 1.70±0.04 - -

Krasnodar Territory 1.6 ±0.1 - -

Kursk 1.2 0.2 - -

Zaporozhe 1.70 0.01 - -

Turnip Leningrad 3.2 ± 0.2 0.47 3.8

Vologda 2.4 ± 1.7 0.43 3.4

Beet Leningrad 2.3 ± 0.1 0.37 3.0
Zaporozhe 1.70 ± 0.12 0.25 2.0

Pskov 2.5 ±0.1 0.19 1.5

Radioachemical investigations of plants grown in regions of uranium
deposits showed that many of these plants had high uranium concentrations.
Some results of these investigations are given in Table 126.

TABLE 126. Uranium content in plants grown in regions of uranium deposits /25/

Plant Parts of the plant Content in the ashes, ±

Sarcolatus vermiculatus Air parts 1.4.10-'
Roots 7.4-10'

Spirogira Sp. The whole plant 3.9 10-'
luniperus monosperma Air parts 1.0.1021
Pious edulis 3.3 10-'
Artemisia tridentata 1.8-10-1
Atriplex conferifolia 4.8-10"~
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Since the mean uranium content in the ashes of plants is approximately
10-6 %, the figures of Table 126 show that in zones with increased uranium
content its concentration in plants may rise by a factor of thousands or
more.

Recently, however, it has been established that the relative efficiency
of the accumulation of radioactive isotopes by plants depends in a com-
plicated manner on the concentration of these isotopes in the soil. It has
been observed that up to a definite limit the increase in the content of an
element in the tissues of a plant is proportional to its increase in the soil,
but as the concentration of the element in the soil continues to increase,
its accumulation in plants is slowed down and then stops. The absolute
amount of radioactive isotopes deposited in the tissues of a plant grown
in a region of increased concentration of radioactive isotopes is always
higher than the activity of the same plant when grown in a less radio-
active medium.

The ratio of the activity accumulated in the tissues of a plant to the
activity contained in the nutritional medium is always higher in a plant
grown in a medium with a lower concentration of radioactive elements,
i. e. , the relative accumulation efficiency is higher when the concentra-
tion of radioactive elements in the nutritional medium is lower. This
relationship is well illustrated by the results of investigations conducted
in a region of pegmatitic deposits, which are rich in rubidium /11/. These
investigations showed that when the rubidium content in the soil is between
1.10-4 and 60-5 %, its concentration in plant tissues is always higher
than the concentration in the soil. When the rubidium. content in the soil
is .10-3 to 210-3 %, its concentration in plants is lower than in the soil.
When the rubidium content in the soils is even higher, reaching 60-3 %,
its concentration in plants is considerably lower than its content in the soil.

Thus, with increasing content of radioactive isotopes in the nutritional
medium, the absolute activity of plants rises and the accumulation efficiency,
characterizing the ratio of the plant activity to the activity of the nutritional
medium, decreases. This property has also been confirmed in experiments
with radioactive fission products.
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Chapter 9

RADIOACTIVITY OF ANIMALS

The animal world is characterized by a great diversity of morphological
and physiological features and, occasionally, by considerable differences
in the chemical composition of animal tissues.

The largest differences in the chemical composition of tissues are
observed between animals at different evolutionary stages. All this is
due to the fact that the classification of the representatives of the animal
kingdom into different groups is done on the basis of fundamental criteria
which, as a rule, conceal pronounced peculiarities of mineral exchange
and, consequently, differences in tissue radioactivity.

Table 127 gives figures which characterize the chemical composition
of the tissues of representatives of three types of sea animals. It follows
from this table that the potassium content differs considerably between
animals with distinctive assimilation processes.

On the whole, the content of major and trace elements in both animal
tissues and plant organisms depends on the physiological requirements of
the organism and on the presence of the necessary chemical compounds
in the surrounding medium. These factors also determine animal radio-
activity.

Some radioactive elements are present in animal tissues because as
chemical agents they play an important role in exchange reactions and in
structural formations making possible normal activity of all the organs
and systems of the animal. Elements of this type which have natural
radioactive isotopes are headed by potassium, whose shortage rapidly
causes death.

Other radioactive isotopes, mainly those of heavy elements (radium,
uranium, thorium), enter the organism "accidentally, " with food or water.
The biological role of these isotopes is not yet clear, but it is assumed
that the animal organism has no acute need for these elements.

Despite the fact that for certain types of animals a relatively constant
content of such chemical elements as potassium is necessary for normal
life activity, considerable differences in the concentration of this element
are occasionally observed in the same species. For example, an investiga-
tion of sheep in Syria showed that all animals could be divided into three
groups by the blood potassium concentration (mg %/):

Group Variation limits Mean

1 38 -95 712
2 194- 337 251
3 223- 231 227

1802
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The animals of these groups also differed in their
concentration of other chemical elements /18/.

The K4 0 radioactivity of the blood of these animals
differed by almost a factor of four. The observed
variation is considerable and indicates that the
natural radioactivity of animals of the same species
is not a constant. The variations in tissue radio-
activity due to the content of 'accidental"' radio-
active elements may be even larger.

§1. CONTENT OF ALPHA-RADIATORS
IN TI SSUES OF HYDROBIONTS

Depending on living conditions, nutrition and
translocation, water fauna and flora are divided in-
to two large groups:

a) deep-sea (pelagic) organisms populating the
mass of the water;

I I ~b) sea-bottom (benthonic) organisms p~pulating
the bottom of the basin.

The pelagic population is divided in turn into two
groups, plankton and nekton.

Plankton are all the tiny organisms without
sufficiently active translocation organs so that they
move together with water currents. Nekton includes

cl~ cl ~mainly fish and mammals with active translocation
organs.

The concentration of alpha-radiators in plankton
i sdetermined primarily by the content of the iso-
tope Ra2 . In the tissues of the crayfish Calanus
finmarchicus the mean radium concentration is
4.10-12 curie/kg of living weight. A comparable
radium concentration was found for plankton species

of Schizopoda, samples of which were collected in
the Pacific Ocean /12/. Since the mean radium

-7 concentration in open sea water is 3.10-14 %, it
follows that plankton accumulate radium in their
tissues in amounts approximately ten times the

E ~~~content in water. The same radioactivity levels
were determined for benthonic and nektonic organisms.
Table 128 gives results of Kunasheva's investigations

o ~~~ j ~/7/, characterizing the Ra22 content in the tissues of
some inhabitants of the sea bottom.

5 ~~~~When considering the radioactivity of benthonic
5 ~~~~organisms and its relation to the radioactivity of the

j ~~~surrounding medium it should be taken into account
that some bottom creatures feed on soil, as a result

C of which the total radioactivity of the body of such
-t -t c- organisms may depend on the accumulation of their

Z ~bowels.
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TABLE 128. Ra22 content in the tissues of bottons animals

Benthonic organisms R12 Cotn, Benthonic organisms Ra'onet

Sea acorn 1 .. I1. 6 .Sea anenione 4.9

Sea cucumber . . 3 .0 Starfish 

Sea urchin ...... 6.1 Turbellaria .17..2

Crab .... . 7.0

In some sea cucumbers the content of the bowels may amount to 40-50%7

of the body weight, and in other cases even more. This fact is of partic-
ularly great importance in radiation investigations of water areas con-
taminated with radioactive substances.

The alpha-radioactivity of fish is generally of the order of 1 0- 12 curie /kg

(Table 129), about the same as for other water organisms.

TABLE 129. Ra 
22

6 consent in fish tissuos

Fish Content, Fish Cnet

Herring . . .. 1.15 Hladdock . 5.

Codfish: Butterfish . 1.6
young fish . . .. 5.2 FlIounder . 6.15

mature fish . .. .6 Sculpin . 1:.33

According to Table 129, most radioactive of the investigated fish are
flatfish and haddock, after which follow codfish, butterfish and herring.
Approximately the same relationship between the radium contents in the

tissues of the above fish were determined in another investigation /17/,
according to which the amount of radium per kg of fish is the following
(in 10-12 g):

Herring . . . . . . .
Codfish ........ 4.6
Haddock ..... 3.6

Fish oil 5.9

The contribution of other alpha-radiating isotopes to the total radio-
aetivity of fish is somewhat smaller than that of radium. The second
place after radium apparently belongs to uranium.

In contrast to land animals, water organisms are generally practically

free from thorium which, having a poor solubility, is contained in water
in concentrations approximately one one-hundredth those of uranium. The

uranium content in fish tissues is estimated to be of the order of 0-59g
per kg of living tissue. Thus, the uranium concentration in mackerel
tissues does not exceed .l0-5 g/kg, which corresponds to an activity of

about 3.3-1 0 -t2 curie/kg. Approximately the same uranium concentration

is found in the tissues of a number of other fish. However, these investiga-

tions have shown that individual species and specimens of fish can accumulate
considerably larger amounts of uranium, 6.10-5 g/kg or more /17/. Such

uranium concentrations result in a tissue radioactivity of the order of
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10-11 curie/kg. In individual cases, therefore, the contribution of uranium
to the total tissue activity of fish may appreciably exceed the radium
contribution.

§2. CONTENT OF BETA-RADIATORS IN
TISSUES OF HYDROBIONTS

The natural beta-radioactivity of plankton, as well as of practically all
other representatives of the animal kingdom, is determined primarily by
their potassium content.

According to Vinogradov' s data / 3/, the potassium concentration in the
body of the crayfish Calanus finmarchicus averages 2.3-10-9 curie/kg. In-
vestigations conducted in northern seas in different seasons gave for the
specific radioactivity of this crayfish a mean value of (2.8 ± 0.3).1 0-9
curie/kg. The radioactivity of another species of plankton, Them isto
abyssorum, also determined by direct measurements, is 2.5-10-9 curie/kg.
The rate of accumulation of mineral elements by zooplankton depends
largely on the capacity of these organisms to assimilate ions of the neces-
sary substances from the surrounding water through their integumentary
tissues. The integumentary tissues play an important role in the assimila-
tion of ions of strontium, copper and other elements by some water
organisms from the surrounding medium /10/. Apparently, the integumen-
tary tissues of hydrobionts also fulfill a definite function in the assimilation
of natural radioactive isotopes from water.

The radioactivity of benthic organisms varies over comparatively wide
limits depending on the types of animals and the hydrochemical and geo-
chemical peculiarities of the basin in which they develop.

Table 130 gives the specific radioactivity of the tissues of some types
of mollusks calculated from data on their potassium content. It follows
from this table that the differences in the radioactivity of identical organs
even of mollusks of the same genus are considerable. Thus, Lttorina
littorea belongs to the same genus as Littorina rudis, but the radioactivity
of the second is approximately twice that of the first.

The radioactivity of the coelomic liquid of mollusks is considerably
lower than that of the tissues of their body, and approaches the radio-
activity of the water medium. Despite the generality of this phenomenon,
which apparently is characteristic of all sea invertebrates, including
mollusks, the potassium concentration in the coelomic liquid in the blood,
etc. , has an individual value for each species (Table 1 31 ).

The natural K40 radioactivity of sea water is 3.10-10 curie/liter.
Hence it follows that the radioactivity of the coelomic liquid of mollusks
is not always equal to that of sea water, although this liquid originates
from sea water.

The contribution of Rb 8 7 to the total radioactivity of bottom organisms
is approximately one-two orders lower than. the K40 contribution. For
example, the Rb 8 7 radioactivity of the edible oysters Ostrea edulis is
approximately 3.7.10-12 curie/kg, and of the large predaceous Gastropod
of the Buccinum species, 2.4.10-12 curie/kg-. Bottom echinoderms have
approximately the same tissue radioactivity since, according to literature
data, their rubidium / 16/ and potassium concentrations / 3/ are approximately
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the same as in the body of mollusks. Direct measurements of the total
radioactivity of the soft tissues of large numbers of Ofhiuza sarsi gave
a mean value of (4.6 ±0.4) l-0- curie /kg. Echinoderm eggs have a con-
siderably higher radioactivity, 9.3.10-1 curie/kg.

TABLE 130. Radioactivity of mollusks

Potassium Specific radio-

Name content activity,

/3, 14/ .01 10-' curie/kg

Archidoris Britannica Body. ......... 0.136 1.0

Internal organs . . 0.505 4.0
Littorina littorea Foot. ......... 0.425 3.5

Liver. ......... 0.425 3.5
Littorina littoralis Foot. ......... 0.654 5.2

Liver. ......... 0.778 6.2
Littorina nieritoides -0.757 6.0
Littorina rudis Foot. ......... 1.00 8.0

Liver. ......... 0.728 5.8

Lacunae vineta 1.11 8.8
Soxostrea commercial 0.57 4.5
Cardiurn edule Foot. ......... 0.3 05 2.4

Mantle. ....... 0.18 1.4
Muscle. ....... 0.269 2.1
Intestine ....... 0.3 02 2.4

Pectem maximus Foot. ......... 0.148 1.1
Mantle. ....... 0.387 3.1
Muscle. ....... 0.283 2.2
Gonads. ....... 0.143 1.1
Gills. ........ 0.262 2.1
Intestine ....... 0.3 05 2.4

Patella vulgaris Ovary. ........ 0.28 7 2.2
Testicles ....... 0.3 26 2.6
Mantle. ........ 0.340 2.7
Foot. ......... 0.243 119
Liver ......... 0888 7.1

The total radioactivity of the soft tissues of sea crustacea varies from
2.5-10-9 to 6.5.10O9 curie/kg. The specific radioactivity of crabs, hermits
crabs, etc. , is also within these limits. However, shrimps have a some-
what lower tissue radioactivity than other crustacea. Numerous investiga-
tions show that the specific radioactivity of their tissues is usually char-
acterized by values from 910-10 to 30O9 curie/kg. The potassium con-
tent in the tissues of these organisms varies from 0.11 to 0.52 % /13/.

TABLE 131. Radioactivity of the coelornic liquid of shellfish

Type f shelfish Potassium content Specific radioactivity.
Type of shellfish /3/, %1 iO'

5
curie/liter

Sepia officinalis ...... 0.0588 4.7
Aplysia punictata ...... 0.047 1 3.2
Helix ponmatia ....... 0.0184 1.4
Pina nobilis ......... 0.0643 5.1
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The specific radioactivity of the tissue liquid of crustacea, as well as
of the liquids of other bottom inhabitants, is generally considerably lower
than the radioactivity of their tissues and approaches the sea water radio-
activity. The radioactivity of the tissue liquid of spiny lobsters and
lobsters is higher, since its potassium content is of the order of 0.7 to
1.1 g/liter. In addition, a difference in the potassium content between
male and female specimens is observed in these organisms. Thus, male
specimens of Astacum fluviatilis contain up to 3.8 g/kg potassium in their
muscle tissue, and female specimens appreciably less, 2.6 gkg. As a
result, the specific radioactivity of the muscle tissue of male specimens
should be 3.0.10-9 curie/kg, and of female specimens, 2.1-10-1 curie/kg.

The tissue radioactivity of various types of siliate worms which live
on the sea bottom and serve as food for benthonic fish was determined at
between 2.3i10-1 and 5.2.10-9 curie/kg in northern seas.

Il ABLE 12. K radioactis ty of fish

Potassium contetit, 3iCalculated radioactivity, i10
9

curie/kg

Fish ~ //Data of Data t

/V research research

Ancho y .. . 0.217 - 2.1 -

Gray mullet - 0.U.2 0.21 2 2.1 0.24 1.7

Tench ......... - 0.64 - - 5.1 -

Ocean perch .s .. l.. - 0.292 1.51 - 2.0

Perch .... . - 0.23 2 11:5i21 - 1.8 2.5

Hfaddock ....... . u0.314 OsCo2 0.28 9 2.7 0. 2 2.4

Herring .. . 0.499 0.303 0.:149 4.1) 22 4 2.8

Skate ... . - u.070 -- 0.5 -

Eel ..... . - 0.0.39 0.1806 - 0i3l 1.5

c ...ke ..... u. ul - O.2182 4 0- 1.0

.. .-... .. 04 0.295 f - 0.3 3.2

Table 132 gives the potassium content in the tissues of individual types
of both fresh-water and sea fish and the radioactivity calculated from
these figures. A comparison of the figures obtained by different authors
for the same species shows that the existing differences do not exceed the
values characterizing the differences in potassium content between species.
These figures indicate that the radioactivity of the main industrial fish
species is about lO-1 or i0-9 curie/kg.

From Tables 132 and 133 it follows that there are no marked differences
between the radioactivity of sea and fresh--water fish. The mean specific
radioactivity of the muscle tissue of fresh-water and sea fish varies from
1.5*l0-1 to 4.2-10-9 curie/kg.

The appreciably lower activities of individual species determined from
Kleimenov' s chemical data /5 /, are apparently due to underestimates of
the potassium content in tissues.

Table 133 gives figures which illustrate the potassium content, the
radioactivity determined by computation and the mean radioactivity found
by a direct measurement of no less than 10-15 thick-layer samples of
muscle ash for each species using an end-window counter. A comparison
of the computed and measured specific radioactivity shows good agreement.

191



TABLE 133. Radioactivity of sea and fresh-water fish

Potasiu coten, K raioativtyMeasured radio-
Fish PasumcnetK t

raiatvy, activity,~01 0- curie/kg 10 curie/kg

Goby ........ 0.296 2.4 2.60 a0.21
Char ........ 0.312 2.5 2. 64 ±0.30

Flounder ..... 0.292 2.3 6 2.40 ±0.26

Carp ........ 0.348 2.82 2.80± 0.3 2
Mullet ........ 0.212 1.7 2.30 ±0.17

Bream ........ 0.194 1.57 1.61± 0.32

Burlot ........ 0.186 1.48 1.61± 0.21
Navaga ....... 0.325 2.6 3.10 a 0.29
Sea perch ...... 0.294 2.35 2.30 a 0.52
Perch. ........ 0.321 2.53 2.30 ± 0.41
Sturgeon ...... 0.317 2.51 2.70 ± 0.51
Roach. ........ 0.391 3.12 3.00 ±0.3 6
Haddock ..... 0.472 3.77 3.45 ±0.64

Cisco ........ 0.280 2.27 2.54 ±0.43

Baltic herring . . 0.330 2.64 2.24 ±0.3 5
Herring ....... 0.349 2.8 3.25 ±0.31

Peled a cisco . . . 0.260 2.11 2.45 a0.17
Cod. ........ 0.357 2.82 2.10 ±0.11

Eel ......... 0.18 6 1.5 2.10± 0.47
Trout ........ 0.241 1.95 2.30 ± 0.51
Pike ........ 0.395 3.16 2.85 32

The radioactivity of the blood and tissue liquid of fish is approximately
one-tenth the radioactivity of the muscle tissue and varies within 1.5.10-10
and 510-10 curie/liter. The K40 radioactivity of the roe of some species
/9/ is characterized by the following figures in 10O9 curie/kg:

Herring. .... 1.7 Cod. ..... 1.2
Navaga. .... 2.3 Trout. ..... 1.3

The total radioactivity of the muscle tissue of sea mammals, such as
seals, is (2-4).10O1 curie/kg, Greenland seals, 3.2.10O9 curie/kg and
black sea dolphins, 6.1-10-9 curie/kg.

3. RADIOACTIVITY OF LAND ANIMALS

Very little is known on the content of alpha-radiators in the tissues of
animals. The published data are fairly limited, but it is known that the
total alpha-radioactivity of the tissues of various animals averages on the
order of 10-12 curie/kg. Table 134 gives the radium content in the muscle
tissue of farm animals and in some foodstuffs of animal origin.

The uranium content also produces a specific tissue activity of the
order of 10-12 curie/kg. The calculated uranium activity of the spleen is
7.10-12 curie/kg, of the heart 2.1.10-11, of the blood 6.10-12, of the bowels
3.2.10-12 curie /kg. The calculations are based on the data published by
Voinar /4.
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TABLE 1:34. Radium concentration in foodstuffs of animal origin /15/

Product Radium content, Radium content per g

Product ~~~~~~1012 g/ kg of calcium, 10-13 g

Pork. ............... 0.8 97

Pork liver. ............ 1.5 178

Beef. ............... 0.8 88

Blood. ............... 0.2 41

M iek.0.....3 .... 2.1

Mitlk powdcr ........... 1.7 1.4

E g . ........ I......3.1 5 9

Egg hell. ............ 44 -

The content of beta-radiators in the tissues of individual insect re-
presentatives is characterized by the data of Table 135.

