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9oSr and 131CS

Asker Aarkrog
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Abstract. Radioecological sensitivity and variability are gquan-
tities that are used to characterize the radioecological pro-
perties of environmental samples.

The radiocecological sensitivity is the infinite time-integrated
radionuclide concent:-ation in the environmental sample con-
sidered arising from a deposition of 1 mCi km'z of the radio-
nuclide in question.

This quantity makes it possible to compare various environments
as to thear vulrnerability to a given radioactive contamination.

The variability of the concentrations of a radionuclide in an
environmental sample, with respect to a given parameter, is
defined as the partial coefficient of variation due to this
parameter. (Continued next page)

June 1979
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The variability with time is a useful way to assess the route
of contamination of the =zample and the local variazbility is =
measure of environmental inhomogenity with respect to radinac-

tive contamination.

Radioecological sensitivity ard variability were applied to
the 90 137

on the human foodchain carried out during the last two decades

Sr and Cs data obtaired from the environmental studies

in Denmark, the Faroe Islands, and Greenland.

The per caput effective dose-equivalent commitments from radio-
active debris from nuclear weapons testing was estimated to be
1.6 mSv in Denmark, 4.2 mSv in the Paroe Islands, and 1.6 mSv

in Greenland.
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Bu gik da Mange il Skeven {ox det gede
Levebrods Skyld, mer dex vax kua Eem, jow
kom hjem wed ¢t Stc:o Forklaning; Ingen
havde vanel dgbt nek (nde, o9 han da ikke
hellen, wen kan angde dog at Klokke-lyden
kem (ra en megel slex Ugle i ¢ husll Trx;
def vax sacdan en Viisdems-Ugle, dom sde-
tig aleg 8it Moved mnd Traet, men ow Lyden
kew {ra dems Woved eller 4{ra den hule
Stamme, det kunde han ikke cndnc med
Sestemihed sige, o9 saa blev han aniat som
vendens Klokkex o9 akrev hvert Aax en (ille
Afhandling ow Uglen; men figemeget vidsle
BAN.

KLOKKEN

Kumbexs of prople mow went to the wood

in the hope of yetting such a good appoint-
ment, but there was only one whe came home
with any kind of enplanation. Nome of them
had beern fan cnough into the wood, mos had
this man cither, but all lhe same he made vut
that the bell-seund came jrom a very big oml
in a hollow tree. IC was & kind of owl of
nisdom that kept huoching its head agsinat
the tree; but whether the dound came §rom

the owl's head ox f§xom the hollow Lrunk he
couldn’t yet say with any certainty. So ke
wa) appointled Universal Bell-xingen, and
every yearn he wnote a Little cssay on the owl,
bul no omne was any wiser than befone.

THE BELL
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GENERAL INTRODUCTION

Shortages of natural rescurces and increasing pollution have

in recent decades made an understanding of the interaction
between man and nature even more necessary. As compared to most
chemical pollution, t..2 radioactive contamination of the
envirorment is modest. The prospects of increasing nuclear
power production in the next decades, however, justify radio-
ecological studies. Radioactive contamination of the human
environment became a reality on 16 July 1945, when the first
fission weapon was tested near the town cf Alamogordo in New
Mexico. Military use of nuclear energy is still the main source
of global radioactive contamination; atmospheric test explosions
with thermonuclear weapons such as those stiil performed by the
People’s Republic of China thus contribute measurably tc the
concentrations of radionuclides in man's environment, even far
distant from the test sites. Accidents involving nuclear
weapons, e.g., those that took place at Palomares, Spain, and
at Thule, Greenland, have resulted in local contarination, but
were not of global concern with respect to pollution. The use
of nuclear enérgy to produce power has also given rise to
measurable concentrations of radionuclides in the environment,
especially close to nuclear installations; however, the global
mean dose rate originating from nuclear energy production is

at present (1979) nearly two orders of magnitude less than that
from military applications.

Radiocecology comprises the relationships between radioactive
substances or radiation and the environment. Thus this science
includes the movement of radionuclides within ecological
systems and their accumulation within specific ecosystem
components such as air, water, soil and living organisms. The
effects of ionizing radiation upon ecological systems, which
are not dcalt with in this study, may best be termed "iadiation
ecology", although this last term is used by some authors
(Sc72) instead of "radioecology"”.
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The movement and accumulation of radionuclides in the environ-
ment may be studied in two different ways. Radionuclides may
be experimentally introduced in known amounts intc a limited
and well defired environment, or use may be made of the con-
tamination already present in the natural environment. Ezch
method has its merits and limitations. The experimental method
may shed light on single mechanisms acting in the eanvironment,
but it is not able to describe the whole complex of iateractions
and combinations that makes up natural conditions. The second
me+hod, the envirommental approach, yields information on che
variation of radioactive contamination in the environment
studied, but it gives .ittle information on the various pro-
cesses responsible for the levels observed. Neither of the two
methods is thus ideal, but one complements the other. In the
present study, emphasis has been laid upon tﬂé last method.

A radiocrcological study of environmental samples may have
several aims. A primary purpcse is often to ensure that certain
limits of contamination are not exceeded, in other words to
ensure the radiological protection of man. A further purpose
may be to set up models based on the data collected, and then
from these models to predict the levels resulting from known
releases of a contaminant to the environment and from the
predicted radionuclide levels to assess the doses to man from
the release. Finally, we may intend to make a study of various
processes in the environment, in which case radicactive sub-
stances are used as tracers.

The present study intends to identify and define quantities
that characterize the radioecoclogical properties of environ-
mental samples. Radioecological sensitivity and variability are
the two quantities used for this purpose.

The radinecological sensitivity of a sample is the infinite
time integral of appropriate quantities of the sample from an
appropriate quanticy of the radionuclide deposited (cf. C.3).
The radioecological sensitivity equals the steady state con-
centration in the sample of the radionuclide considered from a
constant annual deposition rate of the radionuclide distributed
like global fallout throughout the year., Radioecoloyical sensi-



tivity makes possible a comparisor. between various environments
of the vulrerability to a given radioactive contamination. Such
information is useful for :the planning to be made in connection

with releases of radionuclides from nuclear installations.

The variability of radionuclide concentrations in an envircnmen-
tal sample with respect to a given parameter is the partial coef-
ficient of variation due to tliis parameter (cf. b.4), determined
by means of an analysis of variance. The variability gives in-
direct information on the rechanisms of contamination for the
various samples. It is useful as an iandication of the necessary
number of samples and t.eir frequency in environmental monitoring
programmes for nuclear facilities. Furthermore, the variability
may contribute to an assessment of the maximum concentrations

of a contaminant likely to occur in a given environment.

The present study began as a pre-operational study in 1956
around the Risg¢ site. Later, when the research establishment
came into operation, the measurements became the operational
surveillance of the environmental radioactivity at Risg¢. In
co-operation with the Dunish National Health Service, the
measurements were extended in 1959 to a general study of
radioactive contamination ir Denmark. Three years later the
Faroe Islands and Greenland were also included in the studies.
Contamination at trat time was the result of the atmospheric
nuclear tests carried out by the USSR, the USA and the UK.

Since 1957 the results of these radioactivity measurements have
been published in a series of Risg Reports (RRD59-76, RRF62-76,
RRG62-76), which contain the basic data for this study., The
data were compiled in the so-called STATDATA program (Li75),
which makes feasible the treatnent cf the approx. 40,000 data.

The present dissertation is divided into two parts: the main
text, and four appendices. The main text comprises five chapters.
The first chapter deals with the abiotic environment: air, water
and soil, which are the primary recipients of radiocactive pol-
lution. Chapter two comprises the radioactive contamination of
the producers, with emphasis on cereal grain, which is a main
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contributor to the radionuoclide content cf the Danish diet. The
radioactive contamination ¢. the consumers and their products,
especially milk, are treated in the third chapter. Chapter four
discusses the contaminaticn of the human diet and tissues. The

conclusion to chapter four furthermore contains an estimate of

the population doses due to the contamination from nuclear
weapons testing. Chapter five is a general discussion of im-
portant features of the four preceeding chapters.

Details of methods and procedures are contained in the ap-
pendices. Appendix A summarizes sampling programmes, radio-
chemical procedures, the various methods used for the measure-
ments of the ionizing radiation emitted by the samples, and the
estimation of errors. Appendix B contains the statistical
procedures mentioned and tables with analysis of variance
(anova) and@ the estimates of the variability of the various
samples. The prediction models used for the estimation of the
radioecological sensitivity are shown in appendix C, while
appendix D contains various notes to the main text.

As 905: and 137Cs are the two fallout nuclides that contribute

most tc the dose from fallout to present generations, this

study puts emphasis on these two nuclides. Not all sample items,
areas and periods have been covered with the same intensity and
thoroughness. Importance has been attached to those samples
assumed to be the most pertinent. The samples were obtained

from Denmark, the Faroe Islands and Greenland. Environmental
conditions (meteorclogy, soil characteristics) as well as the
hatits of life show marked differences in these three areas;

and studies of the radioecological sensitivity and variability
of environmental samples from Denmark, the Faroe Islands and

Greenland may give an idea of the variation to be expected of
these quantities within the north Atlantic region.
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1. AIR, WATER AND SOIL (the abiotic envirornment)

1.1. Introduction

The atmosphere is the primary recipient of airborne radioactive
contaminants, whether these pollutants originate from atmos-
pheric nuclear test evplosions or from airborne releases from
ruciear installations. The air is the medium in which the con-

tamination is dissipated an2 iransported.

Radioactive contamination of the atmosphere may result in doses
to living organisms from three exposure routes: by direct
radiation from the debris suspended in the air, from inhalation
(assimilation), or indirectly from contamination of tie food

chains.

UNSCEAR (Un77) applies the model:

Inhalation

Input -+ Atmosphere + Earth's surface » Diet - Tissue -+ Dose

(0) (1) (2) (2) (4) (5)
L N

External irradiation ‘

Nuclear debris may be deposited directly from the atmosphere
on the surface of the earth, as so-called dry fallout; but a
substantial amount of the radioactive contaminaticn in the air
reaches the earth with precipitation. The term direct con-
tamination of crops is used when the above-ground parts of
crops collect airborne debris, or adsorb radionurlides from
precipitation.

In the case of water-borne releases, e.g. waste-water from
nuclear installations, the sea or fresh-water systems are the
primary recipients of the contaminants. In analogy with air,
the doses from water-borne radioactive contan.inants are
delivered either by external radiation from the activity in the
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water, or from drinking (assimilation) of the water, or in-
directly from contamination of aquatic or (in the case of
irrigation) terrestrial food chains, respectively.

Soil is normally not a primary recipient of unsealed radio-
active contaminants, but underground nuclear =xplosions provide
an exception. Soil usually receives contamination from air or
from water. The transport of radioactive substances in the soil
is in general cocnnect~2 to water transport. Under dry con-
ditions especially, contaminated soil may be resuspended in

the air by the wind. The activity in the soil strongly influ-
ences the indirect contamination of crops, i.e. contamination
due to root uptake. In the special case of resuspension there
may, however, be direct contamination from the soil.

1.2. Air

Naar Vinden loben hem over Grasset, da When the wind sweeps oven the grass, 4t
Rruser del 249 aom ¢t Vand, leber den nuffles it like watenr; and whem 4L sweeps

hen ovex Koxmer, da belgex det scm en over the ~~am, it gies sunging Like Lhe sea.
Se, det ex Vindems Dands; That’s the dance of the wind.

VINDEN FORTRLLER OM VALDEMAR DAAE 0G THE WIND TELLS THE STORY OF

NANS DOTRE : VALDEMAR DAA AND HIS
. DAUGHTERS

In atmospheric thermonuclear weapons testing (cf. D.1.2.), which
has been the main contributor to anthropogenic radicactive
contamination with long-lived radionuclides, nearly all the
debris (v 99%) is injected into the stratosphere. From here the
fallout descends mainly in the spring through the tropopause
into the troposphere with a mean residence time in temperate
latitudes of the order of 1 year. The residence time for
particulate radionuclides in the troposphere is about one month.
The debris, which has a particle size of the order of 0.1-1u
(Pei65) is removed from the troposphere by three processes:
rain-out caused by droplet formation within clouds, washout by
falling raindrops picking up radicnuclides, and dry deposition
on land surfaces or plant cover (Un?77).

The first cystematic studics of important fallout nuclides in
air were initiated when thermonuclear test-explosions began.
In the U.K., air samples have thus been ccllected since 1952
at Chilton (Pei60) and analyzed for 137Cs. A world-wide study
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of radionuclides in surface air was started in 1957 by the
U.S. Raval Research Laboratory; since 1963 this study has been
continued by HASL (the Health and Safety Laboratory of the
U.S. Atomic Energy Commission) (HaS58-78).

Ir Denmark, the National Defence Research Council (Am58)
initiated fallout studies of air and precipitation in the mid
fifties. Systematic investigations of radiostrontium in air
samples collected at Ris® began in 1957 (RRD58-59).

1.2.1. Strontium-90

The time variation of fallout nuclide concentrations in air is
mainly controlled by the number and intens.ty of atmospheric
nuclear test-explosions and by the meteorology of the earth's
atmosphere. The first factor is chiefly responsible for the
variation among years, while the second primarily influences

the seasonal variation.

10}
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Fig. 1.2.1. The annual and monthly variation of 90gr 1n
ground~level air collected at Ris¢ 1957-1975. The bars
indicate the air concentrations relative to the grand mean:
5.31 £C1 m" (= 1 at the relative scales).

An anova (analysis of variance) (table B.l.2.1.) of 905r in

ground level air collected at Risg showed highly significant
variations among years and among months. The maximum appeared
in 1963 after the 1962 test series (cf.D.l.2.) As shown in fig,
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1.2.1, the maximum within the year occurred in May-June and the
minirurn in November-December; although the anova showed an
interaction between years and months, all years displayed the
so-called spring peak. The variability among years (table
B.1.2.3.) was 1.45 for the period 1957-1975, and among months
it was 0.58.

As the air samples in the present material were collected at
one location only, there is no direct means of studying a
possible local variation. The air sampling programmes conducted
by BRASL (Ha58-78) and by Harwell (Ae58-74) may, however,
(c£.D.1.2.1.) be applied for an assessment of the local vari-

ation in Denmark, which was estimated to be negligible.

The integrated air activity concentration for the entire period
of nuclear testing (up to 1975) was estimated from table

D.1.2.1. at 121 £Ci %sr m~3 y. This quantity arose from 12.13

Mmci ?sr deposited in the northern hemisphere (Un77), (local
fallout at the test sites excluded). Hence, 1 MCi 90
in the northern hemisphere corresponded to 10 fCi 30

Sr deposited
Sr m™> y

in ground-level air collected in Denmark. However, the infinite
time integral of the air activity may also be related to the
total amount of 90Sr dissipated as global fallout, i.e., 16 MCi.
In which case, 1 MCi Oy recults in 7.6 fci Vsr m™3 y in
ground-level air in Denmark. As the majority of tests were
carried out in the northern hemisphere, the fiqure was con-

sidered representative of injections in the northern hemisphere.