1 ABLE 33. Radioactivity of insects

In-,ct ~Contunt of the Specific radioactivity,

element /2/,U!, i(-' curie/kg

Potassium (ise tissue)

Attsophia Antatnisophia) austriaca 0.156 4.4

Ano:a plosa........... (.36 2.8

Poit~phylla fl~o.0..... .47 3.7

Dragon fly.......... .:3i6- 0.45 2.8 - 3.6

lu bi dium (in ashes)

Isater seas nger. ......... 0.1' 56

Anexia pilusa ........... 2iOj' 0. 3 7

Anoxia pilosa. .......... .5-lo-I 0.93

Water scorpion .......... 4.153 7_5

Bumble bee. ........... 2.B0-
4

0s.157

Honeybee 5B10- 0j*93

(Chorthippus albomarginatus '5 l0-1 0.093

Table 136 gives the total radioactivity of individual representatives of
the birds of the Soviet Union. In some cases the potassium content was
measured in the muscles of individual birds and the K40 activity calculated
from it; in these cases there was very good agreement between the results.

The radioactivity of the blood of birds is slightly lower than the radio-
activity of their muscle tissue. The solid blood constituents, which contain
a larger amount of potassium, also have a higher radioactivity than the
blood serum. This relationship follows from the figures in Table 137
which were calculated from available data /8/.

The mean values given in Table 138 are tentative, since large individual
variations may take place within each species.

The amplitude of the individual variations is illustrated by the data
obtained in an experiment with SS-57 laboratory mice. In this experiment
the potassium content in the whole carcass and its radioactivity in thick-
layered ash samples were determined. The results of these investigations
are given in Table 139.
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TABLE 136. Total radioactivity of the muscle tissue of individual bird species

Radioactivity due to asrrdicnit
Bird Potassium content, (. potassium, crok

20- curio/kg .- crek

Cormorant . ..- .3.1. 

Pigeon ........... 2.8

Domestic goose ...... 0.3 79 :.1 .1I
Wild goose ......... 0.399 :1.2 :3.4

Turkey (hen) ....... 0.321 2.54 9.-

Guillernot ......... 0.27 5 2.2 2.4

Sandpiper ..........- - 5.5

Chicken .......... 0.3 72 2.9 1

Partridge ..........- - :3.8

Sw a n .-.. -... ..

Skua. ........... 0.23 0 1.8 2 1.

Domestic duck . .297 2.4 3lu

Wild duck .-..- .. 2...7

Pheasant .-. -. . .. 

Kittiwake .- ..- .. 0 .8

TABLE 137. Blood radioactivity of domestic birds

Bird Blood ~~~~Potassium content, Specific radioacsivisy,
Bstd Blood ~~~~~~~~~~1 1- curie/kg

Goose Whole blood 0.18 9 1.5
Erythrocytes 0.33 0 2 .6
Serum 0.064 0.32

Turkey (hen) Whole blood 0.153 3.2
Erythrocytes 0.239 1.33
Serum 0.0172 0.58

Duck Whole blood 0.176 1.43
Erythrocytes 0.219 1.8
Serum 0.083 0.067

Chicken Whole blood 0.154 1.23
Erythrocytes 0.263 2.3
Serum 0.08:3 0.067

TABLE 138. Radioactivity of the muscle tissue of mammals

Seiirai-NmeofSpecific radio- Number of
Type o mamml actvity, 0-9 smples Type of mammal activity, iU-9

sape
curie/ kg smlscurie/kg sape

Cow ........ 2.1 82 Rabbit ... . 3.1 5
Horse ........ 3.8 2 Hare ......... 3.2 
Ass ........ 3.7 1 Cat .. . 2.7 2
Deer ........ 4.3 1 Dog ......... 2.8 3
Sheep ........ 1.9 48 White rat ...... 3.8 5
Goat .. 3.4 5 Whitemouse(totally) 2.0 26
Pig ......... 1.7 18 Guinea pig ...... 3.1 12
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It follows from this table that the extreme specific radioactivities of
laboratory mice, determined from potassium contents, are characterized
by the following values: minimum specific activity of the carcass,
1.27.10-9 curie/kg; maximum activity, 2.5.10-9 curie/kg. In the radio-
metric determination the minimum specific activity of the carcass was
1.5i-0- curie/kg, and the maximum activity, 2.7.10-9 curie/kg.

TABLE 1bR. Radioactivity of the tissues of laboratory mice

1 0.188 15 1,72 114 0.242 1. 93 2.2

.1 .21,4 1.665 1.1124 16- 0.27 6 2.1 2.1

4 .2 11' 1.7 2.1 1 7 0.28 0 2.2 1. 98

5 ,.21,, 1.61 1.11 .5 1 8 0.11,0( 2.4 .

6 I.211 1.68 i 2.01 123 0.29% 2.35 2.5

7 0.24' 1.0)2 2.2 2 0 0.228 1.82 2.1

8 .19 1.27 1,14 21 0.2015 1.6G 1.7

9 0. 2:si 1.815 1:38 2 2 o.289 2.3 1.905

1 ' 1.214 1.71 1.52 213 0.298 2.4 2.4

1 1 0.24:, 1.96 2.4 24 0.281 2.2 2.1

1 2 (.22.5 1.80 2.1 25 0.299 2. 4 ] 2.7
!3 1 0.200r 1. 60 1. 5 26 0.110 2.5 2.

These figures show that the amplitude of the variation in tissue radio-
activity within the same species of mammal may be considerable, and for
the investigated animals the ratio of the maximum to the minimum ap-
proaches 2.

Table 140 gives the results of a radiometric investigation of the muscle
tissue of some farm animals from different regions of the country, carried
out in 1957. The values obtained indicate some sex differences in the
specific radioactivity of the muscle tissue f these animals. The specific
activity of male mice specimens is somewhat higher than that of female
specimens, for example.

Table 141 gives the specific K40 activities of internal organs of cattle.
The radioactivity of internal organs, as of the muscle tissue, undergoes

individual variations. Fairly large deviations are observed, in particular,
under different feeding and upkeep conditions.

Table 142 gives the results of an investigation of individual fluctuations
in the activity of internal organs when the investigated animals have
similar conditions. Five white female rats were used in the experiment.
The radioactivity of the tissues of each animal was determined by means
of a 4 -counter designed by V. V. Chugunov and was checked by determining
the potassium content.

The data show the large influence of individual features in the exchange
processes on the radioactivity of individual tissues of mammals. It was
observed in these investigations that, other conditions being equal (upkeep,
age, sex, etc.), the specific radioactivity of the same type of organs of
individual rat specimens occasionally differed greatly.
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TABLE 140. Radioactivity of muscles of farm animals

Specific radio-

Type specmenso Sex Age, years Breed Region activity, 10-'
specimens ~~~~~~~~~~~~~~curie!/kg

Pig 10 Female 1 Large white Pskov 1.90 ± 0.33

B I Vologda 1.50 ± 0.41

Sheep 20 Female 1 Romanov Novgorod 1.50 ± 0.30
10 I Kirov 1.80 ± 0.34

18 Male 1 Khmelnitskii 2.10 ± 0.54

18 Female 1 *' 2.10 ± 0.43

Cattle 21 Female 4- 7 Yaroslavl Kirov 1.90 ± 0.33

16 Male 5- 8 " 2.30 ± 0.29

14 1 -2 Kholmogor 2.50 ±0.39

10 Female 8 -10 Kostroma Kostroma 1.70 ± 0.37

10 '7 -10 Kostroma Kalinin 1.70 0.34

11 ' 10 Kholmogor Vologda 2.10 ±0.36

TABLE 141. Radioactivity of individual organs and tissues of cattle

Specific radioactivity, 0-9 curie/kg Potassium

Organ, tissue No. of samples maue cluatd ueoK40 cnet

Skin. ........... 9 2.10 ± 0.32 2.5 0.31

Eyeballs. ......... 12 1.0 ± 0.3 2.1 0.26

Lungs. ........... 13 2.0 0.5 -

Tongue .......... 12 1.5±0.3 -

Heart. ........... 9 2.00 ±0.3 6 2.6 0.32

Blood .B...... 1.20 ±0.36 1.1 0.14

Liver. ........... 11 1.9 0.3 2.2 0. 27

Kidneys. ......... 12 1.5±0.3 -

Spleen. ........... 8 2.70 ±0.33 1.5 0.19

Brain. .......... 14 2.19 0.19

An even larger difference in the radioactivity of internal organs is ob-
served between animals of different species. These differences are easily
observed in comparing the specific activity of the blood of some farm
animals (Table 143).

Generally, the main difference in the specific blood radioactivity between
representatives of different species is primarily due to different potassium
contents in red blood corpuscles. The red blood corpuscles of the horse,
pig and rabbit have a relatively high radioactivity. The radioactivity of
the red blood corpuscles of other mammals is appreciably lower.

The potassium content in the blood of animals of the same species
undergoes regular variations not only under the influence of factors of the
external environment, but also as a result of functional changes in the
organism. Analytic investigations have shown that the potassium concen-
tration in the blood of cows varies appreciably even during short time
intervals due to variations in the functional activity of individual organs.

Table 144 gives figures which characterize the potassium content and
specific activity of cow blood during different physiological periods.
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TABLE 142. K 
40

radioactivity of individual organs and tissues of white rats

No. of I Ites-
rat Index Liver Kidneys Spleen Heart Lungs Stomach tils Skin

1 Potassium con-
te n t, .. 0.3 82 0.248 0.298 0.280 0 .90 0.218 0.2-58 0:3 0

Radioactivity due
to potassium,
10-9 curie/kg 3.1 2.0 2.4 2.2 1.5 1 .7 2.1 2.4

Nleassjred radio-
activity,
1C_9

curie/kg 2.9 1.7.3 2.6 1.83 us*9 1.55 2.4 2.2

2 Potassium con-
tent, c~o . . . 0.324 0.151 0.890 0.129 0.3 05 0. 2i'3 0.970 0.193

Radioactivity due
to potassium,
1C'9 curie/kg 2.6 1.2 7.2 1.1 2.5 1.6 7.8 1.5

Measured radio-
activity,
10-9 curie/kg 2.4 2.1 6.7 0.92 2.94 2.09 0.2 1.4

3 Potassium con-
tent, %' . . . 0.236 0.u 61 0.1 05 0.105 0.28 0 0.139 0.218 0.242

Radioactivity due
to potassitm,
10-9 curie/rg 2.0 0.0 0.8 0.8 2.2 1.1 1.7 1.9

Measured radio-
acti vi ty,
10o9 curie/kg 2.2 0.97 1.3 0.75 2,4 1.00 2.1 1.53

4 Potassium con-

tent, cv.. . 0.177 0.147 0.250 0.189 (.100 lo. 5 0.167 0.167
Radioactivity due

to potass tin

10-9 curie/kg 1.4 1.2 2.0 1.5 1 3 I. .1.3 1.
Mleasured radio-

activity,
10o' curie/kg ,2.05 1.90 1.70 1 9.4 1.

5 Potassium con-
sent, . .. 0.55 0.079 0.3064 0.2218 0.3I' 3.3188 0.0,55 0.096

Radioactivity due
to potassium,
10-9 curie/kg 4.4 U. :3 2.9 1.8 1.1 1.5 ). 4 0.8

Measured radio-
a0crie/.6 04i29 20t14y, .9 .
a ctiv i, g 4_ 6 _ 0 4__ _ 2 9_2_0 1_ _4_ _ _ _ _ _ _ _ _2 _ _ _

The data of Table 145 illustrate the influence of various physiological
and pathological states on the potassium concentration in the blood serum
and cerobrospinal liquid.

In these investigations Shtern /11/ observed that the concentration of
mineral substances, including potassium, in the liquids of an organism
is directly dependent on the physiological state of the organism and on the
activity of the central nervous system.

The variations observed by Shtern agree with the recently discovered
phenomenon of the decrease in the potassium content in inactive muscle
tissue and in old organiEms.
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I1 ABLE 143. Beta-radioactivity of the blood and saliva of domestic aninials

Whole blood Serum Erythrocytes Saliva

Species E 

-~ a - a

Cow. .. .. .02 0.3 0,06 .2 0.0 S0 004 0.20o .

Goa .- . . 003 0.3 0.0 -0.19 .05 ~0.4 .- 0 

She ... . D00 0.32 0026 02 . 2 04 

Hors ....... 0.270 2.24 0.027 0.1 0.410 3.28 0.020 0.24

Goat.. . 0.039 0.31 0.024 0.19 0.026 0.44 - -

Cat . . 0.026 0.20 0.026 0.20 0.021 0.17 - -

Rabbit ..... 0.210 1.67 0.025 0.20 0.434 3.47 - -

TABLE 144. Variations in the radioactivity of the blood serum of cows in various
physiological states

Stateof te oranism Potasiumcontet /1, J~ Specific radioactivity,
Stat of he oganim Poassim cotent/1/,U~o 10-10 curie/kg

Lactational period:
2 hr before milking .0.011 0.88
during milking . . . 0.012 0.96
2 hr after milking . 0.013 1.04

Nonlactation period . . . 0.013 1.04
Pregnancy .......... 0.012 0.96

TABLE 145. Variations in the potassium content for various functional states of the organism /11/

Deviation in the potassium Deviation in the potassium

Stat ofthe rgaism content from the norm,"/,) ttfteogns content from the normUl

serum cerebrospinal serum cerebrospinal

Insomnia. ......... 73 58 Ether anaesthesia . . . 80 95
Prolonged irradiation of the Chloralose anaesthesia . 91 91

head by X-rays ..... 78 69 Waking up. ....... 94 95
Heating by 2 during 6 hr 129 159 Strong muscle fatigue 109 165
Cooling by ' during 3.5 hr 89 1l1 Starvation for 20 days 114 80
Prolonged introduction of Teasing a hungry dog 105 78

urotropin. ........ 119 163 Histamine shock . . . 89 87

Acute asphyxia ...... 117 50

In this connection, the radioactivity of the tissues of a mature organism
and of active organs is generally higher than the specific activity of inactive
organs and of tissues of old animals.

Table 146 gives the results of an investigation of the potassium content
in the brains of dogs of different ages. The results indicate that with
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increasing age the potassium- caused radioactivity diminishes gradually,
decreasing by approximately a factor of two by old age.

A3 1. E 14 C. a Ti a itin with ae i n th e pot ass i um constent in th e bra ins of dogs /1I/

Pota~siump content specific adioactivisy Potassium consent Specific radioactivity

Am I dr; bain of dry brain ratter, Age in dry brain of dry brain matter,

matter,, io8
' curse/kg master, ~o10-' curie/kg

ida1 2. 76 2.2 5 years 1.66 1.4

1 ~ ~ ~ ~ 26< 2.1 12 years 1.311 1.1

2.25 ~~~~1.8 11 years 1.34 1.1

1:3.9 ~~~~1.6 17 years 1.:33 Li1

1 af L 7 1.4 More than

2 % la" 1t.66 1.4 17 years 1.12 1.0

1.61 1:3
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Chap/1er 10

RADIOACTIVITY OF THE HUMAN BODY

Until recently the radioactivity of the human body and its surrounding
environment was of only academic interest and beyond the sphere of applied
science. However, with the use of nuclear energy in various fields of
science and engineering, initiating alarge number of new practical disciplines
in biology and medicine, it became necessary to know the degree of radio-
activity of human tissues, their total irradiation dose by natural radiation
factors, the limits within which natural irradiation doses vary, the role of
these radiations in the evolution of man and other living organisms, etc.
All this information is especially necessary to such applied disciplines as
radiation hygiene and radiation ecology, which are called to maintain
optimum conditions for the life activity of man and other representatives
of the organic world which are useful for man.

However, the knowledge of the natural radioactivity of man and his en-
vironment is still limited. But data on the magnitude of the natural radio-
activity of the biogenetic zone and of human tissues and, consequently, of
the intensity of natural irradiation affecting man during his life should
produce the criterion which would make it possible to estimate comprehen-
sively the influence and forecast the probable consequences of exceeding
natural radiation levels. By obtaining these data and information on the
biological importance of natural radiators, radiation hygiene will acquire
the data on which to base an "ideal" scale of maximum permissible safe
irradiation doses, higher than the natural background.

It has been established by a small number of investigations that the
human body usually contains some amount of natural radioactive isotopes,
whose decay is accompanied by alpha- or beta-radiation, and in some
cases also by gamma-quanta.

TABLE 147. Content of natural radioactive isotopes in the human body (weight of about 70 kg) /2/

Content of the Content of the
Radioactive radioactive radioactive

Radioactive ~Radioactivity, Radioactive Radioactivity,
Isotope(without isotope(without

isotope th tbe curies isotope th tbecurses

carrier), g carrier), g

K4 8.3.102' 6l-10'H 8-10'" 7.6.10-11
C 

14
2.10-' 8.9.1081 LJ235 5.10- 6.-0-1

Rb8t7 7 10 -3 4.6-1 0' 7[h 232
710-' 7.9 10-12

U 238
7.110- 2.4 QI'0 

*The radioactivity of the whole series is approximately ten times as high.
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An approximate idea of the amount of radioactive substances contained
in the human body (weight of about 70 kg) can be obtained from the figures
in Table 147.

We see from this table that the radioactivity of the human body, as well
as of other representatives of the animal and plant world, is due mainly
to the radioactive isotope of potassium, K 0

§1. SOURCE OF THE RADIOACTIVITY OF THE
HUMAN BODY

The source of the radioactivity of human tissues is the external en-
vironment. Being part of a chain of constant material exchange with the
external environment, man continuously receives natural radioactive iso-
topes together with foodstuffs, drinking water and inhaled air. According
to data of Lebedinskii and Moskalev /5/, an adult male receives about
(3- 4).10-9 curie of radioactive potassium, about 3.10-1 curie of radioactive
carbon and about .5.101 curie of radium together with his daily ration of
foodstuffs. But if all the radioactive isotopes contained in the food in-
gredients were completely assimilated by the human organism and not
eliminated from it, the radioactivity of its tissues would rise continously
and would be extremely high. In reality, however, the radioactivity of
man' s tissues, as well as those of other mammals, is generally within
definite levels, and undergoes physiological variations about some mean
value. This fact indicates that under ordinary conditions, characterized
by a comparatively constant content of radioactive isotopes in food rations,
assimilation and elimination are in relative equilibrium. According to
data of Lebedinskii and Moskalev, the total radioactivity of all the tissues
of an adult weighing 70 kg is .2-10-7 curie due to K40 0.9 0~ - curie due to
C'4 and about 2.5.10-10 curie due to radium. Comparing the concentration
of these radioactive isotopes in human tissues and in food rations, we find
that the mean accumulation factor of radioactive potassium in human
tissues is approximately 40, of radium 17 and of radioactive carbon 30.

These accumulation factors of the principal natural radioactive isotopes
are of great practical importance, since they make it possible to obtain an
approximate idea of the radioactivity level of the tissues of individual
members of some population on the basis of radiometric, radiochemical
or gamma- spectrometric data on food rations. Thus, as a result of the
constant material exchange between man and the external environment,
the radioactivity of his tissues is in an equilibrium in which the amount
of radioactive isotopes entering the organism equals the amount removed
with excretions. However, such an equilibrium can be characteristic
only of a mature organism which receives a comparatively constant daily
amount of radioactive isotopes. But since the content of radioactive iso-
topes in different food ingredients is not the same, the radioactivity of the
food ration of one day may differ considerably from that of another day.
The differences in the radioactivity of the daily ration are not only quan-
titative, they may also be qualitative. Particularly large differences in
radioactivity, both qualitative and quantitative, are observed between the
food rations of populations of geochemical provinces of different types and
in different seasons.
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Therefore, if some radioactive isotope enters the organism in reduced
amounts, the organism begins to eliminate it in larger amounts than it
receives it. The role of radioactive decay in these relationships is of no
practical importance, since the natural radioactive isotopes under con-
sideration have such long half lives that the decrease in tissue activity due
to the physical process of radioactive decay is insignificant compared with
the biological removal of the isotope from the organism.

Thus, when the amount of some radioactive isotope (or the total amount
of such isotopes) decreases, the radioactivity of the human body and of its
respective tissues begins to decrease. The rate of decrease of the radio-
activity of human tissues is proportional t the rate of removal of the
radioactive isotope (or of the group of such isotopes) from the organism.
As a rule, the curve which characterizes the process of isotope removal
(Figure 22) after a single reception closely resembles an exponential
curve (the curve section between the points a and b).

2

~~~ ~~~~ ~a
b

0.2 - - -

Relative time

FIGURE 22. Accumulation of a radioactive

isotope in a critical organ (solid curve) and
its elimination from the organism after a
single reception (broken curve) /11/.

In the simplest case, with a constant rate of material exchange, a certain
fraction of the isotope contained in the organism is removed every day. This
quantity is called the effective elimination constant and is denoted by X.

The time in which the activity of an isotope in the organism decreases
to half (with its entrance into the organism completely stopped) is called
its effective elimination period (Teff) and is defined by the expression

ef 0693

where = b+ Xd; b being the biological elimination constant and d the
decay constant.
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Table 148 gives the effective elimination periods of some natural radio-
active isotopes, determined with complete stoppage of their entrance into
the organism. The table is based on the data of a number of authors
(see /8/).

TABLE 148. Effective elimination periods of some radioactive isotopes

Iooe Critical tissue Effective elimination Io pe Critical tissue Effective elimination
Isotope ~(organ) period, days sope (organ) period, days

H 3 Whole bdy 12 Th232 Whole body 5.7.10'
CM4 Eat 12 T h232 Bone 7.3.104
K 

40
Whole body 58 U 35 238 Kidneys 15

K 
40

Muscle 58 L 238 Whole body 1 )0
Rb

87 80 U 235,238
Bone 100

Ra22 Bone1.10 

To obtain data on the variation in the radioactivity level of food rations,
special investigations were carried out /10/ in which the content of alpha-
radiators in the food and excretions of a four year old child was studied
over a month. These experiments showed that the extreme deviations in
the radioactivity of the food ration and of the excrement occasionally
reached a factor of 14,000. The following conclusions were made on the
basis of this experimental work:

a) plant food is an important factor in determining the daily entrance
of natural radioactive substances into the organism, and its role far
exceeds that of milk and water, which were often considered the main
source until recently;

b) the content of alpha-radiators in foodstuffs varies over extremely
wide limits; very large variations were found for some groats and flours;

c) the daily radioactivity absorption for even a four year old child may
reach the total radioactivity content of the human body. For an adult the
daily consumption may exceed a dose of 0-9 curie of alpha-radioators.
Thus, the mean total radioactivity due to alpha-radiators in the ashes of
the food ration approximately agreed with the mean total radioactivity of
the ashes of the bones of human skeletons in a number of investigations;

d) the ratio of the amount of thorium to the amount of radium in edible
food and in excretions is essentially the same and equal to 0.75. However,
it is somewhat higher than the value found for human bones (0.6);

e) the daily deposition of thorium and radium in organisms probably
constitutes only a small fraction of the total amount of these substances
which enter with food. The amount eliminated with urine is less than 0 %
that eliminated with excretion;

f) from an analysis of the content of radioactive isotopes in foodstuffs
it follows that for two men, both fed normally, the daily consumption of
radioactive isotopes may differ considerably.

After a single feeding of Brazil nuts, an adult showed a considerable rise
in the content of alpha-radiators in the excretion and urine for three days.
Up to 25 %1 of the radioactivity introduced together with the nuts was retained
for a long period. In this connection it was observed that the radioactivity
of the excretion of persons working with radium (1.8.10-12 curie) was lower
than that of persons who ate nuts (3.10-10) curie) /25/.
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Table 149 gives the maximum radioactivity of some foodstuffs.

TABLE 149. Maximum radioactivity of food products determnined by their conteltt
of alpha-radiators

Food product Radioactivity, Fod prdc Radioactivity,
10tlcurie/kg prlOt (j"CUric/kg

Brazilian nuts ....... 14020 Cookies ......... 2

H-ard grain . .... i Dried milk 1 ... I- 2
Tea. ........... 40 Fish.1........... I- 2
Liver and kidney ..... 15 Cheese and eggs . u .9
F loor. ........... 14 Vegetable . ... u.7
Peanut butter ....... 12 Meat. .......... 0.3
Chocolate ........ 8 Fruit. .......... 0.1

It follows from the figures of Table 149 that if the radioactive isotopes
which are introduced into the organism with food were not removed in

amounts corresponding to their rate of entrance, tissue radioactivity would
increase comparatively rapidly. In practice, the activity removed from

an organism daily in equilibrium is equal to the activity which enters it
with food. When the daily activity received with food is increased, the
radioactivity of the organism increases gradually, and vice versa. It has
been established that the more slowly a radioactive isotope is eliminated
from the organism, i. e. , the longer its effective elimination period Tff,
the longer it takes for equilibrium to be reached. In practice, an equi-
librium between entering and leaving amounts is reached after a timet
equal to five times the effective elimination period T ff, i.e. ,

t = TeMf.

Knowing the fraction K of the total amount of a radioactive isotope
which accumulates in a critical organ, the amount of the radioactive iso-
tope in the food ration, i. e. , the amount of radioactivity Q which enters
the organism daily, and the effective elimination period Teff, an approximate
idea of equilibrium radioactivity A of the critical organ for the given radio-
active isotope can be obtained from the following expression //:

AKQ or _~~f
A ~~ X , or A = 0.693

Rajewsky /28/ computed the total radioactivity dlue to Ra 2 26 in the body
of an adult whose daily food ration contained an average of 3.4.10-12 curie
of radium and water ration (1.5 liter per 24 hr) 3013 curie. He found
that over 70 years a man accumulates about 1.1.10-10 curie of radium in
his tissues.

Other data in the literature / 2 3/ also show that an adult weighing 70 kg
accumulates about l-1l-ln curie of radium through food during his life.

Thuse, these works, as well as data of other investigators /33/, in-
diczte that the main source of radioactive elements entering the human
orgarism are foodstuffs, and that the role of water is generally secondary,
in contrast to earlier opinions. Even less important is the entrance into

the organism of radioactive isotopes which are suspended in inhaled air.
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However, when the concentration of radioactive isotopes in the drinking
water is relatively high, the importance of water in the formation of the
radioactivity of the human body increases accordingly. The radium content
in various sources of drinking water and in some foodstuffs is characterized
by the figures of Table 150.

TABLE 150. Radium content in water and foodstuffs /26, 28, 32/

Substrate Radium content substrate Radium content

Drinking water: X lo-I' curie/ liter Foodstuffs: x 10-13 curie/kg
of African agricultural margarine .. . .1.0

localiries ... 0.3 -23 milk ... . 0.04- 2.7
of London . . .. 1 milk powder . ... 17
of African towns . 0.1-1.4 white bread . .. 20- 30
of towns of the G. F. R. 1.4-3.1 rye bread . . .. 29-35
of mineral sources . 130- 240 potato . . . .. 62-125
of thermal waters . 1100 butter . . . .. 80

sago .. . . . .65
meat .. . . . .80

fish oil ... 59-45

The values given in this table show that the radium content in foodstuffs
is considerably higher than in drinking water; only highly mineralized
water has a high radium concentration. However, such water is not usually
consumed and therefore cannot be considered a major source of alpha-
radiators for the human organism. Since a man consumes an average of
about 10-12 curie of radium per day together with foodstuffs, the absorption
of radium with water is probably important when the radium concentration
in the water is also approximately 10-12 curie/liter.

Only water with a noticeably increased radium concentration can lead to
a detectable increase in radium accumulation in human tissues. Even a rise
in the radium concentration in water of an order of magnitude from the
known mean values apparently cannot bring about appreciable variations
in the alpha-radioactivity of the human body. The radium content in food-
stuffs themselves is far from constant, undergoing considerable variations.
In Table 149 the maximum content of alpha-radiators in flour is given as
1.4.10-10 curie/kg, while other data give the mean radium content in wheat
flour as (2.0-2.7).10l13 curie/kg /28/. Hence it follows that the radium
content in foodstuffs undergoes considerable variations, whose influence
on its accumulation in human tissues should be greater than that of a small
rise in the radium concentration in water.

That vpriations in the radium concentration in water within an order of
magnitude do not appreciably affect the radioactivity of the human body is
indicated by investigations /31 / in which a comparison was made between
the intensity of the gamma-radiation in the bodies of residents of the town
of Stockholm and of residents of the town N, who use water containing
five times as much radium as that in Stockholm's water, 21013 curie/liter.
The results of these investigations are illustrated by Table 151.

As follows from this table, the difference between the activity of the
bodies of the residents of the town N and of Stockholm is small. Analyzing
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these data, the author of / 31 / points out that the total radium content in
the bodies of the residents of Stockholm would be less by 0.2-10'- curie,
if the only radium accumulation were from water. When the radium con-
centration in the water is higher, the role of waiter as a source of radio-
activity for the human body becomes more important.

TABLE i5i. Radium content in the bodies of residents of two towns, vith radium concentrations in drinkine-

water differing y a faclor of five /31/

Mean Ra con- Dfeec ntema
Ton No. of Se Mean age, Mean weight, tent in the Differ ten in the ma

measutements yexxs kg otganism, orai ,

i0
9
' curie ogns,3

N 9 Male 18.3 151.6 8.13 1 7

Stockholm 9 Female 19.1 (51.4 1.94

N .5 Male 20.0 71.0 7.98 1.

Stockholm 11 Female 24.5 70.3 7.18

N 5 Male 18.0 83.4 8.25 .

Stockholm 6 Female 26.5 78.7 8.37 - 7.

N 5 Male 20.2 51.8 .31 70

Stockholm 22 Female 18.1 50.7 + 7.0

N 3 '20.7 150.7 7.18 '.

Stockholm 16 '17.7 18.7 f55

A number of investigations have shown that when the radium content in
the drinking water rises appreciably, a somewhat larger amount of radium
is retained in the tissue structures. It is obvious that such observations
could be conducted only in conditions of relatively constant nutrition;
otherwise the variations in the radium content in the foodstuffs would
have smoothed out the relationships observed in these investigations.
This kind of relationship is well illustrated by the data of Tablc 152.

TABLE 152. Relationship between the radium content in the humnan body and the radium concentration
in the drinking water /10/

E E)

0.03 16.8 .3 6 3.43 . 0 n02o0
'a3 2 .0-04 a a4 4. 1.7 2 .:- o

a. 2. 0 .32 1n a. 1. 0 .68 

ah otn af apa-rdaosinhmatsseide thehol
prbe fth aua radioEactiitofth aumn bodi f~a from

20700- ~ -a.~a-a.Z-



completely studied. Data of recent years indicate that the human tissues
contain not only radium, but also other alpha-radiators, uranium, thorium
and their daughter products. It was observed that thorium and its daughter
products are occasionally responsible for up to 40 % of the total alpha-
radioactivity of the human body /6/. An idea of the mean content of Ra
and U in individual human tissues is given by Tables 153 and 154. Present
data on the concentration of alpha-radiators in human tissues and on the
resulting irradiation doses of these tissues were obtained mostly by
chemical isolation of these radiactive elements from the tisses and a sub-
sequent calculation of their specific radioactivity and of the absorbed dose.
This was necessary since the specific alpha-radioactivity of the human
body is low, of the order of 10-11 curie/kg or less for individual tissues,
beyond the sensitivity limit of ordinary measurement techniques.

TABLE 1.53. Uranium content in various organs and tissues of the human body

Uranium content, Specific radio- Urnu otn, Specific radio-
Tissue (organ) ~activity. Tissue Uranumgontnt, activity,

Tissue (organ) / 22/, mg~ curie/kg (ogn 22/, mnga curie/kg

Thyroid gland . .5.1021 3.0-10-'" Kidneys . . . 1.4.10-s 9.4.1012
Prostate gland . 4.102' 2.7.10-1O Brain ...... 3.2-10- 2.2K10

13

Ovaries ...... 3.2'10 2 2.210-'o Muscle tissue . 1-0
5

1 6.7-10-'s
Spleen . . 51- 3 .3 .1 0 's Blood ...... 1.10' 6.61
Liver ....... 5.10-1 3.3.-10-11

TABLE 154. Radium radioactivity of organs and tissues of the human body

Specific radioactivity due to Specific radioactivity due to
'Tissue (organ) radium, 10-1 curie/kg Tissue (organ) radium, 10-12 curie/kg

/28/ /26/ /27/ _________ /28/ /26/ /27/

Bone tissue . . . 1.7 5.4 9.7 Small intestine 01.7 - -

LUn~gs. . 1.2 -3.5 1.6 2.:3 Large intestine . 0.6 --

Liver. ...... 3.4 2.0 3.4 Pancreas. .... 0.9 0.8 -

Spleen. ..... 1.4 -4.6 1.7 4.6 Ovaries. .... 0.6- 0.3 0.8 0.6
Kidneys. ... 0.9 0.9 - Placenta. .... 0.4 -2.0 0.8 -

Muscles 1.4 2.5 1.4 1

It follows from the data of Table 153 that the highest uranium concentra-
tion occurs in the thyroid gland, ovaries and prostate gland. However,
the total amount of uranium contained in these organs is still comparatively
small, which constitutes the main difficulty in analyzing them radiochemical-
ly or radiometrically. According to data obtained by Hoffmann /22/, the
total uranium content in the ovaries and the prostrate gland averages
8_10-6g/g (5.10-9 curie/kg), and in the thyroid gland .10-5 g/g (6.7-10-9
curie/kg). It should be noted that these figures are only tentative,' since
the content of uranium and of other radioactive elements in the human body
undergoes considerable variations. This is well illustrated by the data
of Table 154, in which the specific radium concentrations in individual
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tissues and organs of the human body are given. As follows from this
table, the same authors occasionally give corrected data in later publica-
tions as their investigations develop. Thus, Rajew sky et al. reported in
one paper /28/ that the specific radium activity of the bone tissue is
1.7.10-12 curie/kg; after three years in a new paper /26/ they estimated
that the specific activity of the bone tissue averages 5.4.10-12 curie/kg.

However, a characterization of the content of a radioactive isotope in
the tissues of an organism by its arithmetic mean value alone is inaccurate.
Sometimes the content of some element in a tissue may differ considerably
from the figures given in these tables. For example, the radium con-
centration in bone tissue may vary from 4.9.10-12 to 1 6.1 0-12 curie /kg / 23/

Radiobiology also has very little data on the total radioactivity of the
whole human body. According to some investigations /23/, the total amount
of alpha-radiators in the human body is (0.38-4.3).10-10 curie; according
to other investigations /24/ it is considerably larger, varying from .i 0-9
to 410-8 curie. Both investigations were on the ashes of cremated corpses,
from which targets for direct counting of their alpha-activity were prepared.
In another investigation the amount of radium contained in the human body
was determined by measuring the radon concentration in exhaled air. It
was assumed that 70 % of the radon in the exhaled air originates from
radium contained in the tissues. It was found that the total radium content
in the human body varies from 410-11 to 3.7.10-10 curie /10/. The mean
radium content in residents of the town of Frankfurt am Main was de-
termined as 3.3-10-'0 g /27/.

These latter investigations estimated only the radium content. The
total alpha-radioactivity in the human body also depends on its content
of uranium, thorium and their decay products. The total radioactivity
of the human body is therefore considerably higher than that due to radium
alone, and the radium is largely concentrated in the bone tissue. Recent
investigations show that the total alpha-radioactivity of human tissue is
approximately ten times its a.226 radioactivity.

In addition, radon which enters the organism with inhaled air is of some
importance in forming the radioactivity of soft tissues. It has been com-
puted that for a mean radon concentration in the air of 310-13 curie/liter,
the alpha-radioactivity of soft tissues may reach 1.3.10-12 curie/kg.

The alpha-radioactivity of soft tissues amounts to about 30 %1 of the
total alpha-radioactivity of the body. The specific natural alpha-radio-
activity of the muscle tissue is approximately one-half to one-third that
of the bone tissue. At the same time the distribution of alpha-radiators
in the body of persons who worked in radium production was different. For
these people up to 95 To of the alpha-radioactivity7 was in the bone tissue;
the activity of the soft tissues constituted only about 5 %, although I g of
dry matter of soft tissues contained as much radioactivity as 1 g of dry
bone. The highest alpha-activity content was found in hair whose specific
radioactivity reached 2.010-9 curie/kg. The secific radioactivity of the
thyroid gland was 8.4-10-10 curie/kg, of the muscles 5.1 .10-10, of the spleen
4.0.10-10 and of the brain 1.5.10-10 curie/kg.

An investigation of the alpha-radiator content in the rib of a man who
lives 4000 years ago gave a radioactivity of 3.4-10-9 curie per g of dry
bone. The alpha-radioactivity in the rib of modern man averages
6.8.10-11 curie/kg. The high content of alpha-radiators in the bone of
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ancient man may be due to the fact that during thousands of years in the
ground he could absorb alpha-radiators from groundwater /25/.

§ 3. CONTENT OF BETA-RADIATORS IN
HUMAN TISSUES

The beta-radiation of human tissues, as well as of the tissues of all
other representatives of the animal and plant world, is determined almost
completely be the concentration of radioactive potassium. A direct ratio
therefore exists between the concentration of potassium in tissues and
their natural beta-radioactivity. The role played by natural radioactive
isotopes of other elements, such as carbon, hydrogen and rubidium, in
the formation of the human body radioactivity is very small compared with
that of potassium. For example, despite the fact that human tissues con-
tain 18 % carbon and an adult weighing 70 kg contains about 12.6 kg of this
element, the total radioactivity of the human body due to radioactive carbon
is approximately 9.8.10-8 curies (see § 2, Chapter 2).

Calculations show that the contribution of the decay products of Ra 2 2 6 to
the total beta-radioactivity of the human tissues is less than 1 % of the
K4 0 activity. Other natural radioactive isotopes, as shown in Chapter 2,
are contained in the tissues of mammals in even smaller amounts and do
not affect the magnitude of the beta-radioactivity of the human body. The
radioactivity of human tissues and organs is thus determined mainly by
the potassium concentration.

Different authors give different values for the ratio of the total potas-
sium content in an adult to his weight: 0.185 % /9/, 0.2 'l /7/ and 0.26 %
/ 4/. If we take 70 kg for the weight of an average man, then the potassium
content is 1 30, 140 or 180 g respectively. But since individual values of
the total potassium content in human organs fluctuate from 0.12 to 0,35 %
/ 2/, a value of 0. 19 %, or approximately 130 g, is usually taken for the
potassium content in an average man, since most results are grouped
around this figure. The radioactivity of the human body is therefore
usually characterized by an average of .2.10-7 curie, although the
potassium content in human tissue structures may differ between individuals
by a factor of two or more. The possibility of such variations is confirmed
by actual data, from which it follows that the potassium content in whole
blood may vary by more than a factor of two /13/. In investigations of
plasma and blood serum, the fluctuations in the potassium content reached
approximately a factor of two /34/. A variation by more than a factor of
three in the potassium content of human saliva and gastric juice was ob-
served in different physiological states /18/. All these investigations show
that the potassium concentration in various parts of the human organism
is characterized by a continuous series of values, none of which should be
considered as the norm with respect to other members of the series.

Even larger fluctuations in the potassium content are observed under
pathological conditions /12/.

A number of investigations have established that the potassium content
in the organism depends on sex, age, body weight, fat content, character
of muscular activity, etc. The potassium content in the muscles of men
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is usually considerably higher than in the musclE s of women. A larger
amount of potassium is observed in persons doing intensive physical work,
etc. This is due primarily to the fact that potassiurn is a necessary
electrolyte and takes an active part in the complex biochemical reactions
of the contraction processes of muscles. A simp~le relationship therefore
exists according to which the more intense the muscular activity of the
individual the higher his potassium content and, consequently, the higher
his total radioactivity. The potassium concentrltion depends strongly on
the age of the organism; in general, the younger- the organism, the higher
the potassium concentration in its tissues. A general idea of the potassium
distribution in the human organism can be obtained from Table 155.

TABLE 155. Potassium content in human organs and tissues

E 8
Organ, tissue . s2 Organsissue 2 0 iO 

a- U- - .0 U

~~~ .0 a~~~~~~~~ 

Bra in 3 30 2.4 4 Kidneys 175 1.4 4
290 2.3 17 23 0 1.8 2 1

Mluscles 310 2.5 21 Bone tissue 61 0.5 4
360 2.9 4 110 0.9 21
.38 0 3.1 17 Teh

Heart 190 1.5 21 enamnel 50 0.4 4
250 2.0 4 densine 70 0.6 4

Lungs 1 50 1.2 4 Skin 1 60 1.3 21

270 2.1 21 Adipose tissue 60 0.5 21

Liver 215 1.7 4
230 1.8 21

It follows from Table 155 that the highest potassium concentration is in
the nerve and muscle tissues, with consider-ably less in the bony tissue.
It also follows from this table that the specific radioactivity of tissues of
the same organs may vary widely. For example, the variation in the
specific beta-radioactivity of the bony tissue reaches 80 % according to the
data of the indicated authors. Since deviations of the potassium concentra-
tion in individual tissues and organs, summed up over the whole organism,
not only do not equalize these extreme values, but intensify them, the
differences in the total beta-radioactivity of the human body may reach
even higher values than those observed in individual organs. Some idea
of the extent of the fluctuations in the total radioactivity of the human body
and its mean specific K40 radioactivity can be obtained from Table 156
(compiled from data of a number of authors). The total radioactivity in
this table is calculated for a standard't man weighing 70 kg.