The half residence time of 905r has been earlier (X) estimated
at 10 months for the period 1963-1967; the inclusion of the
post-test periods 1959-1961 and 1971-1973 confirmed this
estimate.

1,2.2. Cesium-137

According to UNSCEAR (Un77), the ratio between
in nuclear weapons debris is 1.6. This ratio is higher than
the ratio at formation, which according to HARLEY is 1.45
(Harl72). It is not clear whether this difference is due to
analytical errors or to fractionation phenomena (Sh75). If the

137 20

Cs and Sr
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137Cs/QOSr ratios in the Risg air samrles are considered, the

anova shows no significant seasonal variation. The variation
between the years was significant; however, the time variation
observed for the Ris¢ filters did not reflect a general global

variation of the 137Cs/QOSr ratio in air (cf.D.l1.2.1.). Hence

it was, as earlier suggested (X), assumed that the 137Cs/90$r
ratio in airborne debris at an annual base was nearly constant
in time and equal to 1.6.
The variability of the 137
1.65 {1957-75) and among months 0.64, i.e. a little higher but
£ %0sr, 1£ 90

Cs are considered together during the period 1962-1975, when

Cs air concentrations among years was

not significantly different from that o Sr and

137

precipitation data are available too, the variability among
years becomes 1.72 (table B.l.2.3.).

From table D.1.2.1. the integrated air activity for the entire

period of nuclear testing (up to 1975) was estimated at 222 fCi

137 3

Cs m Y. This estimate is comparable to that obtained from

Chilton in the U.K. (Ae58-74) for the period 1954-1975 (» 240

fci 137Cs m-Z 137

weapons testing was 1.6 * 16 MCi = 25.¢ MCi, hence the transfer

factor from input ground-level air was 8.7 fCi 137Cs m-3 Y per

MCi 137Cs injected. This is 15% higher than the corresponding

factor for 90Sr. As the half-lives of the two nuclides are

y). The total production of Cs from nuclear

nearly the same, the infinite time integrals of the air con-

centrations per MCi were expected to be nearly identical. The
137Cs/90Sr
in the air samples being higher than the adapted ratio of 1.6.

difference was mainly due to the measured ratio of

1,2.3. Strontium—-89

Strontium-89 is detectable in fresh fallout together with Sr;
but, .due to its relatively short half-life (50.5 days), 895r is
seldom measurable more than a year after its creation. As the
89Sr/9°Sr ratio at formation is 185, according to UNSCEAR
(Un77), this ratio decays to approx. 1 in one year. Strontium-

90

89 is thus often difficult to determine because the measurement
takes place on the background of the 905r activity (A.2.1.).

According to HASL (Harl72), the 89Sr/905r ratio at formation is
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147, but Ris¢'s measurements of the ratio based on precipi-
tation and air samples have indicated that the UNSCEAR value
of 185 is the best fit to the observed data (RRD63).
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Fig. 1.2.3. Strontium-89 concentrations in grcund-level
air collected at Risp 1958-1971.

Figure 1.2.3. shows the 89

Sr levels in monthly air samples
collected since 1958. The data were complete for the period
1961-1963; the 52Sr air debris in this period was created in the
1961-1962 test series when approx. 9 MCi 908r (estimated from
UNSCEAR (Un77)) or 1665 MCi 895y were injected into the
northern hemisphere. The integral air level during this period
was 514.5 £ci OOsr v m 3. Hence, 1 Mci 895, corresnonded to 0.3
fci %sr m™3 y. During the periods 1958-1959 and 1967-1971, the
data were incomplete; during these periods 1 MCi 898r rielded
approx. 0.4 and 0.2 fCi 89 m- Yy, respectively. Au integral
air level of 0.3 fCi 895: m'3 per MCi 89Sr was a reasonable
average, and for the entire period of nuclear testing the

integral air level becomea: 16 - 185 «0.3 = 890 fCi 89Sr Y m-3.
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1.2.4. Manganese-54

During the intensive test series that took place in the USSR in
1961, S‘Hn. (Gub4) which is a neutron activation product, was
produced in such guantities that it was measurable in ground-
level air samples collected during 19€2-19%6 (fig. i.2.4.}. The
integral level was 149 fCi ‘wn Yy w3, This is in agreemer.t
with the mean level: 132 =i *mn y m™? found at the four

U.K. stations: Chilton, Milford Haven, Orfordness and Eskdalemuir
(51° - £5° ) (Ae58-74), but incompatible with the UNSCEAR
figure (Un77) of 1130 £Ci *#n y m~> based on HASL measurements
(Ha58-78) from Sterling 5= Virgir.a (39° N). If the Sterling
air levels are compared with the rainwater concentratiors from
Westwood in New Jersey (41° M) from 1963-1965, (HaS8-78) it is
noticed that the washkout ratio (cf. 1.3.2.) is 0.06 + 0.02

(1 SE), while the washout ratio usually found is ar crder of
magnitude larger (En7l). It is therefore concluded thLat the
Sterling S‘Hn air data used by UNSCEAR were probably arn orcer

of magnitude too large.
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The effective half-life of 54Mn in the atmosphere was approx.

5 months, which corresponds to the theoretical value con-
sidering that the half residence time of long-lived debris was
10 months. The total production of 54Mn in the 1961-1962 test
series was estimated at 54 MCi (cf. table 1.2.5.).

1.2.5. Other radionuclides
Throughout the years a number of other radionuclides have been

studied in ground-level air at Risg. .

Cerium-144 has been measured reqularly in most years. From the

test series in 1961-1962, approx. 430 MCi 144Ce yielded an

integral air level of 1278 fCi 144Ce Y m-3, or 1 MCi 144Ce

corresponding to 3.0 fCi 144Ce Y m-3. From this ratio the total

integral air level at Risg¢ from 762 MCi 144Ce (cf. table 1.2.5.)

was estimated at 2.3 pCi 144, y m™>. This estimate is

comparable *o those for Moonsonee (51O N) of 2.5 pCi 144Ce y m_3

(Ha58-78) and for Chilton (51° M) of 2.0 pci #4ce y m™3
(Ae58-74) . The effective half-life of 144
collected in the years 1963-1966 was approx. 5 months, i.e.

£ 4

Ce in air samples

equal to the observed effective half-life o {n in air.
Eurcpium~155 was measured in air filters collected from the
middle of 1961 to the end of 1966 (TII). The integral air level
for this period was 26 fCi 155Eu ym 3. The production of 905
available as global fallout was approx. 9 MCi in the 1961-1962
test series ), and ar the ratio 155Eu/ Sr at formaticn was
estimated at 0.66 (III), the globally available 155Eu became

6 MCi; 1 MCi 1°°Eu thus corresponded to 4.4 f£ci 155py y m3,

During 1971-1974 95Zr was determined in air samples. The air
activity in this period resulted from atmospheric test series
in 1970-1973, and was equivalent to 0.4 MCi 905r (table
D.1.2.1,) or 90 MCi 952r (table 1.2.5.). The observed integral
air level was 40 £Ci 22zr m~3 Y, hence 1 MCi §SZr injected into
5 -3

the northern hemisphere resulted in 0.44 fCi Zr m Y.

*) This 90Sr yleld was lower than the previous estimate (III)
which was based on an early yield estimate (Fe63) of these test
series
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3

If the transfer factors: T (fCi m ~ y per MCi) are plotted

against the effective half-lives in the atmosphere: t (yr) of
the various nuclides in a log-log coordinate system as shown
in fig. 1.2.5., the values follow a2 straight line, i.e., a

power curve:
T=11.6 « £1-7, (Eq.1.2.5.)

The correlation between observed and calculated values
(r = 0.9979) is highly significant.
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Fig. 1,2,5. The integral air concentrations (T) from 1 IC1
injected into the northern hemisphere as a function of the
eéffective half-livea (t) in the atmospheres T = 11.6 - t1'7-
T equals the transfer coefficient 901 from input to the
atmosphere.

The above equation may be used for the calculation of the
infinite time integrals of fallout radionuclides with effective
atmospheric half~lives within the range of those included in
the equation, i.e., between 0.1 and 0.9 years. Ruthenium 106

is such a radionuclide; the infinite time-~integrated level was
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in this case estimated at 1 pCi 0%ru m™3 y. UNSCEAR (Un77)

assumes a value of 0.50 for the ratio of the time integrals of

f 106Ru and 144Ce, hence

106py ™3 y, which

the activity concentrations in air o
the expected value was 0.5 - 2,3 = 1,15 pCi

agrees reasonably with the estimate.

Table 1.2.5. summarizes the time-integrated air concentrations
for various fallout nuclides at Ris¢g and the transfer factors

from injections in the northern hemisphere. Short-lived

131I 140Ba 141Ce 103

radionuclides such as and

14 [ 4

well mixed during periods comparable to the mean residence of
an aerosol in the troposphere (Un77) and equation 1.2.5. does
not apply in such cases. The transfer factors estimated from

103 141

the equation for Ru and

high as those actually found in the period 1971-1974.

Ce were thus approx. twice as

Zable 1.2.5. Estimates of time-integrated air concentrations, yields and transfer factors of various
radionuclides in weapons debris collected in Denmark

Muclide Radiocsctive Effective Mucl tdcl’oh Integral Total Trase .. Op. .xvatio:
hajf-life half-1ife at formatioi. air con~ yield <) factor pericd
in the at- in thermo- cantration i until tc1 3
mosphers  nuclesr tcam 3y 1975 v par mci
in year tes.s until 1975
Sy N2 4 0.43 - 149 Y 5 WD) 54D 1962-1965
9, 30.5 d 0.12 108 (un 1) 890 2960 0.3 1961-1963
90gy w oy .83 1 121 Iy 1.6 1958-197%
¥gp “ a 0.14 2% (Mati 72) 1600 3600 0.44 1971-1976
103y, 33 a 0.09% 380  (Harl 72) 700 €080 0.11 1971-1974
106y, 1y 046 19.3 (Magl 72) 1000 309 I ®
12854, .17y 0.66 0.05(mark 70 78 (LY 5.7 ®
131, 5.06 4 0.021 1040  (Har? 72) 16640
19, 30y 0.03 1.6 (Un 77) n 28,6 0.7 1962-1975
140,, 12.0 4 0.034 1170 (arl ) 18720
141, 3.8 @ 0,001 400 (M5l 72) 440 6400 2.069 19731974
My 285 4 0.41 47.6 (mazl 72) 2300 72 3.0 1961-1946
g? 1.7 y 0.57 0.66(111) 2 R Y 1961-1966
240y, 1.46:10% ® 0.0 0.020(un 77} 2,07 0.32 .0

2) 1963-19¢6.
b) calculated values from Bg. 1.2.5.

S} available as global fallout.
) 13!'“_

*
During the 1961-1962 test series an estimated 630 Ci (Da66) )

of 3251 was created. The transfer factor of a long-lived

fallout nuclide was 9 fCi m—3 y per MCi, hence the expected

*) 32

The Si yield was previously estimated at 700Ci, (Da6é),

9
however, this estimate was based on an overestimated 0Sr yield

(cf.D.1.2.)

Ru do not become
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time-integrated air concentration was 5.7 aCi 32

sim3 Y.
Measurements performed on May-June samples collected in
1962-1965 corresponded to 4.7 aCi 3251 m.3 y (the annual con-
centrations were estimated from fig. 1.2.1.); considering that
some bomb-produced 3251 was still left in the atrosphere by

June 1965, the two estimates are compatible.

l.3. Precipitation

0g Vinden kyssede Trzet, 09 Duggen grad  And the wind kissed the tree, and the dew wepl teans
Taaren over det, men det forstod Gran- over 4t, but thiy meant ncthing tv The {41 {ree.
traet ikke. THE FIR TREE

GRANTRAET

Normally, precipitation plays a predominant role in the
transfer of radioactive debris from the atmosphere to the
surface of the earth. Showers of rain can, however, both
contaminate and decontaminate, by washing deposited debris off
the surface of vegetation. In Greenland and the Faroes pre-
cipitation is often collected directly for drinking. This is
usually not the case in Denmark with the exception of a few
small islandsi

Systematic measuremenfs of 90Sr were initiated in 1954 at
Milford Haven in the U.K. (Cr60) and at the Health and 3afety
Laboratory (HASL) in New York (Ha58-78). Country-wide Danish
studies at 11 locations began in 1962 (RRD62), and in the same
year regular measurements were started of radiostrontium in
precipitation samples collected in the Faroes at 2 stations
(RRF62) and in Greenland at 5 stations (RRG62).

1.3.1. variation with time and location
When radionuclide measurements are made of precipitation, the

activity concentrations in the rain (pCi l-l) as well as in
the deposited activity (mCi km'2) are usually determined;

the fallout rate may be given as mCi km™2 y-l.

The variability among years (table B.1.3.4.) of 905y in Danish
precipitation during 1962-1974 was 1.73 (fallout rate) and
1,86 (concentration). This is not significantly different
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from the variabilities of the corresponding air concentrations
(table B.1.2.2.). rmong the months the variability in rain

~ 0.6).
p month
In Faroese and Greenlandic precinitation the variability among

also corresponded to that observed in air (CV

years was identical to that in Danish rain. Among months,
however, the Faroese rain showed a lesser variability than the
Danish, i.e. the spring peak was less pronocunced in the Faroes,
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Fig. 1.3.1. The variation of 905r Pallout rate with year,

month and location assessed from precipitation samples
collected at the Danish state experimental farms (fig.
A.1.1.3.1.) 1962~1974. The bars indicate the Pallout rates
relative to the grand mean: 0.55 mCi ka~2(2 months) 1 (= 1
at the relative scales).

The 905r levels in rain decreased from the spring peak (in

May-June) to the winter minimum (in November-December) with a
half-life of approx. £0 days. The slope fitted the szasonal
trend for Wgy in air from June to December. (fig. 1.2.1.).
The annual decay during the periods 1963-1967 and 1971-1973
corresponded to effective half-lives of 11 and 8 months,
respectively. This is compatible with the 10-month half-life

found for the annua Sr and 137Cs mean levels in air.



An anova (table B.1.3.3.) of the annual 9OSr deposits in
Cenmark, the Faroes and Greenland showed no interaction between
years and locations. The yearly 9OSr deposition in mCi km.2 in

the Faroes and Greenland may thus be estimated from the Danish

data by multiplying by the mean ratios between the Faroese (or
Greenlandic) and the Danish fallout levels. The following
ratios were determined from data collected during the period
1962-1974:

Faroes (mean of Thorshavn and Klaksvik)/Denmark = 2.08
West Greenland (Godthib)/Denmark = 0.75%
East Greenland (Kap Tobin)/Denmark = 0.47

These ratios are used throughout the text where precipitation

data are missing.

Within vears, Danish data should not be used for the estimation
of Faroese and Greenlandic fallout, as anovas showed significant

interactions between months and locations.

The local variation among the Danish state experimental farms
was highly significant for fallout rate (table B.1.3.2.), but
sy 171 (rable B.1.3.1.).

The local variability of fallout rate was 0.16, which corre-

in general not significant for pCi

sponded to that of mm precipitation among the farms. We may
expect the 90Sr deposition to be proportional to the amount of
precipitation in meters (Lu7l1, Me59-77):

1974 1974
! mci Osrkm? =5.3+4.9 I m Eq. 1.3.1.
1962 1962

As the regression line intercepts the ordinate axis at 5.3

mci 2YSr km™2, this figure is an estimate of the fallout for
zero precipitation. This amount of so-called "dry fallout”
corresponded to 11% of the total mean fallout in the period.

The actual amount of dry fallout was not necessarily 11% because
the rain collectors may have shown an efficiency with respect

to collecting dry fallout that differed from that of the

surface of the earth (Me56, Cham60). Studies of accumulated
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90Sr in Danish soil have, however, shown (cf.l.6.1.) that the

9OSr found in the soil throughout the years have

amounts of
corresponded to the levels to be expected from the pre-

cipitation collectors. It is therefore concluded that, with

respect to the estimation of total 90Sr fallout, the rain-
bottles seem to have been adequate. In 1957-1960 HARDY et al.
(Ha62) found that, for an annual mean precipitation correspond-
ing to that in Denmark, approx. 1/3 of the total 90Sr fallout
up until 1960 had been received as dry deposit. HARDY concluded
that the specific activity of the precipitation was independent
of the amounts of precipitation when the contribution from

dry deposit was taken into account. In Denmark the contribution
from dry deposit was too low to produce a significant local
variation of the 9OSr concentrations in rain water within the
various vears of observation.

Using Eq.1.3.1. for an estimate of the 90

Sr deposition in the
Faroes and Greenland (Du75, Da63-76), the mean ratio between
observed and estimated values became 0.73 + 0.11 (1 SD), which
is significantly less than unity. As air concentrations
decrease with increasing latitude (Ha58-78), this was also to
be expected for the concentrations in precipitation; we may

90

thus expect a lower’ “ Sr deposition in Greenland and the

Faroes than in Denmark for the same amcunt of precipitation.

Dry deposition is of special importance in connection with
direct contamination of vegetation. In lichen (D.3.4.4.) it was
observed that the concentrations of radionuclides were more or
less independent of variations in precipitation, but primarily
related to the rain-water concentrations. During rainfall
nuclear debris from the atmosphere is carried down to the
vegetation cover, but at the same time the rain waches off the
deposit on the vegetation. The two effects may offset each
other, so that dry deposit only determines the contamination of
plants (Wi67).

If it, according to Eq.1.3.1,, was assured that the dry depositon
from 1962-1974 was 5.3 mci 20sr km-z, this corresponded to a
-5 oei sy m~2

0gr =3 during

1

mean rate of dry deposition of 1.3 + 10 sec., .

The mean air activity was 6.4 1073 pci
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;962—1974. Thus the deposition velocity (Cham60) of fallout
oSr during 1962-1974 became:

5

vV_ (m sec”l) = lié—:—lg:§ msec™d =2 ¢ 107 m sec”l.
9 6.4 + 10

SMALL (Sm60) found for gross beta fallout activity collected in
vessels during 1956-1959 deposition velocities ranging from
(2-34) « 107> m sec™’. PEIRSON et al. (Pei65) found during
1960-1964 a deposition velocity for global fallout in the range
(1-3) - 10_3 m sec_l. In case of tropospheric fallout Vg was
nearly an order of magnitude higher. In his studies of dry
137Cs on alfalfa, ?ILSON (Wi69) reported

a deposition velocity of 6 - 1073 n sec™, but for radon

deposition of fallout

daughters the median deposition velocity on alfalfa was only

) 10-3 m se:-l; this -ralue was close to those reported by
CHAMBERLAIN (Cham60) for submicron particles in wind-tunnel
experiments. The present value of 2 - 1072 m sec™} for fallout
905r was compatibie with the above mentioned findings.

CHAMBERLAIN (Cham60) found in experiments that deposition
‘velocity increased rapidly with particle size in the micron
diameter range; The results of Ris¢'s studies of the variation
of specific radiostrontium activity with altitude in the 120 m
high meteorological tower (I, II) were compatible with this
observation. It appeared that the specific activity of pre-
cipitation samples increased with sampling height. The pheno-
menon was ascribed to increasing amounts of dry deposition in
the rain-bottles located at the top of the tower, which was
partly a result of the higher wind speeds and consequently
higher deposition velocity here than at the bottom. It was
furthermore demonstrated that the 89Sr/9°Sr ratio increased
with altitude. This is intelligible if the 895r in global
nuclear debris was generally attached to larger particles than
was 908:, because the 895r was deposited with relatively fresh
debris that settled first, while 90Sr also occurred in old

debris on fine particles.

1.3.2. Relations between concentrations in air and precipitation
The observed washoﬁt or scavenging ratio, wo' is the ratio
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between the concentrations of a given nuclide in precipitation
and in air. The units used for Wo differ in the literature '
(En71); we shall apply:

w = PCi 1-1 water
o

_3 4 Eq-lo302o
fCim air

During the period 1960-1972 corresponding samples of air and
precipitation were collected monthly at Risg and analyzed for
90Sr; 89Sr was analyzed in 1961-1963 and 137Cs in 1960-1961 and
1965-1966. The overall mean of the 285 monthly scavenging ratios
was estimated by means of VAR-3 (cf.B.3.) at 0.99, and the total
coefficient of variation (cf.B.4.) was 0.51. The anova showed
that the variation among nuclides was not significant. The
variations among months as well as among years were, however,
significant. The seasonal variation thus showed a maximum in
January-February and a minimum in August-October. Several
reasons can be suggested for such a difference. Firstly, during
winter the relative amount of dry fallout, which was included

in the precipitation samples, was higher than during the summer,
due to the lower amounts of precipitation. Secondly, snow may
be more efficient than rain as a scavenger of activity from the
air, Thirdly, the absolute humidity of the air was lowest

during the winter and, according to ENGELMANN (En71), the
washout ratio should vary inversely with the absolute humidity.
The annual variation of the washout ratios showed minima at

the beginning and at the end of the period. There was no

obvious explanation for this observation.

A comparison with the UK data on 137Cs collected since 1954 at
Chilton (Ae58-74) showed that the Danish annual mean washout
ratio was approx. 1.5 times higher than the corresponding
washout ratio observed in the UK. The difference between the
tﬁo ratios was highly significant. Monthly scavenging ratios
for 905: determined from September 1969 to July 1970 in Arkansas
varied between 0.55 and 1.45 with a mean value of 0.80 (No73).
Washout ratios from six locations in the USA (En71) collected
in 1962-1964 showed local mean values varying from 0.26 to
1.32. The Ris¢ mean for the same period was 1.14. It thus seems
that local variations in WO are to be expected. There are,
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however, n¢ clear explanations of such variations, although
absolute humidity and precipitation rate, as proposed by
ENGELMANN (En71), seem to have some influence.

The total deposition of sy in Denmark was estimated from the
precipitation data obtained at the state experimental farms.

As the data were incomplete before 1962, the HASL data for New
York (Ha58-78) were applied considering that the mean ratio
between 90Sr fallout in Denmark and New York was 0.7 in the
period 1962-1974 (D.1.3.2.). The total amount u% °Sr deposited
since nuclear tests were started and up until 1974 was 73 mCi
km-2 for Denmark (81.3 for Jutland and 64.8 for the Islands).
These estimates may be compared with the UNSCEAR estimate of

79 mci 2%Sr km~2 for the 50-60°N latitude band (Un77). We may,
however, also calculate the total 90Sr deposited in Denmark
from the Danish air data (l1.2.1.). According to these data the

90 3

integral air level was 121 fCi ~~Sr m ~ y; as the observed

washout ratio was 0.99, the time-integrated rain concentration
90 -1
Sr 1

experimental farms was 628 mm y

became 120 pCi y. The mean precipitation at the state
1 (p.1.3.3.), thus the total
deposition was 75 mCi 90g, km'z, which is close to the above .

estimate,

l.4. Fresh water

Da hum igjem var himdt o9 havde flet- When she was dressed again and had plaited
tet 24t lamge Haax, gik hun £il de hen Long hair, 3he went to the bubbfing spring,
sprudlende Vald, drak af sin hule drank §r0om her cupped hands, and then
Haand 09 vandrede langexe ind ¢ Skovu- wandered funther on into the wood without
en, uden at vide hvorhen. really knowing where she was going.
DE VILDE SVANER THE WILD SWANS

Fresh-water systems are either lenitic, e.g. lakes and reser-
voirs, or lotic, e.g. streams and ground water (ground water
may be considered as a subterranean stream). Radioactive con-
tamination of fresh waters originates partly directly from the
atmosphere, mostly via precipitation, partly indirectly from
the soil, i.e., from older deposits that have been washed out.
Nuclear installations may release radionuclides directly to
fresh-water recipients. The transfer of radiocontaminants from
fresh water to humans may either be directly through drinking
water, or indirectly through animals and vegetation whose
habitat is fresh water. Finally, fresh water is used for
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irrigation and for drinking water for animals and may as such

contaminate terrestrial food chains.

Systematic surveys of fresh water samples have been concentrated

on 90Sr assays of drinking water. HASL (Ha58-78) started such

a study in 1954 on New York City tap water. The 905r levels in

a countrywide collection of samples of Danish ground water have
been followed since 1961 by Ris¢ (RRD61). Drinking water samples
- have been collected regularly in the Faroes and Greenland since

1962 and analyzed for 908r (RRF62, RRG62),

The 13705 1evels in fresh water are generally lower than the

90Sr concentrations, because 137Cs is retained to a larger

degree than 90Sr in soil minerals. (cf.l.6.)

1.4.1. Danish ground water

Radionuclides in ground water may reach man with the drinking
water, which in Denmark is generally ground water. Irrigation
of crops may be another way of exposure. Ground water passes
through ine soil layers, which act as a filter and a kind of
ion eachange columg. Clay minerals, which are abundant in
Danish soils, are particularly efficient ion exchange media

for several radionuclides contained in the water seeping through
the soil. Eight of the nine borings used since 1961 for
ground-water samples have in fact contained very low 9OSr con-
centrations. The anova showed a highly significant variation
among years (fig.1.4.1.1.). Although the maximum coincided with
the maximum fallout rate in 1963, the variability among years
of the 90Sr cuurentrations in ground water (table B.l1.4.1.) was
significantly lower (CVp year - 0.57) than the variability in

rain water (CVp year = 1,.8). This suggested that although some

9OSr may be rapidly transferred to the ground water, the con-

¢y in the soil,

centration- -1so depend on the accumulated
which during the period of observation displayed a lower

variability among years than the fallout rate (cf.l.6.).

The variation among the & localities was also highly significant
(fig.1.4.1,1.). The local variability was 0.49, i.e. signifi-
cantly higher than that observed for precipitation, because the
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ground-water activi.y depended upon the ability of the
surrcunding soil layers to retain the radionuclides contained

in the percolating water, rather than on local variations in

the rain-water concentrations.

YEARS # % # 2 F LOCATIONS % # % 1‘

N
!

RELATIVE UNITS
T

65 70 75 Fér Hvi FreRemRov Kol HasRen

Fig. 1.4.1.1. The anual and local variation of 9°St in
ground water collected in 1961-1976 from 8 borings in
Denmark (cf. fig. A.1.1.4.1.). The bars indicate the
concentrations relative to the grand mean: 14.7 fCi 1"l
(= 1 at the relative scalel.

The 90Sr concentrations in Danish ground water may be related

to the fallout rate and the accumulated fallout. The prediction
models (table C.1.4.1.) show that the.radioecological

sensitivity of ground water to 90Sr contamination from fallout
was, as expected, extremely low: 7.4 - 1073 pCi N0gy ;-1 y
90 2 90

per mCi °°Sr km_ Sr in Danish

=3

. The infinite time integral of
ground water from nuclear weapons testing became 73 -« 7.4 -+ 10
=0.54 pci %sr 171 y (cf. also D.1.4.1.).

Right from the start of the ground-water sampling programme

one of the nine locations, Feldbak, has steadily shown relatively
high 90Sr levels, Furthermore, th. levels have increased
throughout the years, while the other eight locations have on

the whole shown decreasing concentrations since 1963, Figure
l.4.1.2, shows that the levels until 1974 followed an expo-
nential increase. Assuming the maximum concentration in the
Feldbak ground water was reached in 1974, and from then that it
follows the radioactive decay of 9OSr, the maximum infinite

90Sr -1

time integral became 73 pCi 1 © y. This arose from a total
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deposit in Jutland of 81.3 mCi <y km™2. Hence the maximum

radioecological sensitivity of Feldbak ground water became:
0.90 pci ° WVsr km™2
higher than that of the other ground-water samples.

sr 17} y per mCi , or 2 orders of magnitude
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" Pig. 1.4.1.2. Strontium-9%0 in ground water col:ected at
Feldbak (cf. fig. A.1.1.4.1.) in 1961-1974. The concen-
trations increased exponentially:

pc1®%sr 171 = 0.0093 &0-32 ¢,

The infinite time integral (cf. the text) was:
17
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The higher levels and the deviating time pattern found at
Feldbak resulted from very poor filtering strata at this lo-
cation. The filtering material consisted of sand which, com~
pared to clay, only has a rather low cation exchange capacity.
The 9°Sr layer deposited from precipitation therefore moved
relatively rapidly through the filtering layers at Feldbak, and
this explains the increasing levels.



1.4.2. Danish streams
The radionuclide content in stream water originates from direct

deposition in streams, from activity contained in springs
(ground water) and from the washing out of activity retained by
soils and crops. In Denmark streamas may be used for irrigation,
and they are the habitat of fresh-water fish such as= trout, but
the consumption of fresh-water fish by the general Danish
population is very mocest.