As follows from the figures in the second to lst column of Table 156,
differences in the K40 content in humans apparently reach very high values,
approaching 300 %.

The dependence of the specific K 0 radioactivity in the human body on age
is well illustrated by Table 157.
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TABLE 156. Potassium content in the human organism

Mean p - Specific Ttlradio. Rela tive
tassium radioactiv-Ttl radio- Bibliograph-
content, isyui iaciviyicalsource

mg 1" curie/ curekactvity

120 0.96 0.67 100 [141
130 1.04 0.73 109 [161
160 1.28 0.89 133 120]
170 1.36 0.95 142 [161
180 1.44 1.01 151 119, 201
190 1.52 1.06 158 129]
210 1.68 1.18 170 117]
265 2.16 1.51 222 14]
350 2.80 1.96 289 [17]

The radioactivity according to the data of /14/ is taken as 100%.

It follows from Table 157 that as the organism develops the potassium
concentration in the blood decreases. At 18 years the potassium content
in human blood is approximately 23-51 7a less than at an age of one month.

TABLE 157. Age variations of the potassium content in human blood /11/

Age, Potassu Specific radio- Age, Potassium Specific radio-
months content, atvy, m onlths Icontent, atvity, 10~

mg mg% curie/kg rn_____curie/ kg

212-335 1.I68-2.68 6 192 1.54
2 166-301 1.33-2.41 7 195 1,56
3 155-271 1.24-2.16 8 192 1,54
4 171-257 1.37-2.06 9 190 1,52
5 161-277 1.29-2.21 10 189 1.51
6 153-280 1.22-2.24 II 186 1.49
7 201-253 1.64-2,01 12 191 1.53
8 130-261 1.05-2.08 13 190 1.52
9 173-254 1,38-2.02 14 189 1.51
10 164-259 1.31-2.37 15 196 1.57
II 177-260 1.41-2.40 16 194 1.56
12 180-269 1.44-2.15 17 209 1.67

18 165 1.32

The level of the beta-radioactivity of blood can be affected considerably
by various pathological states. Danilenko /3/ showed that the radioactivity
of the blood of cancer patients is always lower than that of healthy persons,
and that l 0r of X- irradiation reduces the level of blood activity within
24 hr.

The typical potassium content in various liquids in the human body and
their calculated K40 radioactivity are given in Table 158.

It follows from the figures of Table 158 that the K40 radioactivity of the
various liquids of the human body differs considerably. The highest radio-
activity is found in gastric juice and the erythrocytes. Notable also is the
very wide range of specific radioactivity fluctuations for the same medium.
For example, the difference between the maximum and minimum specific
activity of urine reaches 60 %, and of perspiration 50 %/. The values of
urine radioactivity given in Table 158 agree very well with the results of
Shtukkenberg and Lyass (see / 1/). According to available data / 1/, the
amount of radioactive isotopes removed with the urine daily averages
(1.5-2.0)-10O9 curies of K40 and 0.4.10-10 curies of C14. As these authors
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found, the radioactivity in the daily excrement is due mainly to radioactive
carbon (1.7.10-10 curies of C1 4 ). Much less radioactive potassium is re-
moved by excrement.

TABLE 158. Potassium content and specific rdioactivity of liquids in an adult

Potassium Spec ific radio-
Medium content, actii ity, 10-'o Bibliographical

mg l/ curie/liter source

Blood plasma 20 1.6 4
Blood serum 20 1.6 4
Erythrocytes 460 36.8 4

310 -440 24.8 -35.2 15
Whole blood 150- 200 12.0- 16.0

Cerebrospinal fluid 12 0.96 4
10 -14 0.8 -1.1 11

Lymph truncus costocervicalis 23 1.8 4
Lymph of the thoracic duct 24 1.9 4
Saliva 1 00 8.0 4

55 4.4 11
Gastric juice 566- 685 4 5- 54.8 11
Pancreatic juice 30 2.4 4
Vitreous humor 21 1.7 20
Milk 50 4.0 4

40 -70 3.2- 5.6 11

Perspiration 21 -126 1. 10.1 11
Urine 200 -330 16. - 26.4 11

208 1 6.6 4
Purulent exudate 26- 55 2.0 -4.4 11

A number of investigations have established that the potassium content
and, consequently, the radioactivity of the proc'ucts of various of man's
activities depend considerably on his functionall state. For example,
the dependence of milk radioactivity on the functional state of the organism
is illustrated by the figures given in Table 159.

TABLE 159. Potassium content in womnan's milk in ':arious lactation periods

Potas~um cotent, Specific radio-
Lactation priod Ptsium conent activity. lo-,,

mg ~~/ / e uric/liteor

Colostrum period ........ 70-90 5.6-7.2

1-4th montls. ......... 60 -7 4.8 - 5.

4-9ts month. ......... 50 - 70 4.0- 56

10-12th month. ........ 40 - 6 3.02- 4.8

Thus, as follows from the above figures, the K40 radioactivity of human
tissues is a highly dynamic quantity and depends on the character of the
exchange processes which take place in the organism.

A general idea of the radioactivity of the humian body due to the principal
natural radioactive isotopes can be obtained from Table 1 60, compiled by
Belousova and Shtukkenberg //. This table gives the activities and con-
centrations of K4 0 , C1 4 , HI and Ra'1 6 in soft tissues and in bones.
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TABLE 160. Radioactivity due to some radioactive isotopes contained in
human organs

Radioactivity, curie Specific radioactivity,
Isotope ofo otcurie kg_____

ofsoft of bones total tissues of boncs

C1
4

5.4.10- 8 1.4.10- 8 6.8.-10-8 8,6.10-t0 2.0 10- 
H
3 9.3 10-O 6.4.-10-It 9.9. 10-10 1.5. 10-1 9.2 10-12

H
3
+C

4
-K 

40
2 1 10- 2.2 .10-8 2.4 10-v 3.5.10- 3.0 -10- 

Ra226 * 1.9.-10-10 7 0.10lO1 2.6. 10-`0 3.0 1f-12 10-It

The figures for Ra 
22' do not take into account the activity of its decay

products. The radioactivity of thorium and its decay products is four
times the radioactivity of radium in the skeleton.

It follows from Table 1 60 that most of the radioactivity in the human
body is due to K 40 and C14 . But since the energy of the beta-particles from
Ct 4 is very low, the main source of internal scattered tissue irradiation
is actually K40.

4. GAMMA-RADIATION OF THE HUMAN BODY

The gamma-radiation of the human body is due primarily to K40 and,
to a lesser extent, to radium. In the radioactive decay of K401 gamma-
quanta are emitted along with the beta-particles. It has been calculated
that l 0g of K 40 emit in their decay 22 1.32 Mev beta-particles per second
(88.4 % of the number of disintegrations) and 38 1.46 Mev gamma- quanta
per second (1. 6%7 of the number of disintegrations). A number of in-
vestigations have established that radium is responsible for less than 10%
of the total gamma-emission by the human body. In addition, the human
organism contains uranium and thorium, whose radiation, with that of their
decay products, constitutes some part of the total gamma-radiation of man.
The contribution of the gamma-radiation of these isotopes to the total
gamma-radiation level of the human body is, however, still insufficiently
studied.

The gamma-radiation intensity of a given individual is quite constant,
if the form of life of the person and his food intake do not undergo significant
variations /30/. These same investigations made it possible to observe
a characteristic regularity which clearly expresses the dependence of the
g6amma-radiation intensity on age, sex and individual differences. An
examination of 1500 cases, during which many persons were subjected to
repeated measurements, showed that the radioactivity of any individual is
quite stable, but the differences between individuals may be relativelylarge.

Figure 23 gives curves illustrating the weight dependence of the mean
gamma-radiation levels of persons of three age groups: younger than
30 years, from 30 to 60 years and older than 60 years. An analysis of
these curves shows that men have a higher level of gamma-radiation than
women, and that the gamma-radiation decreases appreciably with advancing
age. This is in good agreement with the results of an investigation of the
potassium content in various tissues of persons of different age groups.
The decrease in the potassium content in the organism with advancing age
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can easily be explained as due to the fact that mcst of the potassium is
usually contained in the muscles. With increasing age the mass of muscles
decreases, as a result of which the gamma-radiation of the body lessens.
The gamma-radiation level of old persons with atrophied muscles and of
heavy individuals with subcutaneous fat is lower than that of young and
middle-age persons.

9 &" Men - (<3Y1yr 3Q5Oyrs

Women

6 yrs

>, 5 ..e~~~~~~~~~~~yrs.
')O yrs

~'Joyrs

0 /0 20 30 4 0 S0 60 70 80 90 100
Weight, kg

FIGURE 23. Gamma-equivalenit of radium for
various human age groups as a function o weight
and sex /9/.

Data exist /31/ to the effect that up to 30 yeals of age the radiation
level of women averages approximately 20 % les.. than that of men of the
same weight. Between 30 and 60 years and for leavy individuals, this
difference is even more prominent. The gamma-radiation level per kg of
weight in this age group is lower than for younger individuals. At 60 years
and older the gamma-radiation intensity falls still further. On the average,
the gamma-radiation intensity at this age is 30 % less in men and 20 % less
in women than that for younger age groups.
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Chapter 11

COSMIC RAYS

Cosmic rays represent a flux of elementary particles arriving at the
earth's surface from various regions of the universe. Occasionally they
cause a considerable rise in the background of natural ionizing radiation,
but under normal conditions in a period of calm solar activity, the cosmic
contribution at sea level is 25 -30%5 of the level of natural radiation.

Cosmic rays reach the earth' s surface from all directions and have a
large penetrating capacity. The fraction of their contribution to the natural
background of ionizing radiation is different at different points on the earth
and depends on a number of conditions, physicogeographical, meteorological,
geochemnical and extra-terrestrial.

The increasing interest of biologists in cosmic radiations is due to the
fact that, on one hand, modern aviation industry has created machines for
flight in high, rarefied layers of the atmosphere, where the effect of this
radiation on the organism is intensified considerably and the rapid progress
in rocket engineering has made realistic man's flight to other planets
under conditions of possible high-energy cosmic irradiation in the near
future /9/. On the other hand, a study of the levels of radioactive contami-
nation both in regions of local and of global radioactive fallout resulting
from the explosion of nuclear weapons shows that in order to obtain con-
crete ideas on the variation of the level of ionizing radiation, it is necessary
to take into account not only the total radiation dose, but its individual
components, including the cosmic component.

Upon entering the terrestrial atmosphere, cosmic rays interact with
atoms of the air. They collide with nuclei of atmospheric matter lose
their high energy and generate a new group of elementary particles which
also have high velocities. Accordingly, cosmic rays are divided into
primary and secondary particles; the primary particles predominate in
the stratosphere above 25-30 km. In the troposphere the secondary cosmic
rays predominate. These in turn interact with atomic nuclei, disintegrating
them and causing the formation of additional particles.

1. PRIMARY COSMIC RAYS

Numerous investigations have established that primary cosmic rays in
the upper layers of the atmosphere consist mainly of fast protons, alpha-
particles and a small number of nuclei of carbon, nitrogen, oxygen and
heavier elements.

Beyond the terrestrial atmosphere cosmic rays also contain electrons
and gamma-rays. The absence of the electronic component in the flux
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of cosmic particles reaching the upper layers of the atmosphere is due to
the fact that only fast electrons can penetrate the earth's magnetic field.
The lifetime of fast electrons in the galaxy is short, however, since they
lose energy by radiation and slow down. Slow electrons are stable, but
cannot reach the earth' s surface, since they are deflected by the earth' s
magnetic field. This was confirmed by a direct investigation of Vernov
and Chudakov /3/, who established with an artificial satellite that the
number of electrons increases with altitude; in the altitude range from
300 to 1800 km electron flux increases by approximately a factor of 20.
Measurements carried out using the third Sputnik showed that charged
particles at high altitudes are trapped in the magnetic field of the earth
and form two high-intensity zones.

In the upper layers of the atmosphere protons constitute about 79 % of.
the nuclear matter, alpha-particles (helium nuclei) 20 %/, nuclei of carbon,
nitrogen and oxygen about 0.78 % and nuclei of heavier elements (with
atomic numbers higher than 10) about 0.22 %. Among the last group of
nuclei are even those of atomic weight 56 (iron nuclei) /12/.

We give here the quantitative relation between nuclei heavier than
protons in the primary cosmic flux at a latitude of 300.

Elemont.......Li Be B C+N+O Z > 8

Number of nuclei ... 2 3 .5 51 19

Primary cosmic particles which penetrate into the upper layers of the
atmosphere are also deflected by the earth' s magnetic field. S. N. Vernov
and other investigators have observed the so- called ea s t-w es t
as ym me t ry , resulting from the fact that the intensity of primary
cosmic rays arriving from the west is higher than that of rays arriving
from the east. Only particles with particularly high energies, i. e. ,
particles capable of overcoming the deflection of the magnetic field,
penetrate to the earth' s surface in the equatorial region. In polar regions,
however, particles of relatively low energy can penetrate to the earth' s
surface. Therefore, the further from the equator, the more intense is the
cosmic radiation flux at sea level. This gradual rise in the cosmic back-
ground from the equator to high latitudes is called the a t itu de ef f e t .

The mean energy of cosmic rays is estimated to be of the order of
1010 ev. However, particles with considerably lower energies and
particles with energies exceeding 1014 ev, and even 1019 ev, are encountered
in the general flux of primary particles. In equatorial regions only
particles with energies of at least 1.5.1010 ev reach the earth's surface.
The southern regions of the Soviet Union are accessible to particles with
energies over 7.109 ev and the Moscow Region to particles with energies
above .5-109 ev /9/. The minimum energy which a primary cosmic
particle must possess to be able to penetrate vertically through the atmos-
phe re i s give n by the e qu ati on / 1 1/

Emio 5cos2 X Gev,

where X is the geomagnetic latitude.
Therefore, primary cosmic rays at the equator, where X 0, at sea

level must have an energy of about .5-l010 ev. The magnetic field of the
earth thus acts as a separator, sorting primary cosmic particles over
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geographical latitudes according to their energy. Investigations have
established that with increasing altitude the latitude effect becomes in-
creasingly pronounced; thus, the latitude effect at an altitude of 30 km,
at 5- 64O N lat. , reaches 15-20%0/ /4/.

§2. SECONDARY COSMIC RAYS

As a result of the interaction of primary cosmic rays with atoms of the
air, two large-scale processes, electron-photon and electron-nuclear
showers, arise. Electron-photon showers develop as follows: photons
which are created by the deceleration of charged particles in the field of
atomic nuclei form electron-positron pairs. The latter in turn generate
new photons, and the cascade shower develops as long as the energy of the
new particles is not extremely small and is not spent in excitation and
ionization of atoms.

The mechanism of electron-nuclear shower production is the following:
upon the collision of a primary cosmic particle with an energy of at least
3.109 ev with a nucleus, a large number of new particles appear, including
fragments of the nucleus, protons and neutrons, as well as various types
of positive, negative and neutral mesons. The mesons, which are unstable
particles, decay into photons and electrons, which in turn cause electron-
photon showers. The mechanism of such a shower is shown schematically
in Figure 24.

0/Primary cosmic
particle

o / *~Nuclear fragents
(protonsan 

// 0 ~neutrons)

1/Flu x of mesons
adphotons

FIGURE 24. rigin of an electron-nuclear shower

In a collision of a primary cosmic particle with an energy of the order
of magnitude of 1012 ev or more with a nucleus large showers arise com-
posed of millions of particles, occasionally spreading over hundreds of
square kilometers. However, the collision of nuclear particles (protons,
neutrons, mesons, heavy nuclei) with an atomic nucleus may end up in
some cases only in splitting the nucleus without subsequent cascading.
On special photo plates covered with a thick emulsion layer the tracks of
such a process create the picture of a radiant star.
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Secondary cosmic particles thus consist of electrons, photons, neutrons
and mesons. The most important component of this radiation are mesons.

With decreasing distance from the earth' s surface, the composition of
secondary cosmic particles changes somewhat and at sea level the flux
consists of approximately 80 T mesons, 20 % electrons and about 0.02 %,
primary protons /23j/, whereas at an altitude of 30km the cosmic flux
consists of 37 % protons, 60 % neutrons and 3 various nuclei /19/.

Investigations have detected among the secondary cosmic rays several
groups of mesons with masses between 200 and 100 electron masses.

Being unstable (their half lives are calculated to be millionths of a second
and less), mesons decay spontaneously into lighter charged and neutral
particles. Mesons can be divided into positive and negative, with a charge
equal to that of the electron, and neutral, with zero charge.
TABLE 161. Elementary particles /13/

Designation Electric charge Mlass', relative Mean lifetime, Decay products
units sec

Photon....... 0 0 Stable
Neutrino....... 0 0 (< 0.001)
Electron....... -1 1
Positron ..... +1 1 
N coons:

+ 1 207 2.2-10 ' Positron and 2 neutrinos
C ~~~~~-1 207 2.2 i0-' Electron and 2 neutrinos
+ ~~~ ~ ~~+ 1 273 2.6'108 p -meson and neutrino

it- ~~~-1 273 2.6.108' The same
0rs 0 264 (1-4)l10t6 2 photons

Prto +1 1-

tProton -1 1836 Stable
ANetrotn 11

Nteutron 0 1839 13 min Electron and proton

Hyperons +1
-1 2200- 2600 -i0-10 Positron and antiproton

0f

The mass of the electron is taken as unity.

Cosmic rays are divided into two components; hard and soft, by
penetrating capacity. At sea level the hard component amounts to about
2/3 and the soft component to about 1/3 of the total cosmic flux. At an
altitude of 1 5km the intensity of the soft component is four-five times the
intensity of the hard component. The division of cosmic rays into hard
and soft is based on their property to penetrate through dense bodies.
Cosmic rays penetrating through a lead plate 10 cm thick are called hard.
Rays stopped by such a plate are called soft.

The hard component of cosmic radiation is formed mainly by p-mesons.
The soft component consists of electrons, positrons and gamma-quanta.

3. THE ORIGIN OF COSMIC RADIATION

There is no single accepted theory of the origin of cosmic rays. One
theory assumes that cosmic rays, wandering in the universe for millions
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of years, are gradually accelerated by interstellar electromagnetic fields
to the high energies which enable them to penetrate to the earth through
the atmosphere. In this connection, Shklovskii /12/ stated that the main
source of cosmic particles is the outburst of supernovas, which represent
a gigantic cosmic explosion of stellar matter. The Crab nebula /24/,
which formed from the outburst of a supernova near Orion, is considered
one of a large number of such sources. This outburst was observed by
Chinese and Japanese astronomers in 1054. This nebula spreads out at
a colossal velocity, about 1000km/sec. The distance between the earth
and the Crab nebula is estimated as 4000 light years.*

In contrast to this hypothesis which assumes that cosmic fluxes come
from many regions in the infinite space of the universe, there is a theory
that the source of the cosmic particles arriving on the earth is a single
point source situated at the center of the galaxy and arising from star
clustering /15, 16/. Tis hypothesis assumes that the heavy atomic nuclei
encountered in cosmic rays are formed in stars close to the earth, in-
cluding the sun /16/.

In E. Fermi' s theory charged particles acquire their energy from
magnetic fields situated in turbulent clouds of stellar gas and in a large
number in the spiral branches of the galaxy. He believed that the electric
conductivity of interstellar clouds is extremely high, and magnetic field
lines are "frozen" in the gas and participate in the turbulent motion of the
clouds. Cosmic particles acquire energy in interactions with such moving
magnetic fields. The field lines of the latter are "bent" in random
directions, as a result of which the magnetic field at the boundary of the
galaxy is practically uniform (isotropic). For this reason cosmic
particles arrive at the earth' s surface from all directions with approxi-
mately the same intensity. According to this theory, the acceleration of
charged particles to the energies representative of primary cosmic
particles is the result of a very large number of interactions with
magnetized clouds of interstellar matter. In each such collision the
particle' s energy gain is very small, but the number of interactions
during the tremendously long time in which the particles wander in the
universe is so large that their energies eventually become very large.

There are also other hypotheses of the mechanism of the formation of
high-energy cosmic particles. According to one of them, cosmic particles
can acquire their velocity as a result of rapidly varying electric fields in
the chromosphere of the sun and other "active"~ stars. The most accepted
is the radio-astronomical theory, developed by Shklovskii /12/, which
states that the source of cosmic particles are the numerous nebulae which
are spread throughout the galaxy and represent the remainders of super-
nova explosions.

Supernovae explode in our galaxy on the average once in 300 years.
This is a short time compared with the time a cosmic particle travels
within the galaxy. The intensity pulses caused by such explosions should
be averaged during the subsequent flight of the particles in interstellar
space. Observations show in addition that besides supernova explosions,
there are approximately 100 nova explosions in our galaxy annually.
The energy release in each nova explosion is approximately one-
tenth that in a supernova explosion. The smaller energy release

*A light year is the distance traversed by light in a year.
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is compensated somewhat by the considerably higher frequency of exolosions.
It is therefore not excluded that novas also play an important role in cosmic
ray formation.

The decision of which hypothesis is crrect depends on whether gammna-
rays are discovered in cosmic rays. The reason for the great importance
of cosmic gamma-radiation is that since gamma-quanta do not have an
electric charge, they are not affected by magnetic fields and therefore
should move in straight lines in interstellar space. The detection of
gamma-quanta will make it possible to determine the true position of their
source.

It has recently been observed that a definite contribution to te total flux
of cosmic rays reaching the earth is made by elementary particles ejected
by the sun during periodic chromospheric flares. The magnitudes of this
addition differ for different geographical latitudes. Thus, during the solar
flare of 19 November 1949, the cosmic flux rose by only 4 in the Tokyo
Region, whereas at some other points it rose by 10 ~OMV / 21/ Particles
ejected by the sun have relatively low energies, and it is therefore
assumed that other stars near the earth are also sources of 'low-energy'
particles.

§4. CORPUSCULAR "CORONA" OF THE EARTH

Investigations carried out using artificial satellites and rockets led to
the discovery of an entirely new phenomenon of great interest to science.
Charged particle counters installed in satellites showed that, beginning
at an altitude of 300 km (the ionospheric F` layer), the number of charged
particles rises sharply up to some limit, after which it decreases gradually.
Data obtained by Vernov and Chudakov / 6/, as well as by Van Allen et al.
/2/, indicate that the number of charged particles at altitudes of more
than 000 km is thousands or more times the number in the upper layers
of the terrestrial atmosphere. This is well illustrated by the graph of
Figure 25.

Longitude-fIo' -fof' -,Q0 -750 -530 -25' -

Latitude 7' 18' .38' ,40' 48' -SO 44
1Q4

02

-~1687 143 J10 925672 460 317
Altitude, km

FIGURE 25. Vriation of cosmic radiation intensity at
high altitudes (before the first Argus" explosion) /2/.

These investigations showed that the earth is surrounded by a cloud of

charged particles which, in analogy with the external envelope of the sun,
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is called its co ron a. Data obtained by rockets launched into inter-
planetary space made it possible to find out the intensity of cosmic
radiation not only near the earth, but also far beyond its atmosphere. It
was found that the maximum radiation intensity occurs at a distance of
approximately 27, 000 km from the center of the earth. The flux of electrons
with energies of 2 Mev and higher reaches 50 5 particles / CM 2

.sec and the
flux of electrons with energies of the order of magnitude of 20-50 ke is
1010 particles/cm2 .sec in this region /7/. The deceleration of these
particles by cosmic satellites produces intense X-radiation whose energy
at a height of 30-40 km is approximately 130 key. Above 70,000 km the
ionization intensity becomes constant and is taken as the natural back-
ground of cosmic radiation.

These investigations have established that the earth is surrounded by
outer and inner zones with high concentrations of charged particles. The
inner zone begins at an altitude of 500 to 1000 km and ends at an altitude
of 4000-6000 km. The outer zone begins at 10,000-15,000 km and extends
up to 50,000 km. The concentration of charged particles in the outer zone
is considerably higher than in the inner zone. It was found /5/ that the
outer zone contains mainly electrons with energies of the order of
1 04 -10 5 ev. The energy of the charged particles of the inner zone is con-
siderably higher, exceeding 106 ev. The space between the two zones
also contains charged particles, but their concentration is not only con-
siderably lower than that of the outer zone, but is approximately an order
of magnitude lower than the concentration in the inner zone /3/.

Inner zone North pole

Oute zone

FIGURE 2. tructure of the corpuscular corona of the earth.

The distribution of charged particles inside each zone is not uniform.
The maximum concentration occurs in the internal parts of the zone with a
gradual decrease toward the periphery. A schematic and highly approximate
representation of the structure of the corpuscular corona of the earth is
given in Figure 26. As can be seen from this figure, the regions in both
zones over which charged particles are spread do not include the earth's
poles; the space over the poles is comparatively free from charged
particles.

S. N. Vernov, A. E. Chudakov and A. I. Lebedinski believe that the origin
of the outer corpuscular zone is due to two mechanisms, ( ) capture of
electrons arriving from cosmic space by the magnetic field of the earth,
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and (2 ) injection into the sphere of influence of the magnetic field of the
earth of electrons and protons which form in the decay of neutrons produced
in the terrestrial atmosphere by the interaction of cosmic particles with
matter.

In connection with the origin of the inner zone, . S. Shklovskii has
claimed that this zone of charged particles arose as the result of the
contamination of the atmosphere by fission products from atomic weapons
tests in southern latitudes. Radioactive decay of fission products ejected
into the atmosphere caused the formation of' fast electrons which formed
the inner-, zone of the corpuscular corona of the earth.

This assumption finds some confirmation in investigations carried out
byv means of the artificial satellite 'Explorer 4."

Longitude-III -102' 92' 78' 58'

Latitutde 5' .15 '8' '38' '4 7' .0'

Ž 0'
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750 3.9 :235 1018 755g 527
Altitude, km

FIGURE 27. Radiation peak (designated by an arrow)
taken 3.5 hr after explosion of the "Argus" /2/.

Figure 27 shows the appearance of an electron concentration peak at an
altitude of over 1 000 km 3.5 hr after "'Argus " a nuclear explosion set off
by the U.S.A. at an altitude of 500 km /2/. The rise in electron concentra-
tion after a nuclear explosion can be easily observed by comparing the
curves in Figures 29 and 31. The data of Figure 29 were obtained by the
artificial satellite "'Explorer 4" 24 hr before the explosion. It should be
noted that when high-altitude nuclear explosions are set off at Arctic or
Antarctic latitudes, i. e., in zones outside the sphere of influence of the
earth' s magnetic field, charged particles apparently fly to interplanetary
space, and do not accumulate in the inner zone of the corpuscular corona.
of the earth.

Beyond the outer zone of the earth's corona the cosmic background is
characterized by the following indices: the radiation intensity in a period
with no solar disturbances is 0.18 ± 0.008 particles/crn2 .sec steradian; the
mean ionization capacity of particles is 2.5 times the maximum ionization
of protons; the intensity of photons in the energy range 45-450 ke is
3.0 ± 0.1 photon/CM2 .sec steradian, and in the energyrange 4.5-45 keyvit is
0.1 ± 0.1 photon/CM2 .sec steradian.

However, in a period of solar flares, accompanied by the ejection of
charged particles into interplanetary space, the cosmic radiation back-
ground beyond the outer zone of the earth's corpuscular corona rises
appreciably.
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Processing of the results of measurements carried out on the first
Soviet cosmic rockets showed that at altitudes of approximately 50,000 to
75,000 kin, beyond the outer radiation belt, there are electrons with
energies exceeding 209ev. This made it possible to postulate the existence
of a third belt of charged particles with a high flux but with lower energy.
The American cosmic rocket launched in 1960 provided data which con-
firmed this hypothesis. It is believed that this belt forms as a result of
the penetration of solar corpuscular fluxes into the peripheral regions of
the earth's magnetic field.

§ 5. VARIATIONS IN THE COSMIC BACKGROUND
ON THE EARTH

Despite the fact that individual cosmic particles possess exceptionally
high energies, the cosmic radiation intensity at sea level is comparatively
low. If we express the intensity of cosmic radiation on the earth' s surface
by the number of particles falling per cm 2 , then the sea level intensity is
approximately 2 particles per minute. The ionization produced by these
particles is approximately 2 ion pairs per cm 3 per sec at sea level. The
most reliable value of the ionization intensity produced by cosmic rays
at mid latitudes at sea level is believed to be 1.90-1.96 ion pairs per cm 3

per sec /1 /. The average annual dose of cosmic ray energy absorbed by
the tissues of a living organism is estimated at 28 mrad. However, due to
a number of circumstances, this dose undergoes appreciable variations.

It was mentioned above that the cosmic ray flux is clearly dependent on
geomagnetic latitude. In the region of the equator the density of cosmic
ray ionization is less than at higher latitudes. The variation in the ioniza-
tion intensity with latitude (latitude effect) is well illustrated by the graph
in Figure 28.

It follows from this figure that with increasing altitude the latitude effect
strengthens appreciably. Thus, at sea level (curve 1) the latitude effect
at the coordinates under consideration amounts to 1 4% i.e., the ionization
intensity at the equator is 1.57 ion pairs per cm 3 /sec, while beyond 45 it
is approximately 1.80 ion pairs per cm 3/sec, 0.23 ion pairs more. At an
altitude of 2000Gm (curve 2 ), the latitude effect reaches 22 %, since at mid-
latitudes the number of ion pairs forming per cm 3 per sec at this altitude
is larger by 0.50 than at the equator. At an altitude of 4360Gm (curve 3),
the latitude effect rises to 33 %, since at mid-latitudes at this altitude 1.73
more ion pairs are formed than at the equator. Approaching the equator,
the latitude effect decreases. Nonetheless, the latitude effect is observed
at all latitudes between 00 (equator) and 55'. At higher latitudes, beyond
550, variations in the cosmic radiation intensity are not observed. The
dependence on geomagnetic latitude of the cosmic radiation dose received
by humans is illustrated by the data in Table 163.

Systematic investigations carried out in the last decade have shown that
the cosmic radiation intensity also varies appreciably with altitude. It has
been established that there is a regular altitude variation of the cosmic
radiation dose rate not only at extremely high altitudes (in the ionosphere
and in the sphere of air dispersion), but also in dense and relatively dense
layers of the atmosphere (in the troposphere and stratosphere). This
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phenomenon is called the b ar om et r ic e ff e ct; the higher the altitude,
the smaller the atmospheric layer above the measurement point and the
higher the cosmic radiation dlose rate. Measurements carried out using
ionization chambers have given for the coefficient of amplification of
cosmic radiation in the stratosphere a value of approximately 0.35% per mm
of mercury.
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FIGURE 28. Ionization produced by cos- FIGURE 29. Variation of the in-
mic rays versus geomagnetic latitude for tensity of secondary cosmic radia-
three altitudes /25/. tion with altitude.
For explanation see text.

Figure 29 gives a curve plotted from data obtained by various in-
vestigators. It characterizes the vertical variation of the intensity of
secondary cosmic radiation. As can be seen from this figure, the curve
has a complex form, and the maximum cosmic radiation is observed at
a distance of 16-20 km from the earth!'s surface.

The form of the curve is easily explained if we take into account that
the primary cosmic flux forms secondary and tertiary rays by collisions
with atmospheric matter.

At high altitudes the atmosphere is rarefied, as a result of which the
formation of secondary and tertiary particles at these levels is very slight.
The ionization effect in these conditions is therefore determined only by
the primary particles whose intensity is altitude independent. How-
ever, as the density of the atmosphere increases, the ionization due to
the formation of secondary and tertiary cosmic particles becomes significant.

At an altitude of about 1 6-20 km there is an unstable equilibrium between
the number of primary and secondary cosmic particles, giving the maxi-
mum ionization intensity. At lower altitudes, i. e., for longer paths
traversed by the cosmic particles in the air, the cosmic radiation intensity
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decreases sharply as a result of increasing absorption of primary and
secondary particles by atmospheric matter.

Therefore, the intensity of cosmic radiation rises continuously with
increasing altitude in the troposphere.

It has been observed that the magnitude of the barometric effect in-
creases appreciably in moving from the equatorial zone to polar regions.
This phenomenon is due to the fact that the thickness of the tropospheric
air layer above the equator is considerably larger than at the poles. The
thickness of the troposphere above the equator is 18 km, at mid-latitudes
10- 12 kin, and at the poles 9 km. Due to the difference in the thickness of
the air column at various latitudes, the altitude variation of the cosmic
radiation intensity is different at different latitudes.

Table 164 gives data characterizing the variation of the cosmic radiation
intensity with altitude in middle and equatoriallatitudes. When examining
Table 1 64, one may note that the cosmic radiation variation depends more
on altitude than on latitude. Thus, an increase in altitude from 0 to 300Gm
is accompanied by an increase in the cosmic radiation intensity by
approximately a factor of three, whereas the latitude variation even at an
altitude of 300Dm amounts to only about half this amount.

Along with the latitude and barometric effects, the regular variations
also include the time variations, which sometimes reach 5-10 %/ and occur

at definite intervals. The time
variation of cosmic radiation intensity
has two periods, 27 days and 24 hours.

r ic~z1 It has been observed that the time
0.5 ~~~~variation becomes strongly pronounced0 

= S0 ~~j j altitude of 30km, in the stratosphere,
-10 ~ ~ ~ -~ the 27-day variation is approximately

ten times as intense as at sea level
2 ~~~~~~~~/4/. The source of the 27-day

0z 0.4 variation is thought to be connected
0.2 with solar flares /4/.

Figure 30 gives curves showing

- 0 28 56 84 /12 /40 the magnitude of the 27-day variations
Time, days observed in Manchester in the period

1952-1954. The 24-hour variation of
FIGURE 30. 27-day variations observed in Man- cosmic radiation intensity is con-
chester in 1952-1954 /8/. siderably less pronounced than the

27-day variation and its magnitude is
estimated to be a fraction of a percent of the total cosmic radiation intensity.
The origin of the 24-hr variation is also thought to be connected with the
sun. In some cases solar activity is the cause not only of rhythmic
variations of the cosmic radiation intensity but also of nonrhythmic
variations, very large, short-lived rises in the cosmic radiation intensity.
Thus, at the time of the chromospheric flare of 19 November 1949, the
radiation intensity at an altitude of 34 km rose by 180 %. However, not
every chromospheric flare is accompanied by a rise in the cosmic radiation
on the earth. Cases have been reported when the level of cosmic radiation
on the earth remained constant during a period of solar flares /22/.

Observations of the chromospheric flare of 23 February 1956 showed
that the duration of the solar flare was considerably shorter than the
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duration of the rise in cosmic background on the earth's surface. In this
case the cosmic background rise was recorded at all longitudes and
latitudes /25/. The duration of this rise is illustrated by the data otained
in a New Hampshire laboratory, according to which the neutron flux rose
by a factor of 36 after 4 hr, and still exceeded the normal background by
15 % after 23 hr /20/. At the same time (after 24 hr) a fourfold rise in
ionization was recorded at an altitude of 80,000 feet /26/. Such solar
flares are rarely observed. It is believed that there are more than 3-5
such flares during the 11-year solar cycle.

40 180

20 (60
Godhaven

(reenland)

0 140 ~~~~~~~~~~~~g
0~~~~~~~~~~~~~~

40 120 W
Chelteenbam 
(Enigland)

20 - 10oi

Wankie(ima 0

~~1Lh~i0 20
0

18 20 22 12 02
Day of November 1949

FIGURE 31. osmic ray burst of 19 November 1949.

Figure 31 gives curves characterizing the rise in the level of cosmic
radiation at various geographical points at the time of the flare of 10
November 1949.

The extraterrestrial causes of irregular and small variations in the
cosmic radiation intensity at the earth's surface include variations in
meteorite activity. When meteorite activity increases, cosmic radiation
on the earth may rise by 4-6% /17/. Small. variations in the cosmic
radiation intensity at the earth's surface may also be caused by temperature
variations in the upper layers of the atmosphere, by a local pressure rise
or by redistribution of air masses /18/. Weak local variations in the
cosmic background may be due to a variation in the humidity of the atmos-
pheric air, in its dust content, etc. Very small rhythmic variations in
the cosmic background, with magnitudes of tenths of a percent, are caused
by the moon's deflection of the trajectory of primary cosmic rays / 1/
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Since the penetrating capacity of cosmic particles is very great, when
carrying out radio-biological works on water areas and when measuring
the gamma-radiation level at various depths one should take into account
that the natural radiation background both of surface water layers and at
a depth of several hundred meters is the result of the sum of radiation
from dissolved natural radioactive isotopes and of the cosmic component.
However, as shown by L. V. Mysovskii, the cosmic radiation intensity
rapidly decreases with increasing depth, although cosmic radiation is
detected even at depths of over I1000 m.

The absorption of cosmic particles by water increases with density.

The surface water density at various places of the World Ocean varies
between 1 .0225 and 1.0220 g/cm 3 . The lowest density is encountered in
tropical regions and the highest density in high latitudes. A comparison
of the salinity distribution of sea water with the density distribution shows
them to be far from identical. The density of sea water depends more