An anova of the 905: levels in stream water did not demonstrate
any sigrificant time variation during the perioc¢ of systematic

sampling from 1971-1975. However, 3 stream samples collected

in Zealand in 1964 showed - mean of 2.0 + 0.6 pCi 2osr 171, as

cocpared with 0.4 pCi Psr 17!
in 1970-1973.

from the same area of the couniry

The 905: concentrations in stream water were thus undoubtedly

related to the fallout rate. The anova also showed a significant
local variatinn (fig.l.4.2.). The local variability was C.43,
i.e., nearly the same as found for ground water; it was thus
again soil characteristics and other local environmental

Eactors rather than the possible variations in rain-water con-
centrations that determined the lccal variability.

In December 1970 we undertook a study of the possible variation
between the 90
(RRD70). Six streams were neasured and no systematic difference

Sr levels near stream sources and outfalls

between the two positions was observed. Even the two largest
sireams in the study (Gudend and Susd) showed no significant
difference between the source and the outfall. As the 9OSr con-
centrations of the stream water were 10-100 times higher than
the ground wate~ levels, it was evident that the main part of
the WOsyr in the streams came from run-off from the uppermost
soil layers and from direct precipitation. In Denmark approx.
12 km> y-l are run-off with lotic waters to the sea, correspond-
ing to approx.45% of the annual precipitation (the remainder
evaporates) (Je69). If the mean 9°Sr content in stream water
for 1971-1975 (0.35 pCi Psr 171) was assumed representative of
the 905: concentration in run-off from the entire country, the
Ygr in the run-off during 1971-1975 is

12 12 . 10'% . 4.2 Ci. As the accumu-

mean annual amount of
estimated at: 0.35 -« 10
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lated 90Sr in Danish soil in 1971-1975 (RRD59-76) amounted to
55 « 1073 + 43,069 = 2369 Ci, the annual removal of °Sr
becomes 1.8% of the accumulated fallout. During the periods
with high fallout rates, when a substantial part of the fallout
was present in the upper few centimetres of the soil, the
run-off may have been somewhat higher than when the activity
had been displaced down to a median depth of, say, 10 cm - a

situation close to that in 1971-1975. (cf.Fig.l1.6.2.)

YEARS 2 + LOCATIONS 3 % % y
)
=~ 5
Zz |
2 !
w
g 1+ N
[
<
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w
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M S M S M S Ban Gud Skj Rib OdeSus Hol Lees
1971 1973 1975

Fig. 1.4.2. The annual and local variation of 9oSr in
Danish stream water collected 1971-1975 (cf. fig. A.1,1.4.2,).
The bars show the concentrations relative to the grand

mean: 0.347 pc1 %5r 1°1 (= 1 at the relative scales).

As in the case of ground water, prediction models were cal-
culated for Wsr in Danish stream water (table C.l1.4.1.). The
radioecological sensitivity was estimated at 0.33 pCi Mgy 17
y per mCi Osr km™2, and the infinite time integral from the
5 deposition by 1974 (73 mci 2%sr km™2) became 24.4 pci OSr

171 y. The rate term in the prediction model (0.17 d,) rep-

1

resented the contribution from relatively newly deposited
fallout, we denote it the instant run-off The last terms

(0.0028 A, _, () and 0.0035 A, , (28)) represented the so-called
delayed run~off i.e. 0ld debris eroded from the soil in the
drainage area of the stream, From the total 90Sr deposit of
73 mCci km™?, the infinite time integral of instant run-off
became 12.4 pCi gy 171 y and the delayed, 12 . For the period
1950-1974, the total run-off in Denmark was estimated at 4.6
mCi 9°Sr km'2 (D.1.4.2.), corresponding to an annual average
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removal of approx.5%, which is higher than the above estimate

of 1.8%, but, as mentioned above, an annual run-off of 1.8%

20

was an underestimate for freshly deposited Sr. In a study of

US streams made in 1959-1966, MENZEL (Me74) found an annual

90Sr varying between 1.7 and 7.5%, and

YAMAGATA et al. found 3.1% for -0Sr and 0.6% for 13'Cs (Ya63)

in 1962 in Japan.

erosion of accumulated

1.4.3. Danish lakes

The total area comprised by lakes in Denmark is approx.550 km?
(La69), or 1.3% of the total area. Lake water is to a limited
extent used for drinking water, e.g., in the Copenhagen region.
The lakes are the habitat of fresh~water fish but, as mentioned

above, there is little consumption of these fish in Denmark.

The lake water was collected together with the stream water in
1971, 1973 and 1975. The anova showed no significant variation
with time of the 90
June 1963 from Arresg contained 4.8 pCi

Sr concentrations. 2 sample collected in

Ngy l_l, or 3.6 times

more than the corresponding mean level in 1971-1975. As the

90 . . .
Sr concentrations in rainwater decreased by a factor of

approx.20 from 1963 to 1971~1975, this suggests that the
activity in the lake water not only dewended upon the fallout
rate but also on the accumulated 9OSr.

The local variation among the 908r concentrations in lakes was
highly significant. The variability was 0.83, i.e., higher than
that observed for lotic waters. The explanation lies in the
fact that some lakes have little exchange of water (e.g. Nors
S¢), while others {e.g. Flynders¢) may be nearly lotic because
streans flow through them., Such lakes may in the present

905r con~-

context be rega.ded as a "widened stream”, and the
centrations in such "lotic" lakes may be as low as in stream
water, whereas the lakes with little exchange of water display

relatively high 905r concentrations (fig.l1.4.3.).

The prediction model (table C.1.4.1. No 6) was based on
relatively few observations, but the correlation coefficient
between observed and calculated values was highly significant,

The radioecological sensitivity was 1.1 pCi Ny 1-'l Yy per
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Fig. 1.4.3. The annual and local variations of 9oSr in

Danish lake water (cf. fig. A.1.1.4.2.) collected in 1971~
1975 in March and September. The bars show the concentrations
relative to the grand mean 1.35 pCi 1~} (= 1 at the rela-

tive scales).

nci Vsr km-z, i.e., 3 times higher than for streams. Using a

similar prediction model, CARLSSON (Ca76) found a transfer

factor for 1>'Cs of 0.73 pCi 13705 171 y per mCi B7¢s km~

for a Swedish dysoligotrophic lake. The agreement between the
two figures may be fortuitous as 905r and 137Cs do not behave
in the same way in freshwater systems (cf.l 6.3.), and because
the Danish lakes were not dysoligotrophic but rather eutrophic

({La69) .

2

l.4.4. Danish drinking water (tap water)

The main source of tap water in Denmark is ground water.
Surface water, however, is used in increasing amounts, es-
specially in the Copenhagen region.

An anova of the 90Sr data on tap water collected from the whole
country since 1965 showed a significant time variation. The
levels in 1965 and 1971 were thus higher than the levels in
1970 and 1973. However, in contrast to ground water, it was

not possible to observe a general decreasing trend in the
levels.
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The variation between locations was highly significant. Bornholm,
East Jutland and Lolland-Falster showed 4-5 times higher levels
than the rest of the country. The local variabiliiy was 0.79
(table B.1.4.1.); the high variability wcs due to the ccn-
tribution of surface water to the potable water at certain
locations. Tap water from Copenhagen, which was not incluaded

in th: anova, contained significantly more 90Sr than the

drinking water from the rest of the country.

Reliable prediction models for tap water were difficult to set
up because the data from year to year showed great variations
that seemed uncorrelated to fallout data as well as to
accumulated fallout. An inexplicably high value from 1971 was
especially annoying in this respect. The prediction models
(table C.1.4.1.) disregarded this value. The radioecological

3 . 90 1 90

sensitivity became 4.9 - 10 - pCi ~ Sr 1~ 2

Sr km <,

which was of the same order as that estimated for ground water.

Yy per mCi

This suggested that borings, such as that in Feldbak which
showed relatively high 9OSr levels, did not play any important
role for the supply of Danish tap water.

If the Copenhagen tap water was included, the population weighted

mean sensitivity of Danish drinking water became 9 ° 10"3 pCi

9OSr l-l 908r km-z 90

centration in drinking water from Copenhagen was 4 times that

y per mCi , ~ecause the mean Sr con-

in the remaining part of the country. As the annual per capuat

drinking water intake by the Danish population is 548 1, the

infinite time-integrated 90
9 . 1073 . 548 « 73 = 360 pCi

the total 90Sr intake of a Danish individual (cf.4.2.2.).

Sr intake from drinking water became

9OSr, which was less than 2% of

Althouéh drinking water was thus unimportant as a source of
90Sr, it was a main contributor to the stable Sr intake. The
usual mean concentration was about 6 mg Sr (g Ca)-l, or 0.5 mg
Sr 1il; drinking water from Lolland-~Falster, however, contained
28 mg Sr (g ca)™, or 2.8 mg Sr 171, and in zealand the level

1

was 17 mg Sr (g Ca)-l, or 1.7 mg Sr 1~ ~. The occurrence of

coelestin (SrSO4) in the underground of the south-eastern part
of the country (Ra75) may explain the higher stable Sr/Ca
ratios found in Lolland-Falster; the inflow of sea-water may
in some borings be another factor contributing to the higher
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stable Sr to Ca ratios, because the mg Sr/g Ca ratio in sea
water is normally higher than in fresh water (0450). In a

studv of Ca and Sr in raw and tap water from 5C cities located
throughout the United States, ALEXANDER et al. (Al154) found that
the highest Sr concentrations were associated with waters from
regions having soils containing a large proportion of easily
leached soft lime carbonate. The highest Sr/Ca ratio in the
U.S. study was similar to that observed for Lolland-Falster,
but the mean content of stable Sr in US tap water was cne third
only of that in Danish tap water (Lolland-Falster and Zealand
excluded) .

1.4.5. Faroese tap water

Faroese drinking water is obtained from surface water. An anova
of the 9Sr data collected in 1962-1974 showed a highly
significant variation among years. The variability was 0.55,

and thus significantly less than that observed in Faroese

90

precipitation (CV = 1.78), suggesting that the Sr con-

D year
centration in Faroese tap water also depended upon the

accumulated fallout.
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Fig. 1.4.5. The annual, monthly and local variation of
°sr in Faroese drinking water collected in 1962-1974
(cf, fig. A.1.1.3,.,2.)., The bars show the concentrations
relative to the grand mean 0,58 pCi l-l(- 1 at the rela-
tive scale).
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*] .
89Sr/'OSr ratios were

In 1962 (RRF62) and 1963 (RRF63) the
determined in Faroese tap water. The measurements showed that
the ratio in tap water was approx. half of that in precipitation
from the same month. This suggested that approx. half of the
90Sr in Faroese tap water had been obtained from recent pre-

cipitation.

The local variation was also hizchly significant (fig.1.4.5.).

During the whole period the levels at Thorshavn were nearly

905r concentrations at Klaksvig and

twice as high as the
Tvaera, where the levels dié not differ significantly from each
other. It has been shown (RRF67) that the lower levels at

Tverd, as compared with Thorshavn, coincided with a 2-3 times

greater ion-exchange capacity for Sr of the Tvera soil.

90

Because of the pronounced local variations in the Sr con-

ren*~ .tions, prediction models were calculated for the water
for each of the three locations (table C.1.4.1.). The radio-
ecological sensitivity of the Thorshavn drinking water was

nearly five times as high as that of the water from Klaksvik.

The mean sensitivity of Faroese tap water was 0.11 pCi 9OSI 17

y per mCi Ysr xm™2. The infinite time-integrated level from

a total deposition of 152 mCi °Sr km™ 2 became 17 pCi Sr

1

l-l ¥y, which was nearly 30 times higher than in Danish drinking

90 1

water (0.66 pCi ~ Sr 1 - y). The infinite time integral in

the Faroese tap water was similar to that observed for Danish
WVgr 171

90

streams (24 pCi y), but definitely lower than for
Danish lakes (82 pCi Csr 171
in Faroese drinking water was measured at 0.004 + 0.002 g Ca

1_l in 1962 (RRF62), i.e. 5% of that in Danish drinking water.

y). The calcium concentration

1.4.6. Greenlandic drinking water

Drinking water in Greenland is obtained from two main sources:
surface water from lakes, rivers or rain-water reservojirs, and
meltwater from snow and (old) ice. The activity levels
strongly depend upon the source of the water. The old ice thus
has zero activity, while snow and surface waters may often
have concentrations close to those found in precipitation.
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An anova carried out on the yearly 90Sr mean concentrations in
Greenlandic drinking water from 1962-1974 showed a highly
significant variation among years. The variability was 0.61
(table B.1.4.1.), or similar to that observed in Farcese
drinking water but significantly lower than in Greenlandic
precipitation (CVD year = 1.75), As in the case of Faroese
drinking water, we may conclude that the BoSr levels in

Greenlandic drinking water did not scle.y depend on fresi

65 7

fallout but also on older deposition of 90Sr.
- -
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Pig. 1.4.6. The annual and local variation of 905: in

Greenlandic drinking water collected in 1962-1974 (cf.

fig. A.1.1.3.3.).

DAN = Danmarkshavn, SCO = Scoresby Sund, PCS = Prins Chri-
stians Sund, JUL = Julianehib, GHB = Godthdb, GOD = Gorithavn,
UPV = Upernavik. The bars indicate the concentrations rela-
tive to the grand wmean 1,30 pCi 1-1(- 1 at the relative
scale).

The local variability was 1.14 in Greenlandic drinking water
(fig.1.4.6.), which value was higher than found in Danish or
Faroese water. There were low levels at Godhavn and Upernavik,
where snow and ice are used in the supply of drinking water,
and the highest level was found in water from Prins Christians
Sund where rain-water was collected in a reservoir and used
directly for drinking. The local variation was thus a result

of the extraction of the water used at the given location,
rather than of local variations in waters of the same origin.
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The predicticn model for 30

Sr in Greenlandic drinking water
{table C.1.4.1.) was based unon the samples received from the
west coast of Greenland between Upernavik and Julianehdb. As
the dat.. were incomplete, annual means calculated by VAR-3
(B.3.) were applied in the model. The fallout data used were
those measured at Godthab (cf.l1.3.). The radiocecological
sensitivity was estimated at 0.52 pCi Csyr 1—1

km 2 and the infinite time exposure integral from a deposit of
55 mCi °Sr km™2 %0 1

Sr 17" y, i.e., higher than
in Faroese and Danish drinking water. The lower temperatures

30

v per mCi Sr

was 29 oCi

in Greenland, which give permafrost at many locations, may
prevent the soil from acting as an effective absorbing medium
for 905r and thus of removing the activitv from Greenlandic

fresh water.

1.5. Sea water

Langt ude & Havet er Vandet saa blaat, Far cut at sea the water's ay biue a3 the petais
som blademe pd den dealigsty Kean- cf the teveldest cormbicwer, and as clear
blomat 0g saa klanrt som det reneste as the putrest giass.

Glas. THE LITTLE MERMAID

DEN LILLE HAVFRUE

The anthropogenic radioactive contamination of the sc¢a orig-
nates primarily from nuclear weapons testing. As approx.70% of
the surface of the world consists of water, a substantial part
of the global fallout has been deposited in the oceans. Further-
more, the sea is the ultimate recipient of run-off from the

land masses. In local waters, contamination from peaceful uses
of nuclear energy may predominate over fallout. This has, e.qg.,
been the case in recent years in the North Sea, which is
contaminated with radionuclides released from the reprocessing

plants at Windscale and at Cap de la Hague.

Some radionuclides, e.qg. 90Sr, stay in solution in the sea, while
others, e.g. plutonium and to some degree 137Cs, settle in the
sediments. The latter process is especially found in estuaries
where the concentration of particulate matter is high and where
lower salinities occur,

The marine environment is a habitat for animals and vegetation
exploited by man, and studies of the radioactive contamination
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of the sca were initiated already in 1946 (Se71) shortly after

nuclear weaoons tests began. Global contamination with 90Sr has
been studied in surface sea water from the Atlartic Ocean since
1954 by HASL and the Woods Hole Oceanogranhic Irnstitution (WHOI)

'Vol71). Ris® has since 1962 measured the 30

Sr levels in sea
water samples collected in inner Danish waters (RRDP62) and in
the waters along the coasts of the Faroes (RRF62) and Greenland

(RRG62) .

1.5.1. Inner Danish waters

In inner Danish waters a northward surface current carries the
light Baltic water out througn the Danish Sounds and Belts, and

a southward bottom current transfers the heavy North Sea water
to the Baltic Sea (He68). In 1963 the 90Sr concentrations in
the Baltic (Vc 1) and in the North Sea (Vol7l) were approx.
the same (v~ 0.6 pCi 90Sr 1-1), while the levels in inner Danish
905r 1-1), because the
90s

r

waters were scmewhat higher (~ 0.9 pCi
rather intensive fallout rate at that time influenced the
concentration of the shallow Danish waters to a larger degree
than the deeper waters usuall. found in the North Sea and the
Baltic Sea. Finnish data {Voi7l1) suggest that the situation
persisted until about 1365 duz to the relatively intensive
fallout rate till then.

By 1966 the situation had chang~d. At that time the Baltic Sea

Wg, 1-1) because run-

contained the highest levels (v~ C.9 pCi
off, fallout, and inflow from Danish waters in the preceding
years had all contributed to an increase of the inventory of
the Baltic. The water in the North Sea had in the same period
been diluted to about 0.4 pCi Psr 171 by the low level (v 0.2
pCi Ny 1-1) Atlantic Ocean water. By 1966 the mean con-
centration of inner Danish waters had decreased to about 0.7

pci Vsr 17t

In accordance with the above considerations, the lowest 9OSr
concentrations in 1963 would be expected in the low salinity
samples, because the activity in these samples was diluted by
the low activity water from the Baltic Sea. A similar dilution

did not take place for the high salinity surface water from
the Cattegat because the heavy North Sea water remains at the
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bottom. Hence proportionality was found between salinity and

9OSr concentrations in inner Danish waters ir 1963.

pCi (1)

Qo i D G VRN U U SUNY T GRN SR SN GRS N SR o

Pig. 1.5.1.1. Strontiuwm~9%0 and 137{:3 in Danish surface

seh water collected 1962-1974 in the inner Danish waters
(cf. fig. A.1.1.5.). The values shown were tlie means of
approx. 10 determinations (* 1 SE indicated). The full curve
shows the predicted values (cf. Table C.1.3.1. No 1). The
dotted curve connects the ”-’Cs aeans.

After 766 the low salinity Baltic water carried the highest
9°Sr concentrations, while the inner Danish waters - due to the
lower fallout rates at that time and to the dilution with low
activity North Sea water that had been increasingly mixed up

in the water column - carried lower concentrations. An inverse
relationship between salinity and 908r concentrations in the
inner Danish waters was therefore observed from 1966 (cf. table

D.1.5.1.).

Equation no. 1 in table D.1.5.1. implied that the Baltic
component (v 10%) of the inner Danish waters during 1967-1971

showed a mean level of 0.8 pCi 905y 171, while the North Sea

ccmponent (v 34%) contained 0.3 pci Osr 171, Since 1972 the

9°Sr concentration of

equations have gradually changed. The
North Sea water has nearly doubled since 1967-1971, while the

Ngyr concentration of Baltic water is eossentially unchanged.
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137Cs in table D.1.5.1. indicate that the

activity levels in inner Danish waters are again approaching

The equations for

direct proportionality to the salinity. However, as compared
to 1963-1965, the mechanism differs. In recent years the 9OSr
and 137Cs levels in the North Sea have increased (fig.1.5.1.1.)
due tc the operation of reprocessing plants in the UK and in

France (Je73, De71-77).

Inner Danish waters have thus shown an evident time variation
of the 905r levels, which were at first dominated by fallout
but later influenced by releases from reprocessing plants
indirectly to the North Sea. The local variations were, as a
whole, obscured by interaction (fig.1.5.1.2.). For the period
1967-1972, the 90Sr concentrations were inversely proportional
to the salinity, and the levels found in the Baltic water were

typically 2-3 times higher than that of the North Sea.

20 :

L 14 1 T L T T
® Baltic Sea {Mens Kiint, Fokse Bugt)
O Cottegat {Hessele. Sjeiiands Odde)
15 | ‘
$ 1.0 - _
-
5
n' -
0S .,
1 1 1 1 | 1 4 1
1962 1964 1966 1968
YEAR

Pig. 1.5.1.2. Strontium-90 in Baltic sea water (salinity
1n0g) and in Cattegat sea water (salinity 20%) collected

in 1962-1969 at two locations for each type of water (cf.
fig. A.1.1.5.). Up until 1966 the "high salinity" stations
in the Cattegat showed higher levels than the "low” salinity
stations, but since then this situation has been reversed
(cf. the text).
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The variability among years (table B.1.5.1.) was 0.26 for 9°Sr
in Baltic water (1961-1974) and 0.18 in North Sea water
(1963-1974). The time variability of Danish sea water was low
compared with the fallout rate (CVp year = 1.7), but of the
same order as that observed for Sr accumulated in the soil.
Organisms acquiring their radionuclide contents from the sea
usually display a low variability among years compared to most
terrestrial organisms, because the radionuclide levels cf the
latter are more strongly influenced by the fallout rate.
During 1972-1974 the variability of 137Cs among years in Baltic
water was lower than that in North Sea water because the time

137Cs concentrations in the North Sea was

137

variability of the
enhanced by the varying releases of Cs from Windscale and

Cap de la Hague.

Prediction models for 90Sr concentration in inner Danish waters
were calculated from the data on surface water collected in the
'period 1961-1972 (table C.1.5.1.). The radioecological
sensitivity was estimated as the mean of the two models (nos.

1 and 2 in table C.1.5.1.), i.e., 0.35 pCi 2°Sr 171, y per mci
908r km-z

Danish surface sea water {mean salinity 16%) became 26 pCi
90 -1
Sr 1

salinity of 16% is 0.19 g 1_1, the radioecological sensitivity
90
Sr

, and the infinite time-integrated 908r level in
Y. As the mean Ca content in sea water with a mean

of Danish sea water may also be expressed as 1.9 pCi

(g ca)”! y per mCi 90sr km~2,

137Cs and 90Sr in surface water during

The mean ratio between
1972-1974 was 1.07. Assuming this ratio to be valid also for
the period 1960-1972, which is compatible with Finnish data

(Voi71l), we may estimate the transfer coefficient for 137Cs as

0.35 - 1.07 _ 0.23 pci 137CS 1—1 137CS km-z
1.6 137

It is remarkable that the transfer coefficient for Cs was
apprdx. 2/3 of that for 90Sr; the reason for this being the

£ 137cs (c£.6.3.). The radioecological
sensitivity to 90Sr contamination of sea water was about one
third of that of Danish lake water, which was partly due to the

shorter residence time of 90Sr in sea water than in most lakes.

y per mCi deposited.

sedimentation o
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1.5.2. North Atlantic ocean and Greenlandic waters

Since 1962 surface sea-water samples have been collected at
Thorshavn and along the coasts of GreenlanZ. These samples

were supplemented by other samples taker by the M/S DANA on
cruises to the Faroes and Greenland during 19€2-1974. Anovas
of the 90
found in East Greenland waters and the lowest in the Atlantic

Sr concentrations showed that the highest levels were

Ocean and the coastal Faroese waters. There was no significant
difference between the Atlantic Ocean water and the Faroese

9OSr content, we may thus consider the

water. With respect to
Faroese sea-water samples to be representative of North Atlantic
Ocean water from latitude 60° - 70°N between the Faroe islands
and Greenland. The 9OSr levels of ¥est Greenland waters were

not significantly differernt from those of Horth Greenland

waters.

L A TrTvT v sy 1T

" ¥ The Faroes & Atiantic Oceon (60° -70°N) 1
O W. & N. Greeniond :
a6 - R O E. Greeniond 4

Pig. 1.5.2. Strontium-90 in Morth Atlantic surface ses
water collected in 1962-1974 between and at the Paroes and
Greenland.

Figure 1.5.2. éepicts the interaction between time and locations.
The East Greenland waters showed a diverging time variation;
since 1967 the levels in East Greenland waters have thus been
higher than in West and North Greenland waters. Sea-water

samples from the GEOSECS (Vol73a) cruise to the Greenland Sea

in August 1972 indicate that 905: inventories are here greater



than expected. Samvles from the East Sreeniand 7olar curron
colliected in 196€ (PRGG6)} by the DAXA sugoested that the Sr
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levels in thls current are a iittic *isher
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current. There seems no obvious explanaticrn of th
90Sr concentrations in the Polar current, nor ci the hicher
levels generally found in samoles from East Creerland waters
(RRG62-76) .

The variabilities among vears {1962-1274) in North Atlantic

and Creernlandic waters were {.48 and C_4€, respectively, i.e.,
significantly hincker than in Danish waters (takle B.l1.5.1.).
This was a result o: the higher dilution sccurriae in ccean
waters than in shallow seas. In recent vears sore sanples of
Faroese (RRF62-76) waters have shown enhanced 13;Cs, Sr ratios
137

(> 2), suggesting contributions of Cs from Wirdscale to the

North Atlantic Ocean (Ku78),.

The raJioecclogical sensitivity of North Arlantic surface water

. . . 90 .-
to ?°sr contamination from fallout was lcw: .63 nCi er 7t

y per mCi 90Sr km_z {table C.1.5.1i.}; the reason for this
beinc the effective dilution by the large sea-water masses.
Greenlandic coastal waters showed a sensitivity similar te
that observes in inner Danisn waters, i.e., ax order of
magritude higher than in the North Atlantic Ocean water. The
East Greenland waters were apparently more sensitive than the
West Greenland waters, or they may have keen subject tc an

unknown scurce of radicactive ~ortarmination.

The racdioecoclogical sensitivity of North Atlantic surfare

7 - <
sea water to 13 Cs contamination was equal to that of 905:,

because the 137Cs/gosr ratio in the ocean water was similar

to that ir nuclear debris.

DANA collected deep water samples on a number of occasions

(cE. table D.1.5.2.). Concentrations of 90Sr in the deep sca
kave been a most controversial subject (Vol71). BOWEN et al.
(B060) were thus convinced that measurable 905r (and 137Cs)
concentrations have been present below a depth of 1000 m in the
North Atlantic since the beginning of the sixties, while
BROLCCKER et al. (Bro6fa) thought it safe to say that any finite

an 137

amounts of ~Sr and Cs found prior to 1965 in samples from
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below 1500 m were almost certainly due to undetected blanks.
The present material showed that samples collected from about
latitude 60-650N, where the vertical mixing of the Atlantic
Ocean is pronounced (He66), displayed 90Sr concentrations that
were definitely above background concentrations. 2 few samples
collected from about latitude 40°N in 1966 showed lower levels,
and for one location it was doubtful whether the levels below

2000 m were significantly above the detection limit.

From the DANA samplings in 1966, 1971 and 1973, the total inte-
grated 90Sr level in the water column from about 62°N in the North
Atlantic (RRG73) was estimated at 146 + 12 {1 SE) mCi 90Sr km—z,
i.e, not incompatible with the ac~umulated 905r fallout in the
Faroes and in Prins Chr. Sund. During the GEOSECS cruise in 1972
(Vol73a) similar observations were made at other locations in
the North Atlantic. But according to fallout studies carried

out on 4 weather ships in the North Atlantic Ocean (Vol74,

Vol73b), the expected fallout was only half of that actually
found in the water column. The study of 90Sr concentrations

in deep water samples collected in the North Atlantic Ocean
thus suggest an excess 90Sr fallout in this part of the Ocean,
which seems incompatible with the levels expected from fallout
measdarements on the weather ships. Various explanations of
this phenomenon have been proposed. For example, it has been
assumed that the amount of dry fallout was greater over the
sea, or that sea spray activity scavenged the Vgy from the
air. None of these mechanisms has so far been demonstrated

in enviromnmental (Bro66b) or in experimental studies (Vol74).
Assuming a substantially greater fallout rate over the ocean
than over land implies that the global inventory from wezpons
testing has been seriously underestimated (at least by a
factor of two), or that the 20
overrated. According to VOLCHOCK (Vol74), both hypotheses

seem unlikely. Measurements in the Pacific and Indian Oceans do
90

Sr inventories on land have been

not suggest these oceans to be depleted in
with the Atlantic Ocean.

Sr as compared



1.6. Soil and sediment

Regnroamen kom lige op af Hejen, hvet "And 1've had a talk with an carthwerm 1

den, Natten ca Dage havde tredet « know." sadd a thard cdzard. "He was gust cem-

Jonden; den havde heat en heel Deel, ing up fiom the H{€L, whene 4or nights and

see kan den jo (kke, det efendige Dyn. days he had been rummaging <n the ground,
ELVERHCT and he had ovetheard a great deal. (4 ccutse,

he can't see, prer creatus?.
THE HILL OF THE ELVES

In the terrestrial environment soil is the final recipient of
radioactive debris not removed by re-suspension or run-oif to
the sea. The ability of the soil to retain radioactive
substances depends upon numercus environmental factors: soil
characteristics, meteorological and hydrological conditions,
man's use of the terrestrial environment, animal life and
vegetation, and the physical and c¢hemical properties of the
radioactive debris. Crops may absorb radionuclides from the
soil through their root systems; radiocactive substances are
then introduced into the food chains by so-called indirect
contamination. The extent to which this happens also depends
upon the factors mentioned above. Most of the deposited
radioactive contamination, however, remains ion-exchanged or
physically adsorbed in a soil rich in clay minerals.