on its temperature than on its salinity. The contribution of the cosmic
component t the total natural radiation of water should therefore be
determined at somewhat larger depths at equatorial latitudes than at high
latitudes. However, these differences, as can be seen from the data
given below, are small and of no practical importance. The penetration

of cosmic rays into water basins also depends on the amount of solid
particles suspended in the water and on other similar factors. In water
basins with a high concentration of suspended solid particles or with a
high salt concentration cosmic rays penetrate to smaller depths than in
basins with fresh and pure water. However, these differences also
cannot affect investigations noticeably. The presence of an ice cover does
not affect the penetration depth of cosmic rays in a water basin. The
penetrating capacity of cosmic rays or their absorption in matter can be
estimated from the following data. The probability of a collision of a
primary particle with a nucleus in air corresponds to a mean path of
60 g/CM2 for protons and 45 g/CM2 for alpha-particles. The absorption
of p-mesons of the hard component of cosmic rays is independent of the
atomic number for equal masses expressed in grams per cm 2 . The
energy of secondary cosmic particles is lost mainly by ionization in matter,
and a fast meson loses approximately (.5-2)-106 ev per g/CM2 . Con-

sequently, particles belonging to the hard component of secondary cosmic
rays are not only detected deep inside water basins but even at a depth of
lOG00m in the ground. The penetrating capacity of mesons with an energy

of about 1I0 1 1 ev is 00 times that of gamma- rays.
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Chaplter 12

IONIZING RADIATIONS IN THE BIOSPHERE

1. THE RADIATION FIELD OF THE BIOSPHERE

Data of extensive geochemical, radiological and astrophysical investiga-
tions of recent years indicate that never in any of the geological epochs
have there been areas of the earth' s surface free from radioactive iso-
topes or protected from ionizing radiation. This is a result of the ubiquity
of two mechanisms, radiation of radioactive elements, which are widely
dispersed in all the media of the biosphere, and cosmic rays.

Data were given in the previous chapter which show that the flux density
of cosmic particles arriving on the earth' s surface comes from all directions.
Since they have high energies, these particles hardly ever encounter ob-
stacles to their motion to the biosphere, where they take piart in various
reactions with the earth's matter and ionize its molecules. As a result,
the earth' s surface, with all its organic and inorganic formations, is
situated in a permanent field of cosmic radiation.

The second factor which participates in the formation of the radiation
field of the biosphere are natural radioactive isotopes which, depending
on their decay processes, emit separately or in various combinations
alpha- or beta-particles, gamma-quanta and neutrons.

In contrast to cosmic rays, terrestrial ionizing radiations have con-
siderably lower penetrating capacities, but they transmit a much higher
total energy to the tissues of animals and plants than do cosmic rays,
at least in middle latitudes and at moderate altitudes. According to some
authors / 16, 23, 29-31 /, the mean annual cosmic ray dose absorbed by
animals is approximately 35 mrad, whereas the mean annual absorbed
dose due to terrestrial ionizing radiation is 70 mrad, or approximately
twice the cosmic ray dose.

It follows from this that the principal component of ionizing radiation
in the biosphere is the radiation of natural radioactive isotopes.

A permanent exception from this rule is the atmosphere above bodies
of water, due to the lower concentration of radioactive elements in water.
For example, the mean dose rate of ionizing radiation in air at a height
of 1 m above the soil is 1 0-l14 Mr/hr at individual points on the Barents Sea
coast, whereas over the surface of the Barents Sea itself the dose rate
falls to 4-5 pr/hr. The cosmic background found at these latitudes is only
3-4 pr/hr. Measurements show that whereas the dose rate produced by
cosmic radiation over land in the investigated latitudes is approximately
1/3- 1/4 of the total dose rate in air, over water areas the rlative con-
tribution of cosmic radiation exceeds 1/2. In other cases, for example
in regions where granite rocks emerge, the intensity of the terrestrial
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radiation may be considerably higher and the contribution of the cosmic
component relatively smaller.

Despite the variations in the intensity of cosmic and terrestrial radiation,
the surface field of ionizing radiations consists in all cases of these two
factors alone. Whereas the practically universal presence of cosmic rays
is due to their exceptionally great penetrating capacity, the presence of
terrestrial ionizing radiation is due primarily to the ubiquity of radioactive
isotopes. At large depths in water basins, due to the absorption of cosmic
rays by the water mass /7/, the radiation background is due mainly to the
second component, the radiation of radioactive isotopes contained in water
or in bottom deposits. The life activity of deep)-water fauna (there are no
plants at large depths; the lack of solar light makes their life activity
impossible because of the impossibility of photosynthesis) actually proceeds
outside the sphere of influence of cosmic particles and in conditions of
reduced intensity of external irradiation from dissolved radioactive isotopes.
But here too, despite the considerable absorption of cosmic and radioactive
radiations by water, deep-water animals are not free from radiation effects.
Radioactive elements assimilated from the surrounding water and incorpo-
rated in their tissue structures are the main source of irradiation of the
tissues of these animals. For these organisms the radiation field of the
earth is represented primarily by one of its components, internal irradia-
tion from natural radioactive isotopes.

Thus, depending on the nature of the sources of the ionizing radiation
of the biosphere, which forms the continuous radiation field of the earth,
these radiations are divided into two large groups:

1) extraterrestrial radiations, cosmic rays;
2) radiations of radioactive isotopes of the earth.
The character of the irradiation, i. e., the mutual relationship between

the radiation source and the irradiated substratum in the continuous
radiation field of the earth, distinguishes between two components:

1) external irradiation;
2) internal irradiation.
External irradiation of biological substrata consists mainly of the

following components:
a) cosmic particles;
b) radiation from soils, rocks, etc.;
c) radiation from radioactive isotopes contained in the air;
d) radiation from water;
e) radiation from materials produced by man (structural materials,

artificial radioactive isotopes, etc.).
Internal irradiation of animals and plants is due to radioactive isotopes

incorporated in their tissues, primarily the isotopes K40, c14, Ra226 Rn
and the decay products of Ra 226 and Rn. Since these and some other radio-
active isotopes are incorporated in all plants and animals from the moment
of conception, internal irradiation, like external irradiation, is an integral
component of the continuous radiation field of the earth for biological
organisms.

Potassium, carbon, hydrogen and a number of other chemical elements
with natural radioactive isotopes are necessary components of many
structural and metabolic compounds of organisms, without which its life
is impossible.
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The biological importance of uranium, radium, thorium, elements of
the rare-earth group and other radioactive isotopes, which are present in
extremely small amounts in human tissues, has not yet been established,
and it is therefore assumed that these elements enter the organism not by
active intake due to functional requirements of development and multi-
plication, but in mechanical admixtures to basic nutritional materials.

The presence of radioactive isotopes in all the tissues of living matter,
irrespective of whether they enter the tissues as a result of a physiological
need or as accidental companions of biologically needed organic or in-
organic compounds indicates that the laws by which chemical elements are
spread in the inorganic world find their counterparts in the organic world.
In view of the mechanism of transfer of chemical elements along food chains
it must be assumed that animals and plants contain all the radioactive
elements which occur in a given geochemical province /5/. The concen-
tration of radioactive elements in the tissues of living creatures should
clearly depend on their concentration in the substrata of the external en-
vironment. All this is confirmed by observations of the migration of

artificial radioactive isotopes in the bosphere.
According to the laws of circulation of chemical substances in the bio-

sphere, it is clear that the principal way in which natural radioactive
substances penetrate into the organism is with food. Therefore, despite
the complex spectrum of radioactive isotopes contained in the air, under
normal conditions their specific role in the formation of the total tissue
dose of an organism is considerably smaller than the contribution of radio-
active isotopes which enter the organism with food.

Since the distribution of radioactive isotopes in the tissues of an
organism depends on their chemical and physical properties, some of
them are distributed comparatively uniformly in the body of animals,
whereas others concentrate selectively in individual tissues and organs.
For example, the active isotopes C14 , H and K40 , which participate in the
synthesis of carbons, proteins, fats and organic electrolytes, are contained
in some amounts in all organs and tissues. The decay products of radon
concentrate mainly in pulmonary tissue, and radium in bony tissue.

Depending on the localization of radioactive elements in the organism
and on their radiation type, internal irradiation has two forms, general
internal irradiation and local internal irradiation.

Potassium, carbon and tritium, which are distributed throughout
practically the entire organism, produce general internal irradiation,
whereas radium and the decay products of radon and thoron produce
primarily local internal irradiation.

One possible relationship between various irradiation forms and the
contributions of individual components of the radiation field of the earth
is illustrated in Table 1 62.

The irradiation dose given in the table for the pulmonary tissue refers
to cases with increased concentration of radon and its decay products in
the air in houses. Outside buildings, according to Hultguist /21/, the
mean annual irradiation dose of the pulmonary tissue is approximately
10 mrad. The annual gamma-dose from the decay products of radon is
estimated at approximately 1 mrad. It should be noted that the source of
radon in the organism is not only inhaled air, but also radium accumulating
in the bony tissue. The radon appearing as a result of radium decay enters
the tissue liquids, the lymph and blood and is then exhaled through the lungs.
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TABLE 162. Effect on man of various components of the radiation field of the earth /28/

Character of the ~~~ ~~~~~Amount of radio-
radiation andType of Form of Crtclogn active isotopes Dose,

radiatorn irradiation irradiation i h oy rdya

curie

Cosmic General External Entire body 3.5
(entire body)

Surrounding en-
vironment "70

K
40

M~uscles,

14 ~ ~~~~~~~~entire body 1.2-10-1 19
C ~~~~~~~~~~~Adipose tissue,

entire body 9.8.1081 1.7

22 6
Ra Local (parts Internal Bonly tissue,

of the body) osteocytes (0.4-4)-10-'o 50

Radon+ decay Lungs 25 - 250
products

curie/liter]

Of very great importance in the formation of the internal irradiation
dose is the type of decay of the radioactive isotopes which are incorporated
in the tissues. This refers primarily to the energy and range of the
elementary particles which are emitted in the decay of the isotope. For
example, alpha-particle energy is absorbed by a small volume of tissues
surrounding the alpha-radiating isotope. Thus, whereas the range of
5 Mev alpha-particles reaches 3.5 cm in air, it is only 32 p in water or in
soft tissues. Beta-radiating isotopes have a somewhat larger radius of

tissue irradiation. Three Mev beta-particles have a range of 1100 cm in
air, and not more than 15 mm in water or soft tissues. The figures indicate
that alpha- and beta-particles give no practical contribution to the external
irradiation dose of the organism. They play a pararno~int role in the local
internal irradiation, however.

Thus, all living organisms which populate and have populated our planet
are subjected and have always been subjected to the effect of ionizing
radiation from the external and internal environment. From the moment
life appeared on the earth until the present, during long and complex
evolutionary transformations, animals and plants and their ancient pre-
decessors have been subjected to terrestrial and cosmic radiation. But
whereas the intensity of cosmic and terrestrial radiation for the whole
planet is relatively constant in time, differences between individual geo-
graphical points may be appreciable. The ionizing effect of external
radiation is quite variable for migratory birds, for example.

A man who climbs a mountain, flies high or simply changes residence,
etc., may be subjected to particularly large and rapid variations in external
radiation.

Variations in the internal irradiation level are a more complex, but
comparatively slow, phenomenon, which is often connected with upsetting
of exchange processes or with a change in the character of nutrition.
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§2. THE COSMIC RADIATION DOSE

Data on the ionization produced by cosmic rays in the surface air layer
for any given geographical point are quite ambiguous. Thus, the ionizing
capacity of cosmic rays at 41'N lat. is estimated by various investigators
to be in the range 1.5-2.8 ion pairs per cm 3

. sec. The differences in the
estimate of the ionizing capacity of cosmic rays are due mainly to the
different sensitivities of the investigation methods used or to the inter-
pretation of their results. Presently 1 .92 ion pairs per cm 3

. sec is con-
sidered the most reliable value for sea level ionization at mid-latitudes
/19/. The annual dose produced by cosmic rays in soft human tissues can
be calculated from this value.

According to the definition of the unit gamma- or X-ray dose, 1 r is
the X- or gamma-radiation dose corresponding to the creation of 2.06-109
ion pairs per cm 3 of air at STP. The amount of energy absorbed in soft
tissues, expressed in rad units, corresponds to a somewhat larger dose
in air; rad corresponds to 1.07 r for soft tissues. Consequently, the
annual cosmic irradiation dose can be determined using the equation

1.92 x3.6. 10-3x 24 x365. 103 =27rayer
Do 2.06 .1 0' x 1.07 =27m a ye r

where 3.6-103 is the number of seconds in an hour; 24 is the number of
hours in a day; 365 is the number of days in a year; 103 is the factor for
converting the dose into millirads.

Thus, 27 mrad per year should be the dose which any soft tissues of
man or of animals, including the sex glands and the osteocytes, absorbed
in most places on the globe in mid-northern latitudes. However, as pointed
out above, the cosmic radiation intensity depends on the latitude effect.
Therefore, the tissue dose due to cosmic radiation also varies proportional-
ly, increasing from equatorial to polar latitudes. Direct measurements
have not yet confirmed such a regularity in the variation of the cosmic
irradiation intensity.

TABLE 63. osmic ray intensity and soft-tissue doses in various regions of the earth /4/

Ionization, io Dose absorbed by
Territory Geomagnetic latitude pisper cm 3

sec soft tissues.
pairs ~mrad/year

England 55' N lat. 1.92 28
U. S. A. 41 N lat. 1.96 29
Austria....... 48 N lat. 1.9 28
France....... 49 N lat. 1.66 24
Japan....... 25 N lat. 2.35 34
Argentina...... 23' 15' S lat. 1.4 20
Argentina...... 52'42' S lat. 1.9 28

The figures of Table 1 63 do not justify a conclusion that the cosmic
radiation intensity at the surface rises from the equator to the polar regions.
The reason for the disagreement between the actual data and the geophysical
law for cosmic particles in the magnetic field of the earth apparently arises
from the different accuracies of the techniques used in these investigations.
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More pronounced variations in the cosmic radiation dose rate are observed
during an ascent or in buildings situated in the ground and well shielded
from above. For example, in the basements of high buildings, which
absorb the soft component of cosmic radiation, the cosmic radiation
intensity decreases by 20 %. A large decrease in cosmic radiation intensity
is observed only in buildings situated very deep underground.

The variations in the cosmic radiation intensity and in the absorbed dose
for various altitudes are characterized by the figures of Table 1 64.

TABLE 164. Cosmic ray intensity and tissue dose at various altitudes /22'/

Ionization rate, ion pairs per Cm13 seC Tissue dose, mrad/year
Altitude, m

50' lat. near the equator 50' lat. neat the equator

0 2.8 2,4 41 5
1.500 4.5 3.0 66 44
3050 8.8 6. 1 128 8:1
4.58 0 18.0 12.0 26'3 17.5
6500 34.0 23.0 300 :340

The data given in Table 1 64 are maximutn values and show that an
ascent to an altitude of 3 km gives an increase in the intensity of cosmic
radiation by approximately a factor of three. The latitude variation, even
at an altitude of 3 kin, does not exceed 50 5,. If we take for the mean rate
of formation of ion pairs by cosmic rays 5" latitude .9, and not 2.3, ion
pairs per cm 3 .sec, then all the figures given in this table should be reduced
by approximately 30 %. Nevertheless, these values show that the intensi-
fication of the cosmic flux which results from a vertical ascent causes a
corresponding rise in the amount of cosmic particle energy absorbed by
tissues. However, the resulting variations in the cumulative tissue dose
(external plus internal irradiation) are not linear. The contribution of
cosmic rays constitutes only part of the cumulative tissue dose due to all
components of the radiation field of the earth. Therefore, whereas the
cosmic radiation intensity rises by approximately 300 %( in ascending to an
altitude of 3 kin, the total tissue dose increases by only 40 T%. The bio-
logical importance of such a variation in the relationship between the
contribution of cosmic and terrestrial radiation to the total dose is not
taken into account by current radiohiology, since the biological effectiveness
of cosmic rays relative to other types of iornizing radiation is not yet
completely clear.

Nuclei of heavy cosmic particles are particularly effective biologically.
It is known that the hig,,er the mass number of such nuclei, the greater
their biological effectiveness. An example of the spectrum cosmic ray
nuclei and of the contributions of nuclei with various atomic numbers Z
to the daily dose at an altitude of 20 km is illustrated by Figure 32. It can
be seen from this figure that 5 nuclei with Z 25 and about 1 00 nuclei with
Z = 5 arrive per cm 2 of irradiated surface per day. The difference in the
fluxes of these particles reaches a factor of 20. The contribution of
primary particles to the daily dose corresponds to approximately 0.2 mrad,
and the contribution of secondary particles to about 0.5 mrad.
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10S ~ ~ ~ ~ 10The biological effectiveness of
cosmic ray nuclei is determined
primarily by the character of their

-z ~~~~~~~~interaction with tissue matter.
10 iOb Theoretically there are three possible

3. P ~~~~~~~forms of interaction of cosmic nuclei
- ~ ~ ~ ~~~~ ~~ with tissue cells:

103 - fo -.. a) relatively widely spaced ion
I ~ ~~~~ ~ pairs left by the cosmic particle in

E its path through the biological sub-
2 ~~~~~2 stratum;

U ~~a b) collision of a particle with a
nucleus and the formation of a 'star;"1

10 ' ~~~~~~~c) formation of an ionization peak.
Inthe last case the biological

effect should be strongest. It has

Meh C a fe 104 been observed in a number of physical
I, ,I,~II~. -1 investigations that an ionization peak

1 5 70 75 20 2 23 is associated with an extremely dense
Atomic number Z distribution of ion pairs. The highest

7:IGURE 32. Atomic number distribution of cosmic specific ionization occurs when ioniza-
ray nuclei at an altitude of more than 20 km (curve tion peaks are formed by heavy
a) and their fractions of the daily dose (curve b) cosmic nuclei.
/34/ A high specific ionization density

is also observed in the track of particles formed in "stars' as a result of
a collision of a cosmic particle with an atomic nucleus.

The mechanism of ionization peak formation in biological substrata is
schematically due to the following processes: as the particle moves
through matter, causing ionization, it gradually loses energy and velocity.
When its velocity has been slowed down to a critical value the rate of
energy transfer increases due to the more frequent interactions of the
particle with atomic electrons. In this time interval, characterized by
a rapid energy loss, ion pairs are distributed in a cone less than 1 in
diameter and from a fraction of a millimeter to several millimeters in
length. In a small number of cells the dose reaches 20,000 r at the end
of the motion of a heavy cosmic particle /17/.

The secific tissue ionization density due to secondary electrons is
1 00 ion pairs per of path. The maximum ionization density produced
by protons is estimated at 1 600 ion pairs per p. The specific ionization
density by alpha-particles averages 5500 ion pairs per and of heavy
particles from 35,000 to 100,000 ion pairs per u of path /29/.

The spectral composition of secondary cosmic rays varies considerably
in various biological media, so that the relative biological effectiveness
also varies. When estimating the biological importance of cosmic radiation
in the total external irradiation dose, the relative biological effectiveness
of the principal components of the cosmic background must therefore be
taken into account.
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§ 3. GAMMA-RADIATION OF THE EARTH"S SURFACE

In most cases the major part of the total external irradiation dose is due
to gamma-radiation from radioactive isotopes contained in the surface
cover of its region. The contribution of individual radioactive isotopes to
the total terrestrial gamma-background is therefore not characteristic of
the entire surface of the earth, but depends on the peculiarities of the geo-
chemical province, i. e., on the concentration in the soil of isotopes whose
radioactive decay gives off gamma-radiation. The group of natural gamma-
radiating isotopes includes: K 0, RaB, RaC, MsTh 2, ThB, ThC and ThC".
The highest level of gamma-radiation is usually observed in regions of
granite rock emergences. The dose rate over regions of igneous rock
emergences is not uniform. In gamma-surveys in these regions small
centers with a particularly high gamma-field are often observed, but on
the whole the gamma-intensity rises somewhat from the center to the
periphery.

Sedimentary complexes are characterized by a more uniform gamma-