90

The first systematic soil sampling for Sr determination was

carried out in 1955 in the United States (Has58). In the
following years this soil programme was expanded by HASL to a
global study of the accumulated 90Sr levels in soil. Country-
wide snil sampling aimeda at estimating the accumulated 90Sr in

Danish soil was initiated by Risg¢ in 1961 (RRD61).

l.6.1. Variation with time and location

In theory, the fallout An accumulated by the year n is the sum
of the annual amounts of fallcut di up till n corrected for

radiocactive decay:

=i, (n=i+") (Eq.1.6.1.)

90Sr: 0.025 yr-l); i=0 in

1950, when fallout began. Equation 1.6.1. presumed that all

where Ar is the decay factor (for

fallout deposited in a year (i) had been received by the start
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of the year. Although more than half of the long-lived global
fallout is usually deposited in the first part of the year,

the method of calculation applied will underestimate the
accumulated fallout. For long-lived radionuclides, such as 905:

and 13'7Cs, this underestimate is, however, immaterial.

1 1 ¥ 1 { T 1 1] T T T 7T Y T
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Fig. 1.6.1. The 9°Sr levels observed in Danish uncultivated

soils collected in 1961-1975 at the state experimental farms
(f1g. A.1.1.3.1.) compared with the calculated levels (the
curves) assuring various effective half-lives (cf, Eq. 1.6.1.)
of the 905: depositec. The correlation coefficients between
observed and calculated levels were: 0.9825 for 28 yr,

0.9700 for 20 yr, 0.9289 for 15 yr, 0,7834 for 10 yr and
0.3587 for 5 yr.

Figure 1.6.1. shows a comparison between the levels observed
ih uncultivated soil and the calculated values. The upper curve
was calculated from (Eq.1.6.1.) using the Danish precipitation
data (1,3,) as d1 values, The underlying curves were analogous,
assuming half-lives of the accumulated fallout of 20, 15, 10
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and 5 years, respectively. A correlation analysis showed that
a half-life of 28 yr gave the best fit to the observed data
(r=0.9825%**%) .

In the case of cultivated soil, the measurements from 1973
(RRD73) and 1975 (RRD75) show that the mean ratio between the
activity levels in cultivated and uncultivated soil was

0.92 + 0.25 (1 SD) for USr and 0.93 + 0.22 for 137
thus establish that although the vertical distribution of the

activity in cultivated soil differed from that of uncultivated

Cs. We may

soil (cf.l1.6.2.), the cumulated activity was on an average
only a little lower in the cultivated so0il. On the basis of

the measurements of cultivated soil in 1962 (RRD62), 1973, and
1975, the "observed half-life” of -9Sr (and 137

estimated at 20-25 years in cultivated soils.

Cs) was

Figure 1.6.1. suggests that radioactive decay was mainly
responsible for the reduction of the radionuclide content of
the soil. However, other factors, e.g., run-off and removal by
crops, may also have contributed. It was estimated (D.1.6,1.1.)
that the overall decay factor of 905r in Danish cultivated
soils for the various removal processes (radiocactive decay
included) was: A = 0.036 yr T, during 1950-1974 and would in
future approach the decay factor for Sr, i.e. 0.025 yr ~. The
decay factor A_ = 0.036 yrl Quring the past period, which
correspcnded to an "observed half-life" of 19 years, was thus
compatible with actual observations in Danish cultivated soil.

ERIKSSON (Ex77) estimated the effective half-life of 137Cs and

905r in the root zone of Swedish soils at 23 and 22 yr,

respectively.

The wvariability among years {(table B.l1.6.,1.)(1962-1974) of the

908r levels in Danish soil was 0.,20. This time variability may

905r from global

be considered as the theoretical minimum for
fallout in terrestrial ecosystems in Denmark, in the same way
as the time variability in the precipitation and air samples
was considered the theoretical maximum. The reasoning behind
these assumptions was the fact that terrestrial ecosystems
obtain their 905r contents through varying amounts of direct
and indirect contamination, i.e. from fresh as well as old

deposits. If the contamination is mainly derived from new
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deposits, the time variation resembles that of sy in pre-
cipitation and air; on the other hand, if the sample in question
has obtained its 9OSr from the cumulated debris in the soil,

the time variability approaches that of 90Sr in soil. However,
as discussed below (2.2.1.), environmental factors other than
fallout vary with time and may thus influence the time varia-
bility.

20 137

Anovas of the Sr and Cs data on soil showed a significant,
local variation. The highest levels were found at Studsgard,
Askov and Jyndevad, and the lowest at Tystofte and Ledreborg.
The variation was correlated to the local precipitation

pattern (r = 0.7943** for the 10 stations). We may therefore
conclude that dry fallout either plays a minor role or that

the amounts of dry fallout are proportional to the amounts of
precipitation. The local variability was 0.13 (table B.l.6.1.),
which was lower than that observed for precipitation (CVp
location = 0.16), because Studsgird showed lower soil than

rain levels, while the data from Abed were reversed. The
deviations between soil and precipitation data from these two
locations were probably due to local soil characteristics and
environmental conditions. In the sandy soil at Studsgird some
90Sr may have penetrated below the sampling depth and the total
deposit of 905r in the soil was thus underestimated. At Abed
the soil was sampled in a meadow (table A.l1.1.6.2.), and some
flow of 908r from areas more highly situated may have enhanced

the soil 90Sr.

Studies of 137Cs in soil (Ka72, Kr73, Ha74b, Ha58-78) have all

137Cs/QOSr ratios than the theoretical value of

137

shown greater
1.45 (Harl72). The
between 1.6 and 1.7, i.e. not significantly different from the

Cs/gOSr mean ratio in Danish scil lay

mean ratio found in air samples collected at Risg since 1962.
The ratio higher than the theoretical 1.45 may be a result of
fractionation (E4d5%9, Fré6l). MAMURO et al. (Ma65) thus observed
that the highly radioactive primary fallout particles collected
in the autumns of 1961 and 1962 after the Russian test series

were impoverished in 137Cs. This was compatible with the

delayed, long-range global fallout being enriched in 137Cs.
Assuming that the debris over Denmark contained relatively

large amounts of global fallout as compared with primary
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fallout, because Denmark is distant from the test sites, we may
expect a relatively larger 137Cs content in the air and soil

sanples.

Soil samples have not been ccllected routinely from the Faroes
and Greenland. From the fallout data (1.3.) the accumulated

95y in 1967 at Thorshavn was estimated at 78 mCi km 2 and in
Godthab in 1970 at 42 mCi km 2; HARDY et ai. (Hard72) found 9

mCi Vsr xm™2 in 1970 a2t Thule 2ir Base, which is a few

kilometers south of Dundas. These figures are all in reasonable
agreement with the 905r levels shown in table D.1.6.1.2. As
regards Tverd, there is no information on rainfall and fallout
from this location. The soil data from Tvera suggested that

the fallout rate was between those at Thorshavn and at Klaksvigqg.
The 137Cs concentrations cf the Faroese and Greenlandic soil
samples were in general higher than the expected 1.6 times

the 905r concentrations. As also observed in the case of Danish
soils (1.6.2.), the "median depths” of 137

Greenlandic soils were lower than that of

Cs in the Faroese and
90Sr.

1.6.2. The vertical distribution of radioactive debris in soils

Several investigators (Th60, Sc60, An66) have studied the
vertical penetration of radionuclides in soil and have described
the distribution and migration by mathematical expressions.

The models have, however, been unable to describe the long-term
situation under natural conditions in the environment. As
mentioned above, the environmental factors that determine the
retention and distribution of radionuclides in the soil are
rather complex, and it seems difficult to make allowances for
all significant factors in theoretical models.

Over a period of 8 years SQUIRE (Sg66a, Sg66b) studied the

behaviour of 90Sr and 137

out with artificially added activities applied at one time to

Cs in soil. These studies were carried

experimental concrete cylinders. SQUIRE observed that the

median depth of the activity was proportional to the square

root of time since deposition of the activity; this she found
"compatible with movement being determined largely by the random
diffusion of ions in the exchange complex of the soil”.
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As the 90Sr fallout in Danish soils had penetrated by 1975 to

a depth of approx. 50 cm (RRD75), and as fallout commenced
approx. 25 yzacs ago, it was assumed that the front of the
activity deposited t years ago had reached a depth D cm:

D = 10v/%. (Eq.1.6.2.)

Eight years after the application of 90Sr to 3 soils of sandy
loam and one of calcareous loam, SQUIRE (Sg66a) observed that
the activity front had reached a depth of 20-30 cm. Equation
1.6.2. predicts a depth of 28 cm.

The distribution of the activity of the deposit of a given
year may be descriped by:

-ax
1 - ejp
Y = —a (Eg.1.6.3.)
l-e

where Y is the fraction of the total integrated activity in the
soil column present down to a depth x am (x < D) and a is the
“vertical distribution coefficient”. This model was derived

fror. experimental studies of the 137Cs activity profiles in
British soils (Gac3), which suggested vertical distributions
compatible with Eq.1.6.3, The "vertical distribution coefficient"”
depended on environmental factors, e.g., soil texture, and on

the radionuclide considered. For 9OSr in sandy soils, a equalled

approx. 3 and in loamy soils approx. 1. The variability of 90Sr
among depths was in fact higher for loamy than for sandy soils
(table B.1.6.1.). As an average for the Danish soils, a = 2
fitted the data with good approximation (fig.l1.6.2.). A
comparison between the experimental data of SQUIRE (Sg66a) and
this model showed that the UK experiments yielded a-values of
3.5 and 2 for soils witlhout and with application of fertilizers,
respectively. The Danish average value thus corresponded to the

UK value for fertilized soil.

A high a-value implies a shallow median depth, i.e. the bulk
of the activity remains in the uppermost layers of the soil;
the distribution is uneven. The opposite is the case if the
a~value is small, the activity is then more evenly distributed
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Fig. 1,6.,2, The integrated 9°Sr levels in uncultivated Danish soil measured at various depths

compared with the calculated levels (the curves). The total deposit was calculated from Eg. 1.6.1.
applying an effective half-life of 28 yr (cf. Fig. 1.6.1.). The vertical distribution was cal-
culated from Eqs. 1.6.2. and 1.6.3 applying a vertical distribution coefficient a = 2 (cf. the
text), Eq. 1.6.3. implies that the maximumconcentrations will remain in the uppermost soil layer.
Actually the maximum is displaced downward with time., However as shown the displacement is so
slow, that it was not detectable, when 10 cm thick samples were analysed. The samples were col-
lected at the state experimental farms (Fig. A.1.1.,3.1.) and in 1970 at an additional ten lo-

cations distributed over the country (cf. Fig. A.1.1.6 and Table A.1.1.6.1.).

in the soil column. If Y = 0.5 is inserted into Eg.1.6.3. and the
equation is solved with respect to x, the "median depth” x=a_
becomes:

-~a
g =D -Inf0.5 (1+e )] (Eq.1.6.4.)

a
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The root uptake of 90Sr by the crops is influenced by the
median depth of th2 activity in the soil. As shown in D.1.6.2.,
the effective halflife for root uptake of 90Sr may be estimated
for various crops in various scils., Accerding te these estimates,
both cultivated and uncultivated Danish soils showed effective
halflives of 90Sr of the order of 15 years, somewhat lower for
crops with a shallow root system such as grass and a little
higher for crops with deeper roots such as cereals and root
crops. If fresh fallout ceases, we can in the lorg run expect
increasing effective half-lives for root uptake of 905r because
the half-lives observed in the soil yill increase (l1.6.1.),
althoush 2t first we may expect a temporary decrease in the

effective half-life for cultivated soils.

Several experiments (Ru66b) provide convincing evidence that
the conversion of 905r into sparingly soluble forms is unlikely
to reduce its availability to plants to a significant degree
over a period of several years. However, whether or not such a
reduction in availability could take place over long periods
has not yet been clarified.

137

If Eq.1.6.3. is applied to Cs, the "vertical distribution

coefficient” is close to 5 for Danish average soils. The higher

137Cs than for 9OSr was tantamount to a steeper

137

a-value for

Cs distribution in the soil, in

gradient of the vertical
137Cs

agreerent with the well known (Fr66) higher retention of

than of 90Sr by clay minerals.

1.6.3. Sediments
Sediments and sedimentary particles remove radionuclices from

water. Certain radionuclides are more strongly sorbed on
sediment particles than others. More 1J7Cs is thus carried by
sediments than 905r (cf.1.5.1.). Nuclear debris roves through
the sediments after deposition. Diffusion through interstitial
water is one way of transportation. Where sediment accumulation
is rapid, the radioactive particles may be covered by later
sedimentary deposits before diffusion, and other transport
processes can displace the nuclides. In such cases it may be
possible to identify single years of deposition in the sediment



layvers and thus to estimate the sedir-ntation rate (Pe73).
hmong the other transport wvrocesses of radicnuclides in
cadiments the hiurrowinas nf henthic organisms, currents near the

bottoir and ice mcverents mav play a role,

Sediment cores were col.ected in inner Danish waters in 1975
3
(RPD75) and 1976 (RRD76} and analyzed for '3/Cs

half-denth 0of the 11 locations studied was ¢4 cn, which is

. The mean

comparable to date from tnhe Irish Sea (He75) showing half-
depths between 4.1 and 7.2 cm. The integrated mean level in
sediments from irnner Danish waters was estimated at 14 + 6 nCi
137Cs km-2 {1 SD), or approx. 15% of the 137Cs falicut found
in scil. This estimate was approx. half that obtained from a
comparison of the transfer coeff:zients for QOSr and 137Cs in
inner Danish waters /cf.1.5.1.). The sediment samples may,
however, not be representative of inner Danish waters as a
whole because most of them were collected along the Swedish

west coast.

In November 1273 and in April 1974 sediment core samples were
collected to a depth of 20 cm from lake Kongs¢ in central
Jutland by the Laboratory of Freshwater Biology in Hillergd.

13%cs in 5 mm sections, and the

The samples were analyzed for
activity decreased exponentially with & half-depth of 4 cm,
i.e. equal to that observed for sea-water locations. The
integrated mean level of the twc samplings from Kongse¢ was
79 + 15 nCi 137Cs km-2i33his deposition came close to the

theoretical amount of Cs in so0il froem fallout (& 90 mCi
137¢s xm™?), and it was definitely higher than the inventory
found in sea-water sediments. The distribution coefficient,
Kd' petween 137Cs in sediments and lake-water was estimated at

10 pci g 1/0.6 » 1073 pei w1l 2 - 10% 11 g7, The K, value
for 137Cs in Danish sea-water was (102 - 103) rl g-l, which was
in agreement with experimental observations (Du71). The

137Cs for sediments in fresh

distribution coefficient Kd of
water was thus more than an orcéer of magnitude greater than

the Kd for sea-water sediments.

Several investigators have observed a rlose relationship between
13705 and 239,240

(He75, No72, E475). In a study cf sediments from inner Danish

the vertical distribution of Pu in sediments
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, 240 .
239,24 Pu/137Cs ratios in the various

waters (RRD76), the
sediment layers suggested that the vertical distributions of

the radionuclides were similar. The inteqrated plutonium

deposit corresponded to the levels found in Danish soils (RRD76),
i.e., about 1.5 mci 23792905, km™2,
The studies of 239,240

mation that plutonium from a single release was distributed

Pu at Thule (V) have shown with approxi-

exponentially both horizontally and vertically. The half-depth
value was 1-2 cm, and the Ky value was 10% -~ 10’ m g-l. This
indicated that nearly all plutonium was found in the sediments,
which is in agreement with cther observations (He75). The
investigations also suggested that biological transport may be
important for the vertical displacement of plutonium in sea

sediments.

Strentium-90 has not been studied in Danish sediments but
various investigations (Du7l) have shown Kd values of the order
of (10 - 10°%) m1 g7}

sediments (Le72), i.e. more than an order of magnitude less
137

in marine sediments and 120-440 in lake

than that observed for Cs. We may therefore neglect the 90Sr
inventory of sediments compared to the amounts present in sea

and lake water.

1l.7. Conclusions

1.7.1. General

The atmospheric nuclear test explosions performed since the
detonation of the first nuclear weapon in 1945 have contaminated
air, water and soil with a variety of radionuclides. The
residence time in the environment of the majority of these
nuclides has been relatively short, but a few remain even

90Sr and 137Cs

decades after their creation. Among these are
which, due to their chemical affinity with the biologically
important elements calcium and potassium, respectively, are
readily transferred from the abiotic environment to living

tissues.
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The measurements of the 90Sr and 137Cs concentrations in air,.

water and soil constitute the basis of ithe prediction models
estimated for the various samples in this study, and hence for

the calculation of the transfer factors from fallout to man.

The variabilities of the abiotic environmental samples are
useful as indicators of the routes of contamination of the

biological environmental samples.

1.7.2. Air

. . 90 137 e
The air concentrations of Sr and Cs showed similar
variabilities among years (CVp year =1.7) as well as among
months within the various years (CV = 0.6). The mean

p months

137Cs/9OSr ratio was approx. 1.6 and showed neither local nor

vearly variations.

An empirical model was proposed for the estimatioan of transfer
factors from injection to ground-level air concentrations

(£Ci m~> y per MCi globally injected by the test explosion);
according to this model, the transfer factor of a given radio-
nuclide was related to the effective half-life in the atmosphere
of the nuclide by a porer function. The transfer factor for

905r and 137Cs was estimated at B8 fCi m-3 Yy per MCi,

The total integrated air levels originating from nuclear weapons

testing was estimated at 0.12 pCi 2°Sr m™> y (4.4 - 1073 3

v), 0.22 pci B¥37cs m™3 (8.1 - 1073 Bgn~3 y) and 2.9 fci

239,240 —3 -4 -3 " "
Pum y (1.07 - 10 Bgqm y). A "standard man" breathes

7.300 m° air per year (Ic59), hence 0.88 nci 2°Sr, 1.6 nci 137cs

and 21 pci 239,240

inhaled under Danish conditions by standard man. As regards
90 137
d

Bgq m_

Pu from nuclear weapons debris have been
Sr an Cs, these intakes were 4 and 2.5%, respectively, of
the corresponding intakes with the diet (cf.4.2). From the

ICRP Task Group Lung Model (Ic66), assuming a mean fallout
particle size of 0.4uy (Sh66), it was estimated that 9% of the
90Sr inhaled was absorbed into the blood, 45% was carried to
the GI tract, while 46% was éxpirated. The corresponding values
for 137CS were 44%, 9% and 47%, respectively. It was thus

evident that the contributions to body burden from the inha-
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lation of 90Sr and 137Cs were negligible as compared with
intakes from diet (cf.4.7). In the case of plutonium, uptake
from the diet is immaterial (Un77, IX) and inhalation is the
important pathway. BENNETT estimated the plutonium doses to
man (Be74). He found that the cumulative dose to bone through
the year 2000 was 1.5 mrad from 5.8 fCi 239,240p,, -3 v, hence
the bone dose under Danish conditions to standard man was

estimated at 0.8 mrad (or 17 mrem), and the lung dose became
0.4 mrad (or B8 mrem); the liver received a dose similar to that
to the lungs according to BENNETT.

1.7.3. Precipitation

Thevgosr concentration in precipitation showed a variability

among years and among months similar to that in the air con-
centrations of 90Sr. Furthermore, the annual variabilities of

90Sr in Faroese and Greenlandic precipitation corresponded to

those in Danish rain water, and the annual depositions of

908r in the Faroes and Greenland were proportional to the Danish

90 -2
Sr km

corresponded to 2.08 mCi km™? in the Faroes and 0.75 mCi km~

in Denmark thus
2

levels. An annual deposition of 1 mCi

in West Greenland (Godthdb district). There was no significant

~1

variation among locations as regarded pCi 908r 1 rain in

sy km™?) was proportional

Denmark, but the deposition (mCi
to rainfall, hence the local variability of depositions (CVp

= 0.16) was similar to that of mm precipitation.

locations
The deposition velocity of global 90Sr dry fallout in Denmark was
2 - 10-3 m s-l and the observed washout ratio (or scavenging

90 -1

Sr was 0,99 pci 171 (fci m™3)
the 90Sr concentration in rain water (pCi 1-1) has thus shown

the same numerical value as the air concentration in fCi m-3.

ratio) for . On the average,

The coefficient of variation of the monthly scavenging ratios
was 0.5.

The total deposition of 90Sr in Denmark from nuclear weapons
debris was 73 mCi km-2 (2,7 - 109 Bq km-z) with 81.3 mCi kmz

(3.0 - 10° Bq km %) in Jutland and 64.8 mCi km 2 (2.4 - 10°
Cs levels were

Bg km-z) in the Islands. The corresponding 137
1.6 times higher. The total 9oSr deposition in the Faroes was

152 mCi km~2 (5.6 10? Bq km'z), and in West and East Greenland



90

the levels were %5 and 34 =mCi Sr kn'z, respectively, (2.0 -

102 and 1.26 - :0? Bq xm72).

1.7.4. Fresh water
The Danish ground water showed a lower variability among years

of the ’OSr concentrations (CV = 0.6} than rain water.
p years

This results from the dependence of the ground-water con-

centrations upon the 9OSr accumulated in the soil layers. On

the other hand, the local variability (C\.‘p locations

higher for ground-water than for precipitation because the

= 0.5) was

soil characteristics influenced the ground-water concentrations.
For similar reasons, stream water as well as lake water also
showed higher local variabilities than the rain.

The radioecclogical sensitivities of Danish ground, stream and
3 90Sr 1-1

lake water were 7 * 10 °, 0.3 and 1 pCi
Vsr km~2, respectively. One ground water station with sand as

v per mCi

a filtering layer showed a sensitivity that was two orders of
magnitude higher than the other ground-water borings.

The total run-off in Denmark from the land area to the sea was

4.6 mCi 9sr xm~2

the average, been 5% of the deposijted

up until 1974. The anrual run-off has, on
905:; in recent years it

has decreased to approx. 2%.

Because of the low 90Sr concentrations in ground water, the

intake of 9°Sr with drinking water was 5 pCi (cap)

Ng,y km-z, or 2% of the intake of “USr with the diet (table

4.2.2.). The 13-,Cs concentration in Danish drinking water is

even lower than the 9OSr level because the Danish soil retains

137 Ogr (1.6).

per mCi

Cs more efficiently than

Although drinking water is unimportant as a source of 9OSr

in Denmark, it is a main contributor to the humar intake of
stable Sr, as nearly half of the stable Sr (200-300 mg (cap)‘-1
y-l) is derived from drinking water. The local variations of
stable Sr were pronounced. ¥ater from Lolland-Falster thus con-
tained 12 times more Sr than water from West Jutland.
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.
Drinking water in the Faroes was derived from surface waters.

90 1

The radioecological sensitivity was 0.1 pCi ~°’Sr 17 y per

0 -
mCi 9'Sr km 2; the variability among years was 0.6.

In Greenland the drinking water showed a high lccal variability

{Cv = 1.1) because the origin of the water at the

p locations
various locations differed. At some Greenland locations, old
ice free of radioactive fallout was used, at others the water
was fresh rain water with relatively high radionuclide con-
centrations. The radioecological sensitivity of drinking water

90 1 90 -2

from West Greenland was 0.5 pCi “"Sr 17~ per mCi ~"Sr km “.

1.7.5. Sea water

The 90Sr concentrations in inner Danish waters were inversely
related to the salinity during 1966-1972, because the highest
levels came from the little saline Baltic water, while highly
saline North Sea water was low in activity due to dilution
from the Atlantic Ocean. Since 1972 releases, especially of
137Cs, from Vindscale have been increasingly detectable in
inner Danish waters and the activity levels have become

directly related to salinity.

The variability in the 90Sr levels among years was low (CVp
years = 0.2) as compared with air and precipitation, but it
corresponded to that observed in soil.

The radioecological sensitivity of Danish waters (salinity
16%) was 0.4 pci 2%sr 171 05y xm™2
North Atlantic surface water showed a sensitivity of 0.03.

y per mCi . In comparison,
Greenland coastal waters showed sensitivities similar to those
observed in Danish waters.

The variability of 90Sr in North Atlantic sea water from the

. Faroes and Greenland was higher (CVp years = 0.5) than in Danish

waters due to the more rapid dilution of the Jeposited debris
in a deep ocean than in shallow waters.

Deep sea samples from the North Atlantic suggested a deposition

of approx. 150 mCi 90Sr km-2 over this area of the sea. This
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. . . . . 0 .
observation is compatible with the deposition of I Sr in the
Faroes, but twice as high as the estimate from North Atlantic

weather ships.

1.7.6. Soil and sediment
The effective half-life o

not significantly different from the radiological half-life

f 905: in uncultivated Danish soil was

of 28 years. Hence the soil measurements suggested that the
deposition of Ngy estimated from rain-funnel sampling (1.3.)

corresponded to the deposition in the pastures used for soil

905r

sanpling. The variability of in Danish soils among years

was 0.2 and the lecal variability was 0.13, which was close tc
that of rain fall.

137Cs/QOSr ratio in Danish soils was

in the range 1.6-1.7. The median depth of 137Cs was lower than

137

As in air samples, the

that of 90Sr, because

soil layers. Hence 137

depth.

Cs is more easily retained in the

Cs/gOSr decreased with increasing sampling

The vertical penetration of 9OSr in so0il was proportional to
the square root of years elapsed since the deposition took
place. An empirical model for the median depth of 90Sr was
combined with a model for the relative root uptake 905r by
Danish crops. The model suggested that the effective half-life
of 905r in crops grown in Danish soil would be approx. 15 years,
somewhat lower for grass but higher for cereals and vegetables.
In the long run, the effective half-life in the crops would

approach the radiological half-life.

Sea sediments from inner Danish waters contained 14 + 6 mCi (+1SD)
13706 xm™2 (5.2 + 10 Bq km™2) and 1.5 mci 232+240py yn=2 (5.5
. 107 Bq xm~2). The plutonium level equalled that in soils,
while the 137Cs figure was approx. 15% of the 137Cs deposit.

A lake sediment sample contained nearly all the 137Cs expected
in a corresponding soil sample taken from the same area,
suggesting that the distribution factor between water and
sediments is an order of magnitude higher for lake sediments

compared with sea sediments from inner Danish waters.
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2, GRAII AND OTHER VEGETABLE PRODUCTS {(the producers)

2.1. Introduction

In general, plants are the primary recipients of radioactive
contamination to the food chain from the abiotic environment.
Vegetation may be subject to direct and indirect contamination
(Ru66a) . In the case of terrestrial vegetation, direct con-
tamination implies an uptake of radioactive debris from the
atmosphere by the above-ground parts of plants. Indirect conta-
mination is a sorption of debris from the soil by the root
system of plants. Aquatic plants are contaminated by contact
with radiocactive water and sediments (Lo71). Sea weed on the

surface may receive direct contamination from the atmosphere.

Whereas all radionuclides may be taken up by vegetation as a
result of direct contamination, relatively few are of relevance

as regards root uptake. Among these, 20

Sr is the most important,
because it continues to enter the food chain many years after
its deposition; and this is the main reason why 90Sr is of
foremost interest in radioecology. The radionuclides that occur
both in a soluble form and also translocate within the plants
are of special interest as direct contaminants, because they

may concentrate in parts of the plants which have not themselves
been exposed to direct contamination. This feature may be very
important for the radionuclide concentrations in cereal grain,
and thus it has been examined in a number of field experiments

(vI, VII, VIII, Aa72b) described in the present study.

Vegetable products are an important constituent of the human
diet; in Denmark the daily per capita consumption is approx.

0.7 kg, which equals the consumption of animal products, Some
products are used directly for human consumption, such as cereal
grains, vegetables, and fruit. But plants may also play an
indirect part in the intake of radionuclides from foods. The
concentration of radionuclides in grass and beets thus plays



an important role in the radionuclide content of cows' milk,
while the presence of radiocactive debris in a vegetation cover,
such as lichen, strongly influences the radioactive contamination

of reindeer meat.

2.2. Cereal grain

Der var saa deitigt ude pd landet; Summertime! How fovely {t was cut (n
det vanr Sommer! Koanet stod gquuét, the country, with the wheat standing
Havien gren. yelleow, tie cats gneen.

DEN GRIMME ZLLING THE UGLY DUCKIING

Studies of fallout nuclides in the Danish diet have revealed
that cereal products, especially rye bread, play an essential
part in the radiocactive contamination of the diet. When grain
is contaminated by radicactive fallout, the importance of direct
contamination is greater than that of the indirect. The outer
parts of the grain therefore carry the major share of the
contamination. Whole-grain flour (100% extraction) consequently
shows higher concentrations of fallout radiocactivity than flour
made of the inner parts of the grain only. Hence, rye bread
made of 100% extraction flour contains more radioactivity than,
e.g., white bread of 70% extraction flour. As the preference in
most western countries is for white bread rather than dark rye
bread, grain products arsz relatively more important for the
radioactivity content cof the Danish diet, which does contain
rye bread, than for the diet elswhere. The present study has

therefore emphasized cereals.