field. The radioactivity of igneous rocks is very often caused by isotopes
of the thorium series, and that of sedimentary rocks by the uranium series.
Table 165 gives characteristic values of the gamma-intensity in regions of
various igneous and sedimentary rocks, obtained from a ground examina-
tion of aero-gamma-anomalies.

TABLE 165. Gamma-radiation dose rate in regions with various rocks /9/

Rocks Dose rate, r/hr Rocks Dose rate, r/hr

Granite, granodiorite .. 10 - 25 Basalt....... 8- 15
Fine-grained granite .. 15 - 45 Gabbro....... 5- 10
Porphy rite granite 10- 18 Limestone. . .. . 0- 5
Nepheline syenite 30 - 40 Sandstone .. . . . 5- 10
Acidic effusives 10 - 0 Shale .. . . . . 8- 15
Diorite .... . 8- 15 Gneiss....... 3 - 25

Soil covering rocks generally has a lower radioactivity than the under-
lying rocks themselves.

Knowing the concentration of radioactive elements in the soil or in the
rock, it is possible to calculate the gamma-intensity in the surface air
layer which is due to the gamma-radiation of the elements scattered in
the cover layer. For this purpose use can be made of the convenient
formulas derived by Hultquist / 21 / and verified in a number of full-scale
investigations. These formulas are based on the assumption that the radio-
active isotopes in the soil are in equilibrium with their decay products.

The intensity of the external gamma-radiation can be determined from
the ionization it causes in the air.

The total ionization due to the gamma-radiation of natural radioactive
isotopes contained in the soil, expressed as the number of ion pairs per
cm 3 of air per sec, can be determined from the following relationships.

For radium,

I,,, - 1.26 IO12S,~a;(1
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where here and below S is the concentration in grams of the respective
element per g of soil.

All other conditions being equal the gamma-intensity for uranium is
given by

Iu =4.4. 1O5 Su. (2)

For thorium

ITh = 2.1IO1 5STh. (3)

In calculating the expression for the ionization due to K40, it was taken
into account that K40 amounts to only 0.01 99 % of the natural isotopic mixture
of potassium. In calculations, therefore, the concentration of naturally
abundant potassium, and not of the isotope K40, should be introduced in the
f or mul a,

IK =9 1SK. (4)

By using these equations and the known concentrations of the principal
gamma-radiating elements in various rocks, the external irradiation doses
produced by each of these isotopes in the soft tissues of the inhabitants of
a given geochemical region are easily calculated.

The results of these calculations are given in Table 166.

TABLE 166. External gamma-irradiation dose rate from radium, uranium, thorium and
potassium contained in rocks

Rocks I~ose rare, mrad/year 
Ra 

226
U

238
Th 

232 K'40

Magma tic:
ac id ic...... 25.7 26.3 40.9 35.2

inrermediate . .. 9.7 9.2 13.7 28.2
basic . . . .. 7.3 7.2 12.4 19.1
ultrabasic .. . . 3.8 3.9 6.2 5.4

Sedimentary:
sandstones .. . . 13 7.7 14.8 14.6
shales...... 20 7.7 30.6 :36.0
limestones .. . . 7.7 8.4 4.0 36.0

As follows from Table 166, the highest gamma-irradiation doses are
observed in regions of acidic igneous rock emergences. The gamma-
irradiation intensity in regions of intermediate, basic and ultrabasic rocks
and of sedimentary rocks, is considerably lower. In regions with any of
the magmatic rocks except acidic ones and any of the sedimentary rocks
except sandstones the gamma-radiation of K40 plays a leading role in the
formation of the tissue dose.

Table 167 gives data obtained using formulas (1-4) and characterizing
the mean K40 gamma-dose rate in typical regions of the Soviet Union.

A tentative idea of the tissue dose received by people living in the
central regions due to gamma-radiation from isotopes in the soils can be
obtained from the figures in Table 1 68.

The figures of this table show variability of the dose rate of the external
gamma-radiation on an open terrain. For different seasons these variations
are even larger, due mainly to the shielding effect of the snow cover. In
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winter the gamma-intensity on open terrain decreases in proportion to the
density, and thickness of the snow layer. Figure 33 gives three curves
characterizing the decrease in the gamma-radiation level with increasing
snow density Q and layer thickness.

TABLE 167. Potassium content and K"
t

gamnma-dose rate in Soviet soils

Soils ~~Potassium content Dose ate,
Soils ~~~~~/0/, ~ mrad/year

Podzolic loamy soils.1. 57 20.1
Cray light soils, podzolized and leached

chernozens . ................ 1.99 27.1
Thick and ordinary chernozems 1.9.5 26.5
Southern cherniozems and chestnut-brown

,soils. .................... 1.52 20.6
Sierozemns. ................. 1.91 26.0
Laterite. .................... 0.71 9.7

TABLE 168. Gamma-dose rate in the central regions

Element ~ Content of the element Ds ae rdya
Element / 2 /, grams pe g Ds ae rdya

Uranium. ......... (2.6- 4.0)10-' 16.5 - 26.3
Thorium.(0.1 - 1.2).10-5 1.5 - 3.7
Radium. ......... (0.80 - .10).10.52 15.3 - 21.1
Potassium. ......... (0.43- 2.58).102' 6.0 - 35.4

A density of 0.1 g/cm3 corresponds approximately to that of freshly-
fallen snow; a density of 0.25 g/cm 3 corresponds to snow which has lasted

to mid-winter and a density of 0.4 glcm 3

100 to snow which has lasted to spring.
It follows from Figure 33 that a snow

80 - thickness of 15 cm and a snow density of
0.4 g/CM 3 reduce the gamma-radiation

W 0J_ _ dose by almost a factor of two. A 50 cm
0.l0 g/cm3 thick layer of freshly-fallen snow reduces

~~ 40 ____ ~~the dose rate by a factor of two, as does
-1 0.2 a 25 cm layer of snow with a density of

20 ___ ~~~0.25 g/CM3 .
20 ~ aIn some regions of India and Brazil,

which have high thoriumn concentrations
0 z6 40 o 80 oo in surface deposits, a particularly high

Thickness of snow cover, cm gamma-intensity is observed. These are
FIGRE33 Gamaraiatonleel eruscalled special regions, since they permit

snow cover thickness for ome snow densities the study of the influence of increased
LQ /23/ (10055 represents the ionization in gamma-radiation on the genetic functions
the absence of snow). of people living there. The gamma-dose

rate in such regions exceeds the gamnma-
radiation levels observed in geochemical regions with a moderate con-
tent of radioactive elements by a factor of tens or hundreds.
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Table 169 gives data characterizing the radiational characteristics in
two special regions of Brazil.

TABLE 169. Gamma-dose rate in special regions of Brazil (in open air /36/)

Geochemical Place Topography Population Tiraedoer
characteristicsmrdya

Alluvial beds of moni- Rio de Janeiro, A number of separate 50,001 inhabitants Mean - 50(,
azite sand Espirito Santo sections of sea coast maximum -

several kilometers 101)
long and several
hundred meters wide

Mineralized volcanic Mlinas Gerais, Approximately 6km 
2

Pasture ground Mean - 1600,
intrusions Goias in ten different with farmt spread maximum -

places over it. One 1 2,000

inhabitants

It can thus be concluded that the external irradiation is due mainly to
the gamma-radiation of isotopes occurring in the soil cover or in rocks
emerging to the surface. The contribution of cosmic rays in the surface
air layer of an ordinary region to the total irradiation dose generally
amounts to no more than one-third. This figure may vary considerably,
however, depending on the concentration of radioactive isotopes in the
soil, on the degree of shielding by snow, etc. It is obvious that as the snow
thickness and density increase, the relative i nportance of the cosmic com-
ponent increases accordingly, but for ordinary geochemical regions, i. e.,
regions with a moderate content of radioactive elements in soils and rocks,
it is found both by direct measurements and by calculation that the mean
dose rate in the open air is 7mrad/year. Table 1 70 characterizes the
mean and extreme dose rates due to individual radiation components.

TABLE 170. Mlean external irradiation dote rates from various radiation sources /4/

Dose rate, mrad/year Dose rare, mrad/year

Radiation field components men extreme Radiation field components men extreme
values values

Cosmic rays. ....... 28 20 -34 Special regions:
Ordinary regions: gamma-rays (granite

gamma-rays over rocks 73 25- 120 regions in France) . 265 180- 350
gamma-rays in openi air 70 48 -160 gamma-rays (monazite
gamma-rays from regions in Kerala

aerosols . 1.4 -11 in India). ....... 1270 131- 2814

§ 4. NEUTRON RADIATION OF THE EARTH

Neutron radiation in the atmosphere near the earth's surface was first
detected in 1937 /19/. The intensity of this kind of ionizing radiation is
much lower than the gamma-intensity of the underlying rocks.
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Despite the fact that the problem of the neutron flux at the earth' s sur-
face has not been studied sufficiently, it is known that its origin is related
to cosmic radiation, to spontaneous fission of heavy nuclei scattered in the
earth' s crust and to bombardment of nuclei of light elements by alpha-
particles. These are the three sources presently believed to be responsible
for the weak neutron field observed at the earth's surface.

The appearance of neutrons of cosmic origin in the biosphere is due to
the interaction of high-energy cosmic particles with atomic nuclei of

atmospheric matter and to the resulting

10 ~~~~~~~formation of wide atmospheric showers.
10 ~~~~~~~The most intense neutron formation by

cosmic rays takes place at high alti-
tudes. The number of neutron-produc-

1.0 ing particles in cosmic rays decreases
appreciably with decreasing altitude,
so that the flux of secondary neutrons

021 at the surface is only hundredths of
Pressure, mm of mercury a percent of the maximum flux.

_____200___00_400_______ 00 Figure 34 presents a calculated curve
0.07 characterizing the altitude variation

0 002,0JO 40 -0 0070/cm 90 FO of the effect of cosmic ray neutrons
g/CM2 ~on man. The abscissa gives the

FIGURE 34. Tissue dose due to cosmic ray neutrons altitude, represented by the pressure
versus atmospheric pressure /22/. of an air column in g/cm2 and by the

height of a mercury column. The
ordinate gives the neutron dose in mrem/24 hr. This curve is based on
the assumption that the mean energy of cosmic ray neutrons is 5 Mev and
that their biological effectiveness is 10. Consequently, the curve is quite
approximate.

Recently a suggestion was made that the total flux of neutrons includes
a small fraction of primary neutrons which arrive at the earth' s surface
from the region of the solar atmosphere /14/. Despite the fact that only
a small fraction of the secondary neutrons formed in the upper layers of
the atmosphere reach the earth' s surface, their intensity at sea level is
much higher than the intensity of neutrons from the earth' s crust. Secondary
cosmic ray neutrons therefore predominate in the neutron flux on the earth' s
surface. The integral intensity of neutrons of cosmic origin at sea level
is 230 neutrons/CM2 .day, and the intensity of neutrons of terrestrial origin
amounts to only a small fraction /3/, estimated by various authors at from
5 % /24/ to 20 % /11/, of this figure.

Neutrons emitted in the spontaneous fission of nuclei, appear primarily
in the decay of U238, which has a spontaneous fission half life 25 times
shorter than U235. In each neutron fission of U235 about 2.5 neutrons are
emitted, and in each spontaneous fission of U238, approximately 2.2 neutrons.
The half life for spontaneous fission of U238 is 8.04-15 years, and for U235

1.87-l017 years. In addition, U2351 amounts to only 0.1 % in the natural iso-
topic mixture of uranium. he number of neutrons emitted in any time
interval by the fission of U235 is therefore considerably smaller than that
emitted by fission of U238. Even less neutrons are emitted by spontaneous
fission of the isotope Th232, whose half life for spontaneous fission is
1.35.1018 years, i.e., almost 170 times longer than for U238.
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A third source of neutrons detected at the earth s surface are nuclei
of light elements (H2 , Li, Be, B3, F, N, Na, Mg, Al, P, Cl and others)
undergoing bombardment by alpha-particles ejected in the radioactive
decay of nuclei of heavy elements scattered in the earth' s crust.

Slow neutrons predominate in the total neutron flux at the earth's sur-
face; the cadmium ratio is 50.*

At a large depth in the ground the cadmium ratio decreases, indicating
an increase in the fraction of fast neutrons. Also, in passing from high
mountain regions (3500 to 3900m) to low altitudes the flux of fast neutrons
increases from 200 to 300 neutrons/CM 2 -hr. Neutrons with energies above
10Mev are considered fast. Neutrons with energies below key are
called slow.

At depths of tens of meters or more in the ground terrestrial neutrons,
released mainly by (, n)-reactions, predominate in the neutron radiation.

Table 171 gives figures characterizing the mean neutron flux on the

earth?'s surface.

TIABLE 171. Elean neutron flux at the earth's surface /12/

Flux of neutrons, neutrons/cm
t
-hr

Region of measurement Altitude, un ________ _________

slow fast

Trans-Ili Ala-Tan . . . 1 200 2.5 :38

East Pamir ........ 4:lilO 9.9 192

(:entral Kazakhstan . . 8 00 2.8 21

East Pamir, Lake of

Kara-Kul . 39:3(1 14 127

The figures in this table, as well as other investigations of V. V.
Cherdyntsev, indicate considerable differences in the neutron flux for
various sections of thse earth' s surface. An intensification of the neutron
flux of terrestrial origin, associated with an increase in the number of
fast neutrons, is observed in regions of igneous rocks, while on glaciers
the neutron radiation is weaker due to the absorption of the terrestrial
component by the ice layer. Particularly large variations in the neutron
flux result from cosmic ray variations. Figure 35 gives a histogram
illustrating the variation of the secondary neutron flux in the region of the
town of Manchester as a result of the solar chromospheric flare of
19 November 1949. Figure 36 presents curves which show that the neutron
flux depends on the latitude. It follows from this figure that the neutron
flux increases with distance from the equator. These curves were obtained
in two investigations carried out at the same altitude in 1948 and 1954.

It follows from Figure 35 that in individual cases the neutron flux may
reach comparatively high magnitudes for short times. During such a rise
in the neutron flux the tissue dose is approximately 0.001 mrem/hr.

The neutron flux, whose mean value at sea level is approximately
250 neutrons/CM2 .day, builds up a tissue dose of only about 0.002 mrem/week,

or approximately a thousandth of the tissue dose caused by the gamma-
radiation of isotopes contained in the soil. This calculation is based on the
assumption that the mean gamma-dose from radioactive isotopes contained
in the soil is 1.5 mrem/week.

*Cadmium ratio i the errr applied to the ratio of the total neutron flux to the flux which passes through

a cadrtiuns filter which asorbs slow neutrons.
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FIGURE 35. Variation of the neutron flux in the te n

of Mianchester as a result of the solar flare of
19 November 1949 /12/.
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FIGURE 36. Latitude effect of the cosmic neutron flux at
an altitude corresponding to a pressure of 310g/cm

2
/25/.

Two forms of neutron effects are distinguished from the biological
point of view; the effect of charged particles which form in elastic colli-
sions of neutrons with nuclei of the atoms of the biosubstratum, and the
effect of particles resulting from the decay of the neutron itself. Entering
the body of animals (man), neutrons interact mainly with hydrogen in the
reaction

,HI (n, ),H2 .

However, many authors believe neutrons interact mainly with nitrogen-
rich compounds. When neutrons collide with nitrogen nuclei, they cause
ionization and form radioactive carbon. This interaction occurs by the
reaction

7N'4 (n, p)8C
1 4.

It is believed that about 40 % of the total number of neutrons entering the
body of an animal participate in this reaction with the nitrogen of the
biological substratum /37/. Apparently, this reaction is more important
biologically since the resulting slow protons and recoil nuclei have a high

245



ionizing capacity. Neutrons themselves are not effective in ionizing atoms'
and therefore there is very little tissue ionization as a direct result of
neutrons.

§5. RADIATION OF THE SURFACE AIR LAYER

The radiation of the surface layer of the atmosphere is due mainly to
the decay products of radon and to a lesser extent to the decay products
of thoron.

The mean concentration of radon in atmospheric air corresponds to
approximately 3-'-1 curie/liter, and of thoron to approximately 510-14

curie/liter. The contribution of their decay products to the total dose in
the surface air layer is therefore often considerably smaller than that of
other components of the radiation field of the earth.

A number of authors /13, 21, 27/ have determined values characterizing
the gamma-radiation intensity of emanations and the doses of human tissues
due to external irradiation by the decay products of radon and thoron. The
agreement between these values is good. Peirson and Franklin /27/ cal-
culated that for a radon activity of 310' curie/liter, a gamma-flux of
approximately 10 quanta/cm 2 .min is created in the surface atmospheric
layer. Taking 0.8 Mev for the mean gamma-energy of RaB and RaC,
these authors found that this gamma-intensity produces an annual dose of
the order of 2.2 mradinhumantissues. In such calculations it is very
convenient to use the formulas of Hultquist /21 1, which assume that radon
and thoron are uniformly distributed in an atmospheric layer with an in-
finitely large base area and a height of several hundred meters. The
formulas also assume that radon and thoron are in equilibrium with their
decay products. For thoron the gamma-radiation of MsTh2 (Ac

2 28
) was

also taken into account. The formulas have the form

IRn =0.
9 7.IO 15 C"fl ion/pairs/cm 3

-sec,
ITn =0.96. lO15C~fn ion/pairs/cm 3 sec,

where CRfl and CTnl are the respective concentrations of radon and thoron
in the atmosphere, expressed in curie/ cm

3
.

Substituting in these formulas the known values of the mean concentra-
tions of radon and thoron in the air, 3.10-16 and 5.10-17 curie /cm

3 respective-
ly, we find that the ionization produced by radon in the air is 0.29 ion
pairs/cm3 .sec, and by thoron 0.048 ion pairs/CM3 .sec.

Hence gamma-radiating daughter decay products of radon produce a
tissue dose in an animal which lives in open air,

0.29 x3.6-10 3 X24 365 10340ma/er
DR. = 2.06 1O1x 1.07 - 40m a /er

(The meaning of the factors was given above.)
Comparing this dose with that due to cosmic rays, or to the gamma-

radiation of underlying rocks, which average 27 and 7mrad/year, we
obtain that the contribution of the gamma-radiation of the decay products
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of radon is insignificant in the total tissue dose. The contribution of the

decay products of thoron to the total tissue dose is even smaller,

DT. = 0.0 48 x~ 1. 45. 10'2 103==0.67 mrad/year,

where 0.048 is the number of ion pairs prodluced by the radiation of thoron per
cm 3 of air per sec; 1.45.1 0- 2is the result of the conversion of the constant
terms of the equation, the time factors and the ionization intensity for a
dose of I rad; 03 is the factor for converting the dose into millirads.

But since the concentration of radon and thoron in the amosphere is not
constant and undergoes considerable variations, in certain cases, when
there is an increased content of uranium, radium or thorium in the soil
cover, considerably larger amounts of emanations than those assumed in
the calculations may enter the atmosphere. Under these conditions the
tissue dose due to the gamma-radiation of the decay products of the
emanations increases accordingly. Thus, Anderson, Mayneord and Turner
/ 13/ found that occasionally the radon concentration in the atmosphere at
London reaches (2-3).10-12 curie/liter. Under these conditions the gamma-
dose rate due to the decay products of radon is 0.1 mrad/day, or 36.5
mrad /year.

Hence we see that when there is an increased atmospheric radon content
the dose due to the decay products of radon may approach the tissue dose
produced by cosmic rays or other stronger components of the radiation
field of the earth. Thus the opinion of some authors /8, 21 / that the
atmospheric gamma-radiation dose is always negligibly small is not always
justified.

Nevertheless, the mean tissue dose due to gamma-radiation by the decay
products of radon usually approximates 4.0 mrad/year in the surface air
layer, and that due to the decay products of thoron 0.67 mrad/year. These
values, however, are only tentative; the dose rate due to atmospheric
gamma-radiation undergoes large variations in both directions.

§6. RADIATION FIELD IN BUILDINGS

The external irradiation of the human body is generally more intense
inside buildings than in open areas. This is due to the fact that all con-
struction materials contain some amounts of natural radioactive isotopes,
and since the configuration of any compartment results in a three-dimensional
distribution of the radiation sources, the dose inside a compartment is
always higher than in an open area with the same concentration of radio-
active isotopes in the soil as in the construction materials. Excluding
from consideration the radiation of the air, a man inside a compartment
~s always subjected to isotopic irradiation, whereas in an open area he is
,ibjected to irradiation from a plane source. Hultquist calculated that the

ic -iizing radiation dose in the center of a cylindrical room 3 m high, 6 m
-i. diameter, with 30 cm thick walls with a specific weight of 2 is approxi-
mately twice that of a plane source of the same chemical composition.
Approximately the same results were obtained by D. F. Konkin, who com-
pared the dose rate in the center of a room with a total wall, ceiling and
floor area of 3 m2 with the dose rate above a plane of the same area. The
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materials used in this experiment had increased contents of radioactive
isotopes. The dose rate in the room was approximately twice that above
the surface.

In rooms the solid angle over which the radiation sources are situated
hardly ever reaches 4 rdue to the presence of windows and doors. In
addition walls, ceilings and floors are usually made of different materials
and therefore the calculation of the dose rate inside a room involves
significant assumptions. Particularly large deviations between the
calculated and actual data may be due to the fact that even construction
materials of the same type, made in different places, may have very
different radioactivities. This is well illustrated by the figures given in
Table 172. These figures were obtained from an analysis of at least 10 to
12 samples in each case.

TABLE 172. Radioactivity of some construction materials

Specific radioactivity,
Type of con - Place of prdutin 0 curie/k" Mean potassiun

struction material ~~totalI due to K
45

content, g/kg

Brick Town of Bryansk 16.4 ± 0.7 15.6 ± 0.8 19.5
Town of Leningrad 21.0 0.5 19.7 ±0.6 24.6
Town of Novorossiisk 15.0 ±0.6 13.9 ±0.8 17.4
Town of Simferopol 18.0 ± 0.3 15.7 ±0.4 19.6
Town of Khar'kov 7. 0 i 0.2 3.4 ±0.3 4.3

Coquina Caucasus 2.0 ±0.4 1.7 ±0.3 2.1
Crimea 2.3 ±0.2 1.73 ±0.30 2.1

Despite the very high penetrating capacity of cosmic rays, their con-
tribution to the total irradiation dose inside stone buildings decreases
appreciably. Thus, it has been established that the cosmic radiation dose
in the lowest story of a four-story building is approximately 35 %" less than
that above the building /20/. The shielding effect in small buildings,
particularly of wood, is weak.

Measurements of the gamma-dose rate inside buildings, carried out in
England, showed that the highest radiation level is found in buildings made
of granite. The results of these investigations are given in Table 173.

TABLE 173. Gamma-doses inside buildings in England /33/

Type of building Place of measurement Dose rate, mrad/year

3ranite Aberdeen:
laboratory 107
church 99
vestibule 101

Brick and concrete Aberdeen:
rooms on different

floors 73

Leeds:
rooms in a hospital

building 81
one-story laboratory 80
open area 48
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As can be seen, the gamma-dose rate inside buildings in Leeds is
approximately twice that on open terrain near these buildings (disregarding
the contribution of cosmic radiation).

Results of a large number of investigations carried out in various
buildings in 13 Swedish towns are given in TFable 174 and in Figure 37.

TABLE 174. Gamma-dose rate inside Swedish buildings /21/

Dose rate, mrad/year
Type of building in the middle of mamu mtiun

the room maiu mniu

Wood. ........... 49 57 48
Brick ........... 104 112 99
Concrete .......... 1 72 202 158

100 NMaximum values

SO ~~~Wooden houses

0I

00

-z iou~ ~~~~Bic oue

E SO0 

0

50 Concrete houses

0
I 2 3 4 0r/wee

0 5 i 20 ~ 25
Ionization, ion paits/cm *sec

FIGURE 37. Dependence of gamma-dose rate in Swedish
buildings on he type of construction material /21/.

It follows from Figure 37 that the radiation level inside concrete build-
ings is appreciably higher than inside brick buildings. In wooden buildings
the radiation level is lowest.

A comparison of the data of Tables 173 and 174 shows that both brick
and concrete buildings in Sweden have a higher radioactivity than buildings
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in England constructed from identical materials. This, as well as the
data given in Table 1 72, indicates that identical construction materials
manufactured in different places may have considerably different radio-
activities. This results from differences in the concentration of radio-
active isotopes in the raw materials used for manufacturing the construc-
tion materials. Table 175 gives results of measurements of the gamma-
dose rate inside Austrian buildings.

TABLE 175. Gamma-dose rates inside Austrian buildings /35/

Type f buiding Dose rate, Tyeo uligDose rate,
Type of building mrad/year Tyeo ulig mrad/year

Wood. ........... 54- 64 Concrete. ......... 75-86
Brick. ........... 75-86 Granite......... 85- 128

Particularly high gamma-irradiation levels inside buildings are observed
when the raw materials for manufacturing the building materials are
characterized by increased concentrations of radioactive isotopes. Thus,
measurements carried out in the state of Kerala, India, established that
a greatly increased gamma-radiation background exists in most buildings.
The results of these investigations are given in Table 176.

TABLE 176. Gamma-dose rate inside buildings in the stare of Kerala (India) /37/

Type of building Number of build- Dose rate, mnrad/year
ings investigated maximum minimum

Brick....... 73 2890 6
Clay . . . . .. 62 3150 105

Wood....... 52 3950 145

It also follows from these tables that the lowest gamma-dose is observed
in wooden buildings. Special investigations were carried out in order to
determine the dependence of the gamma-dose rate inside compartments
on the content of gamma-radiating isotopes in the construction materials.
Selected results are given in Table 177.

TABLE 177. Mean content of gamma-radiating isotopes in various types of construction materials /21/

Content of radioactive Content of radioactive
Construction material isotopes in 106 t of rock, Construction material isotopes in 1 6 t of rock,

g-eqv Ra g-eqv Ra

Brick .. . . . . .7.9 Cement . . . .. 2.8
Concrete witbout alum Lime . . . .. 0.65

shales .. . . . .4.5 Wood .. . . . .0.1

Concrete containing
alum shales .. . .42

In addition to a rise in the intensity of the external gamma-radiation,
the radiation field of buildings is also characterized by intensified radiation
due to radon and thoron. As a result, the external irradiation dose in an

1802
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open area is usually considerably lower than that inside compartments.
The intensification of the gamma-radiation of the radon and thoron com-
ponents inside compartments is due to the following causes:

a) the ratio of the amount of radioactive isotopes contained in the con-
struction materials to the volume of air in the compartment is considerably
larger than the ratio of the amount of radioactive isotopes contained in the
soil to the practically unlimited volume of atmospheric air;

h) the air exchange inside compartments, even with good ventilation,
is incomparably poorer than air mixing in open areas;

c) the rate of emanation inside compartments varies less than in open
territories, where many meteorological factors often slow down the re-
lease of radon and thoron from the soil.

Thus, due to the increased concentration of radon and thoron in com-
partments, the air inside buildings is usually more radioactive than the
air in open spaces. As a result the total external gamma-dose from the
'walls, ceiling and floor sometimes receives a very large addition from the
radiation of radon and thoron.

In addition, the radon- and thoron-enriched air of compartments also
causes an increase in the intensity of ionization in the lungs, i. e., in the
ionization dlose absorbed by the lung tissues. Hultquist determined the
dependence of the concentration of radon and thoron in the air of com-
partments on the type of construction materials /21 /. This dependence
is characterized by the figures of Table 178.

TABLE 178. Concentration of emanations inside compartments

Mecan concentration, I10 12 curie/ liter
Type of building radon thoron

Wood . ...... .5:3 0uj28

Brick...........(). 9 0.0 91
Concrete ......... 1.8 6 O.UL9 

However, the content of radon, thoron and their decay products in the
air of compartments depends not only on the type of construction materials;
t'he rate of air exchange between the external environment and the comn-
_.oar~ment is also important. With very effective ventilation, the concen-
tration of emanations and their decay products in the air of a compartment
wxill approach their concentration in the open.

Lack of ventilation leads to an equilibrium in the air of a compartment
between the emanations and their decay products. Ventilation upsets this
equilibrium.

The following equations have been obtained for the external irradiation
dose rate due to radioactive substances contained in the air of com-
partments /4/:

D2,=, I 2.2.IO'2 CR,, mrad/year,

D,,fl 14.0. 1 2CZ] mrad/year,

I 0 2
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where CR, and CT, are the respective concentrations of radon and thoron
in curie/liter.

The figures of Table 178, together with these equations, make it easy
to determine the annual dose received by a man inside an apartment due
to radioactive substances in equilibrium in the air. The results of these
calculations are given in Table 179.

TABLE 179. Annual irradiation dose from radioactive isotopes in
the air of apartments

Type of Dose rate, mrad/year

buiding radon thoron totalI

Wood ... 7.5 0.4 7.9
Brick ... 13 1.3 14:3i
Concrete . 26.4 1.35 27.7

7. MEAN DOSE ABSORBED BY TISSUES DUE TO
THE ISOTOPE K 0

In calculating the dose rate produced by the isotope K40 contained in
tissues, this isotope is assumed to be relatively uniformly distributed in
all the tissues. In addition, the wide variations in the potassium con-
centration in tissues due to age, sex, functional state and other factors
are not taken into account in the calculation, so that the results should be
considered tentative.

With these assumptions, the mean dose absorbed per g of soft tissues
is given by

DK l .2. 0t x 37. 1010 x 0.6 x 1.6. 0- 6 x 3.6.l103 x 24 x 365
DK~~~~~~ ~70. 10 x 100

where 1.2-10-7 is the total K4 0 activity of the human body in curies;
3.7.1010 is the number of disintegrations per sec corresponding to 1 curie;
0.6 is the mean energy of K40 beta-particles in Mev; 1 6 -1 0 -6 is the number
of ergs in I Mev; 3.6-103 is the number of seconds in an hour; 24 is the
number of hours in a day; 365 is the number of days in a year; 70.10 is
the weight of a 'standard' person in grams; 100 is the number of ergs
per g of tissue corresponding to 1 rad.

The solution of this equation gives

D =.019 rad/year ~ 19 mrad /year.

Complete agreement with this result is obtained by determining the
mean dose absorbed in tissues using another equation /6/,

DK = 51.2EPCK 365 r ad /ye ar 

where E is the mean energy of the beta-particles in Mev; CK is the mean
K40 concentration in tissues in microcuries per g; 365 is the number of
days in a year.
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Substituting the corresponding values in this equation we obtain

DK = 51.2 x 0.6 1.7.10-6 x 365 = 0.019 rad/year 19 mrad/year.

Thus, the mean K 4 0-radiation dose absorbed by tissues is approximately
19 mrad/vear.

3a. IEAN C1 4-RADIATION DOSE ABSORBED
BY TISSUES

In calculating the dose rate produced by radioactive carbon it is also

assumed that the distribution of this isotope in the body is comparatively
uniform. Individual (age, functional and other,) concentration variations

are not taken into account in the calculation.
Since the mean energy of the beta-particles of C14 is E 0.0 67 Mev

and the mean C concentration in tissues is (c = 1.4.10-6 mcurie/g, we
obtain D 1.2-0.067XI.4-10- 6 X365 rad/year 0.0017 rad/year or
1.7 mrad /year.

Thus, the mean C 4 tissue dose is only about 1.7 mrad/year.

§ MEAN ABSORBED TRITIUM-RADIATION DOSE

The same basic assumptions as in the cases of K40 and C14 are made in
determining the mean tritium-radiation dose absorbed in human tissues.

Since the mean beta-energy of tritium is

E0 =0.00569 Mev,

and its mean concentration in human tissues is

CT =
7

.lO 10- curi c/g,

the mean tritium dose absorbed in tissues is

DT= 1.2 x0.00569 X7.10-7 x 365 rad /year,

or D= 0.00007 rad/year= 0.07 mrad/year.
This calculation shows that the tissue dose due to the tritium contained

in the human body is negligibly small.

~ 10. MEAN ABSORBED DOSE DUE TO
RADIOACTIVE RUBIDIUM

The contribution of Rb 8 7 to the total tissue dose is extremely small.
Since its mean concentration in human tissues is CRb 30-7 pcurie/g,

and the mean energy of its beta-particles is E 0.085 Mev, the mean
dose absorbed in tissues due to Rb 87 is

DRb = 51,2 x 0,085 x< 3. 1 0 x 365 r ad /ye ar,

or DRb~ 0.0004 rad/year = 0.4 mrad/year.
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This calculation shows that the tissue dose due to Rb8 7 is negligibly
small.

§ 1 1. MEiAN DOSE FROM AIR EMANATIONS
ABSORBED BY THE LUNGS

The mean tissue dose due to inhalation of air containing radon and

thoron can only be estimated with a number of simplifying assumptions
due to absence of data. The simplifications are that the concentrations
of radon and thoron in inhaled air are constant, that radon and thoron are
in equilibrium with their decay products and that both the emanations and
their decay products are uniformly distributed in the air. In addition
experimental investigations have shown that lung tissues retain an average
of about 60 To of the aerosol particles carrying radioactive decay products
of radon and thoron. The lung volume is 3000 cm 3 . The weight of the

lungs is taken as 800g. These assumptions were used to derive equations
which make it possible to calculate the tissue dose of the lungs from the
radon and thoron in the inhaled air:

D,,n 5.0. lO04 Cfl mrad/year,

D,,, = 6.6. 1015Cfl mrad/year,

where CRl and CT,, are the respective concentrations of radon and thoron
in curies per liter when there is radioactive equilibrium between the
emanations and their decay products in a nonventilated compartment.

In ventilated buildings where the air is exchanged completely every
17 min i. e., 1I/ I1000 of the air volume is renewed every second, the
following equations are obtained:

Dfl= 1.4 . 1 "Cfl mrad /year

Dfl 3.85. Ot1 CTfl m ra d /ye a r

Results of calculations based on these equations are given in Table 180.

TABLE 180. Mean irradiation dos o tho lungs due to emianations in inisaled air

Radon concentratioll, Radon concentration, Dose rate, nrad,'year
/21/, 10-12CUrie/litCr /21/ iop '

2
curie/liter radon tthoron

Type of -0 -0 0 0
0 0 " -:2 -~c00

building '.-c= o3 1 

0 1:1,~~~~~~~~~~~~

Wood ... 0.527 0l.537 0 o278 0 1liii 2- G 3 73 185 52

Brick . .. 0.909 0.913 0.0910 0.450 4513 128 605 17

Concrete . . 1.86 1.8G 0.0350 0.461 930 262 640 178
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The dose rate of other tissues resulting from decay products of radon
and thoron which are drawn into the lungs and carried through the whole
organism by the blood was calculated assuming that about 20 % of the total
amount of radioactive aerosols which enter the lungs with inhaled air are
absorbed. With these assumptions it was found that the mean dose absorbed
in soft tissues, including the sex glands, due to decay products of thoron
and radon is approximately 2.5 mrad/year for a concentration of 3 1 0-13
curie/liter of emanations and their daughter elements in inhaled air.

§ 12. MEAN Ra 2 2 6 -RADIATION DOSE ABSORBED
IN SOFT TISSUES

Usually in calculating the radium dose absorbed by tissues only the
effective alpha-particle energy, 5.75 Mev, is taken into account. But,
besides radium, tissues contain its daughter products Rn, RaA and RaC1,
w~khich also irradiate the tissues. The total tissue dose should therefore
be appreciably higher. It is also known that about 45 % of the radon is
washed out of the internal organs by the bloodstream and then removed
from the organism with exhaled air. The result is that for each dis-
integration of a radium nucleus there are approximately 2.5 alpha-particles.
In addition, it is assumed in the calculation that the relative biological
effectiveness of alpha-particles is 10 and all the alpha-particles emitted
in the decay process are completely absorbed by g of the respective tissue.

According to recent data /26/, the mean radium content in the human
body is characterized by the following values (XIO0' 5 curie/g):

Bony tissue..........9.7

Lungs............2.3

Liver............3.4

Spleen............4.6
Niuscles.......... 1.4

Ovaries.......... 0.59

Hence the irradiation dose of the muscle tissue is (in rad/year)

Da=1.4. J0-15 x 3.. 1 01 x 2.5 x 5.75 x 1 6.10.-6 x 3.6. 1 0 x 0 I x 365 x 0
DR,, = ~~~~~~~~~100I

where .4.10-15 is the radium concentration in curie per g of tissue; 2.5 is
the number of alpha-particles per disintegration; 5.75 is the alpha-
particle energy in Mev; 10 is the relative biological effectiveness; and
100 is the number of ergs per g of tissue corresponding to rad, and the
other factors have been given above.

TABLE 181. Mtean Ra '-dose absorbed in various tissues of the human body

Tissue (organ) Absorbed dose, mrad/year Tissue (organ) Absorbed dose, mrad/year

Muscles .. . .. . .3.7 Spleen .. . . . .12.1

Lungs........6.0 Sex glands .... 1.6

Liv er........8.9
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The solution of this equation for muscles gives DRa.= 0.0037 rad/year =

=3.7 mrad/year. Substituting the corresponding values for the Ra 2 2 6 con-
centration in other tissues we obtain the values given in Table 181.

13. MEAN Ra 226-DOSE ABSORBED BY OSTEOCYTES

The calculation of the alpha-radiation dose absorbed by osteocytes due
to radium and its decay products is based on the fact that these cellular
elements are enclosed in bone cavities between trabeculae. We must
take into account that radium is an osteotropic element and the irradiation
of the osteocytes is caused mainly by the bone trabeculae. The calculation
assumes that approximately 45 % of the radon is removed from the bone
tissue by the bloodstream and that for each radium disintegration there
are approximately 1.5 alpha-particles from Rn, RaA and RaC', i.e.,
altogether 2.5 alpha-particles, each with an energy of 5.75 Mev. The
density of the bone tissue is 1.85 g/CM3 .

With these assumptions, Spiers /32/ set up an equation for the mean
alpha-dose absorbed by osteocytes from radium and its daughter products,

D,,a 1.7 8. JO
1 FCa r ad /ye ar,

where F is a geometrical factor, equal to 1 .48 and C is the radium con-
centration in bone tissue in grams per gram.

Substituting the corresponding values, we obtain

DRa,= 178. 1011 x 1. 48 X9.7 1 0 5 r ad /ye ar,
DRa = 0.002rad/year =2.5mrad/year.

Since the relative biological effectiveness of alpha-particles is 10, the
mean osteocyte dose is approximately

DRa,= 2.5. 10 =25 mrem /year.

A calculation shows that the irradiation dose of the bone tissue due to
radium alpha-particles is about the same as the doses due to the other
principal components of the general radiation field. Besides alpha-
particles, the daughter products of radium release beta-particles, which
have a longer range in the dense bone tissue. Some of the beta-particles
therefore produce additional irradiation of the marrow.

However, a calculation of the mean dose absorbed by the marrow from
beta-particles of the daughter products of Ra2 2 6 shows that this dose is
negligibly small, only about 0. 5 mrem /year.

14. EXTERNAL BETA-IRRADIATION

Many natural radioactive isotopes emit beta-particles of various
energies in their radioactive decay. The range of beta-particles in matter
is small. It is directly proportional to the energy and inversely proportional
to the density of the matter. This dependence is shown in Table 182.
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TABLE 182. Energy dependence of beta-particle range

Eegy, key

20 40 8u 3 00 900 1150 0 2100 2400 :3 000

Air, cm ...... 0.6 2.5 6.8 58 290 5-2 0 7 50 8 50 1100

Water, mm . . . . 2. 7i0-' 3. 210.2 9.0-10-2 0.8 3 .5 6.5 9.7 11 14

It follows from this table that the range of beta-particles in water,
whose density is about equal to that of soft human tissues, is quite short.
In comparison with gamma-quanta, beta-particles also have a short range
in air. It follows that beta-particles emitted by radioactive isotopes in
various substrata of the external medium are largely absorbed by the air
before entering human beings. In addition, beta-particles are intensely
absorbed by clothes. Consequently, only a small fraction of the total
number of beta-particles which form in the decay of the isotopes scattered
in the external medium reaches man' s skin. Experimental determinations
at various distances from the earth' s surface of the air ionization produced
by beta-particles showed that at a distance of 3 cm 2.18 ion pairs are
produced per cm 3 of air per sec, but at a distance of 00 cm the ionization
intensity has fallen to 0.47 ion pairs per cm 3 per sec.

Thus, beta-particle contributions to the total external irradiation dose
can be neglected completely.

§ 1. TOTAL DOSE ABSORBED FROM
NATURAL SOURCES

The mean total absorbed dose depends on the particular geographical
and geochemical region. This is so since the cosmic radiation intensity
is not constant. Also the concentration of natural radioactive isotopes
contained in various rocks is not constant. It has been established that
the content of natural isotopes in rocks varies over a very wide range.
The concentration of radioactive radiators in soils, air, construction
materials, water, etc., is also not constant, nor is the concentration of
radioactive substances in foodstuffs.

Differences in gamma-dose rates from one type of building to another
alone may reach a factor of 3.5, and differences in the irradiation intensity
of lung tissues by thoron and radon may reach a factor of 12.5, depending
on the type of ventilation and the construction materials used. Mean values
in the literature characterizing the intensity of the total radiation field of
the earth are thus always approximate. This is also true for the values
given in Table 183, which characterize the effect on human tissues of
individual factors of the radiation field of the earth.

It follows from this table that the highest external irradiation tissue
doeses built up under a prolonged stay in concrete compartments or in
regions of intrusions of acidic magmatic rocks.

Particularly high internal irradiation doses are created in the lungs by
radon, thoron and their decay products. This dose is a maximum in
concrete buildings and a minimum in wooden buildings.
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TABLE 183. Approximate dose ates absorbed by human tissues due to various components of the radiation

field of the earth

irradiation source Character of iradiation Dose ate,
(critical tissue) mrad/ year

Cosmic rays. ......................... Externaii, total 28

Magmatic rocks:
acidic . ..... ...... ..... 128

basic .,....., ...... ..... 46

Sedimentaty rocks:
shales . ......... ......... 94

sandstones .............. .... ... 50

limestones ......................... 56

Radon and thoron in open ait . ... .... " ... 4.5

Radon and thoron inside buildings of:
wood . ...... ...... ..... 7.9

brick . . . . . . . . . . . . . . . . . . . . . . . . . . . .14.3
concrete .. .. .. .. .. .. . .. .. . .. . . .... 27.7

Building Constrution materials:
w ood . . . . . . . . . . . . . . . . . . . . . . . . . . . .49
brick . . . . . . . . . . . . . . . . . . . . . . . . . . . .104
concrete .. . . .. . . . . . . .. . . .. .. .. . . . .172

Potassium of soft tissues. ................. Internal, total 19

C arbon .. . . . . . . . . . . . . . . . . . . . . . . . . . .1.7
Radon and thoron in the air of ventilated buildings of:

w ood. ........................... Lungs 127

brick . . . . . . . . . . . . . . . . . . . . . . . . . . . .301
concrete .......................... 440

Radium (in tissues). .................... Muscles 3.7
Spleen 12.1

Sex glands 1.6
Osteocytes 25.0

As a result of these and other factors, the total dose of natural ionizing
irradiation differs not only for different geochemical regions, but also for
individual places.

Consequently, an analysis of the radiation regime and a determination
of the mean total dose rate for a specific populated point require more
accurate knowledge of the magnitudes of the principal components of the
natural background of ionizing radiation than those provided in Table 183.
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EXPLANATORY LIST OF ABBRIEVIATED AAMES OF USSR
INSTITUTIONS AND PERIODICALS APPE AR ING

IN, THIS 13OOTI_

Abbr-eviation Full name transliterate) Translation

DAN%-" SS:R Dokiacy Akademii NFaukt Peports of the Academy of
SSSR Sciences of the ULSSR

I Cosu~arstvennyi Cidro- State Hydrological Institute
logicheskii Institut

TCD Kievskaya Geografich es- Kiev Geographical Obser-
kaya Observatoriya vatory

7.IGU M~~Toskovskii Gosudarst- Moscow State U~niversity
vennyi Universitet

RIS FS R Rossiiskaya Sovetskaya Russian Soviet Federative
Federativnaya 2lotsiali- Socialist Republic
sticheskaya Respublika
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