The first UNSCEAR report (Un58) summarized the earliest mea-
surements of 20
collected in Japan, the USSR and the USA in 1956. The first
systematic study of 90Sr in rye, barley, wheat and oats was

carried out in 1959 in Denmark (RRD59), Extensive studies of
137 90

Sr in grain. The samples were rice and wheat

Cs as well as Sr in wheat and in milled wheat were per-
formed in Canada on samples from the crop years 1957-1959
(Gr60) . Since 1958 UNSCEAR has occasionally (Un62, Uné69)
published summaries of worldwide studies of fallout nuclides

in grain and grain products.
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2.2.1. Variation with time, species and location

Radionuclide concentrations in cereal grain have varied with
tame, species and location as appears from figs. 2.2.1.1-2.2.1.4
(cf. also tables B,2.2.1.-B.2.2.5.); the time variation was the
most pronounced (tables B.2.2.7.-B.2.2.8.). The variability
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Pig. 2.2.1.1. The variation of pci °Osr kg-1 in Danish
Cereal grain among years, locations (figc. A.1.1.3.1.) and
species. The bars are the concentrations relative to the
grand mean 77 pCi kg'l (= 1 at the relative scales).
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Pig. 2.2.1.2. The variation of pci 2%sr (g ca)™! in Danish

cereal grain among years, locations (fig. A.1.1.3.1.) and
species, The bars are the concentrations relative to the
grand mean 155 pCt (g Ca)™! (= 1 at the relative scales),
(cf. remarks to table 2.2.1.1.).



-~ 73 -

T ' j
20 vEARS * ™~ LOCATIONS # %% ~ SPECIES ¥ %%
. i
5 | i
2o : —
< ! ,
3 , 1
i i :
l !
00 11111 L ) | ey | |
62 64 66 68 70 72 7% Tyl /@dulyrTys|Abiled  Rye | Wheat!
Stu AskBlo Vir Aki Borley Oots
Fig. 2.2.1.3. The variation of stable Sr in Danish cereal
srain among years, locations (fig. A.l.1.3.1.) and shecies.
The bars are the levels relative to the grand mean 2.8 mg
(g ca)™! (= 1 at the relative scale).
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FPig. 2.2.1.4. The variation of pCi 13704 kq'l in Danish

cereal grain among years, locations (fig. A.1.1.3.1.) and

species. The bars are the concentrations relative to the

srand mean 192 pcCi kg-l (= 1 at the relative scales).

among years from 1959-1974 was 0.85 for 90Sr. In the case of
137Cs it was even higher; from 1962-1974 it was thus 1.77 or
r2arly equal to the variability of precipitation observed in
that period (1.3.). The time variability of l37Cs was dreater
than for 90Sr because there is no moderating effect from root
137Cs from the soil in Denmark. Rye and barley showed
higher variability among years than wheat and oats because the

uptake of
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former two species are more subject to direct contamination

than the latter two; this is partly due to morphological reasons
(grcater surface of the ears because they have awns), and

partly to physiological reasons, viz., a greater root uptake of
90Sr by wheat and oats. The various parts cf the country showed
the same time variability. As expected, the variability among
years was highest in the high-fallout period 1962-1966. Although
the fallout rate and the accumulated fallout are the factors

137c4)

chiefly responsible for the time variation of 908r (and
in grain, other factors may also be of significance (Ra72a),
such as variation in grain yields from year to year, increasing
air polliuticn, alterations in agricultural practice, e.g.
switching fro. using a reaper to using a combine harvester, and

growing different varieties of grain (D.2.2.1.).

As appears from table B.2.2.9. the variability among species was
higher for Pu (CV . = 0.73) than for any of the other

. . P _SPECHES 137 54 :

nuclides studied, i.e. Sr, Cs and Mn, This can be as-
cribed to a combination of the morphology of the cereal crops
and the low solubility of Pu (IX). Strontium~-%0 showed a lower

variability among species than 137Cs, because the high suscep-

tibility of rye and barley to direct contamination with 9OSr
was counteracted by a relatively high root uptake of 90Sr by
wheat and oats. In 1962-1966 the variability of 905r among
species was lower ir Jutland than in the Islands; during 1967-
1972 the opposite was the case. The reason was that during the
high fallout period in 1962-1966, when direct contamination
prevailed, this domination was more pronounced in the soils
with high Ca of the Islands than in the more sandy soils of
Jutland. This resulted in a levelling of the 90

centrations in the species from Jutland because, as mentioned

Sr con-

above, wheat and oats are more sensitive to indirect corn-
tamination than rye and barley. During 1967-1972 when direct
ccntamination was less dominant, the levelling effect of the
remaining direct contamination was most effective in the Islands,
because the indirect contamination of wheat and ocats in Jutland
clearly prevailed at that time. In the case of 137Cs, as
expected, no evident trend was found between the variability
among species from Jutland and the Islands because direct con-

tamination dominated the uptake of 137c5
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Before 1966, rye showed both highest 90Sr as well as highest

137Cs concentrations (Aa6t6c). Throughout the entire period of

observation, the 137Cs concentration in rye was approx. 30 per
cent higher than in the other three species, which did not

differ significantly from one another. Since 1967, when direct

90Sr, oats have

1

contamination became less important in case of
90 -
Sr kg

There may be several reasons why rye is more susceptible to

shown the highest and rye the lowest oCi figures.
direct contamination than the other species; the two main ones
being the morphology and the precocity of rye. Rye crows taller
than the other species. The straw length is 120-130 cm, compared
with 100-120 cun for wheat (Pe63) and even less for barley and
oats. The yield of rye is cgenerally lower than of the other
species (Pe63, Lu7l). Furthermore, the grain of rye is rela-
tively small in size (Pe63) and the surface-to-volume ratio
consequently greater than for the other species. Finally, rye
carries awns whereas other Danish cereal crops, except barley,
are normally without awns. The ears of rye emerge by the end of
May, while the other species ear by the end of June. The
precocity of rye is of special relevance for 90Sr because the
important period for the direct contamination with this and
other nuclides not translocated within the plant is after ear
emergence (Mi59, VI, VIII).

Two important factors influence the local variation: the amount
of precipitation (fallout) and the agricultural conditions

(soil type, cultivation practice, etc.). In Jutland, the amounts
of precipitation, and hence of fallout, are approx. 20 per cent
higher than in eastern Denmark (table A.1.1.6.2,). Furthermore,
the soils of the experimental farms in Jutland are on the
averade less fertile than those of farms in the east, and the
Ca cortent is lower. All these factors enhance the con-
tamination of grain with fallout 905r (Cham70, Aa722a, An67a),
especially at the sandy locations in Jutland (Studsgdrd and

St. Jyndevad). The stable Sr to Ca ratio is higher in samples
from the sandy stations, as illustrated in fig.D.2.2.1., which
indicates a relatively higher root uptake of Sr (Aa66c). As
appears from tables B.2.2.7. and B.2.2.8., the local variability
was more pronounced for 905r than for 137CS (and for 54Mn and
239’240Pu as well (table B.2.2.9.)). The relatively higher root

9
uptake of 0Sr in Jutland accentuated the local variations. In
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the case of 90Sr, the local variability of rye was lower than
that of the other species because the 90Sr concentration in rye
depends relatively more on direct contamination than does the
concentration in other species, which means that the amplifying
effect on the local variability of root uptake is less evident
in rye. The local variability among the four stations in
Jutland: TYL, STU, ASK and JYN, was generally higher than the
local variability among the stations in the Islands: BLA, T¥YS,
ABE, LED and AKI. This was ascribed to differences in fallout
pattern as well as to variations in soil characteristics and
agricultural practice. In the case of 137Cs. the local
variability was close to that observed for precipitation (mCi
90Sr km—z
taminated by direct contamination only. During the low fallout
period 1967-1972 the local variability of °°
in the high fallout period 1962-1966, because of the amplifying
effect of indirect contamination when the importance of direct

. c£.1.3.) suggesting than the cereal grain was con-

Sr was nigher than

contamination decreased. As a whole, the local variability
of 90Sr increased throughout the period from approx. 9.3 in
1963-1965 to 0.6 in 1975-1976. In the case of 13'Cs the
variability among locations was nearly constant until 1972, but
in recent years it has shown an increase, which may indicate
slight root uptake at the sandy locations in Jutland.

Table 2.2.1. Strontiuwm-90 (oci °Sr (g ca)™l) in rye

and wheat collected in Jutland and the Islands in 1963
and 1973,

Year Species Jutland Islands Jutland

Islands
rye 1357 053 1.42
1963 heat 993 748 1.33
rye [ [ 1 40 2.15
1973 heat o 34 2.59
1963 rye 15.8 23.8
1973 wheat 11.3 22.0
1963 1.37 1.27

1973 0.98 1.18




The anovas of the grain data revealed significant interactions
between time and species, between species and location, and
between locaticn and time. Table 2.2.1. illustrates th
interactions for pCi 90Sr (g Ca)-l. The years 1963 and 1973
werz selected because the fallout rate as well as the accumu-
lated fallout differed markedly between these years. In 1963

the fallout rate was high and the accumulated fallout relatively
low, whereas in 1973 the fallout rate was low and the accumulated
fallout relatively high. The interaction between years and
locations appeared as lower activity ratios between Jutland and
the Islands in 1963 than in 1973, due o the Ggreater importance
of root uptake in 1973. The interaction between species and
years was manifested as higher activity ratios between rye and
wheat in 1963 than in 1273, which is explained by the fact that
root uptake of 90Sr was relatively more important for wheat

than for rye. The interaction between locations and species
manifested itself as higher ratios between the activities from
the two vears for rye than for wheat, because the direct con-
tamination played a greater role for rye than for wheat, which
was less susceptible to the fallout rate because of the stronger
influence from indirect contamination. Finally, the table also
displays the second-order interaction between years, locations
and species: The activity ratio between rye and wheat decreased
more in Jutland than in the Islands from 1963 to 1973 because
the relatively higher root uptake in 1973 influenced wheat more
than rye, and because root uptake played a greater role in
Jutland than in the Islands. It thus appears that the main
rcason for the interactions observed for 9oSr in Danish cereal
grain is variations in the relative importance of direct and
indirect contamination. These variations are influenced by
fallout rate, accumulated fallout, soil type, fertilizers
(An71), grain varieties, methods of harvesting, climate, and
other environmental factors.

As indirect contamination only plays a role in the case of 9°Sr,
it was to be expected that the interactions for 137Cs in grain
were less evident. In fact the anovas showed that these
interactions were only significant in a few cases (cf.tables
B.2.2.3. and B.2.2.4.).
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2,2,2. Prediction models
Tables C.2.2.1. - C.2.2.3. show the prediction models for 903r

in cereal grain. Estimates from previous models were compared
with the present ones in D.2.2.2.1. The radioecological
sensitivity of grain in Jutland was higher thar that in the
Islands for 90 137Cs (tables C.2.2.4. -
C.2.2.6.), although. as expected, it was less pronounced for
13-’Cs because of the lack of root uptake (cf.2.2.1.). The

radioecoiogical sensitivity of cereal grain for the entire

Sr as well as for

country may either be estimated directly, as shown in tables
C.2.2.3. and C.2.2.6., or it may be calculated from the figures
found for Jutland and the Islands. In the last case we have to
weight with the relative fallout and with the production of
grain in the respective parts of the country. This probably
yields a better estimate than that obtained from the total
country models because the production of grain species differs
in the different parts of the country. Table 2.2.2.1, shows the
various estimates for the entire country. The production
weighted models y.elded higher sensitivities than the un-
weighted total country model excepri in the case of wheat,
because approximately 75% of the wheat was grown in the Islands
whereas the other species were most frequent in Jutland.
However, as the relative standard error of radioecological
sensitivities of grain was of the order of 10% (D.2.2.2.2), the
differences observed between the various estimates in table
2,2.2.1. are generally immaterial.

On a kg basis the cereal crops were more sensitive to 137Cs

than to 905r contamination, except for oats which snowed a
higher sensitivity to 90Sr contamination due to the high root

uptake of 9oSr, especially in Jutland.

The prediction models for grein suggested that direct con-
tamination played an important role for the radionuclide
content in cereals. SCOTT RUSSELL (Ru66a) has called attention
to the importance of so-called floral absorption in connection
with the contamination of cereal crops with nuclear debris.
Floral absorption is direct contamination during inflorescence.
Experiments (VI, VIII) with direct contamination of cereal
crops by radiostrontium and radiocesium have shown that cesium
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1 2

Table 2.2.2.1. Summary of radiocecological sensitivities (pCi kg- Y per mCi km %)

in cereal grain from the entire country.

Species Nuclide Total country Fallout-weighted Fallout- and
modael Jutland and production-
(tables C.2.2.3. 1Islands model a) weighted Jutland
and C.2.2.6.) 2nd Islands

model b)
{tables C.2.2.1. and C.2.2.4.)

Rye 05y 32 27 29

Barley - 26 25 29

Wheat - 24 23 20

Cats - 37 37 43

Rye 1375 46 4s 48

Barley . 32 31 ' 34

wheat b 28 30 25

Oats - 27 27 29

2 2

in Denmark corresponded to 1.113 mCi km

a) 1 mCikm™ in Jutland and
~2 in the Islands.

0.887 »Ci km
b) Jutland produced 2/3 of the rye and barley, 1/4 of the wheat and
3/4 of the ocats grown in Denmark (Da 57-77).

The calculation of the radioecological sensitivities from the prediction

models assumed that 1 mCi 2%Sr xm™2 y~! corresponded to 0.24 mci ?%sr km™
(July-Aug) "L and 1 mey 137

2 ~1 2 1
These relations were the mean values observed since 1962 in Danish fallout.

2

cs a2y~ 0.54 mc1 s k™2 (ay-aug) L.

is translocated to the grain to a far larger extent than
radiostrontium, and that for the levels found in the mature

grain the time of contamination is thus more important for 9°Sr

137

than for Cs. Since 1967 a series of experiments (Aa72b, VI

VII, VIII) has bzen performed to investigate the direct con-
tamination of cereal crops with various radionuclides. A study
has been made of the translocation of these nuclides and an
estimate of the so-calied "normalized specific activity"”,

NSA, (Cham70) defined as: '(Ci kg-1 dry weight of crop) -

i dal m? of ground) "}, The NSA is analogous to the rate

factor (cf.C.2.) in the prediction models: (pCi kg-1 crop weight)
. (mCi km~2 period-l)-l.

When all experimental data collected since 1967 are applied,

we obtain the NSA figures shown in table 2.2.2.2. It appears
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Table 2.2.2.2. A coaparison between experimentally and
empirically determtned NSA figures for ”Sz and n7c: in
cereal grain. (NSA: (Ci kg ) -(cs ¢ }m"2"})

Wuclide Study Barley Wheat

o*xp. 1.3: 0.4 (n=4) 1.3 0.6 tn = 2)

9
oSr

onmp . 2.0 2 0.2 (n=5) 33 0.6 (n=35)

exp. 5.2 :1.0(n=35) 7.4 1.3 (n=2)

ll‘lc’

o-=p. 6.3 20.7(n=5 5.4:0.3(n=275)

The error terms are 1 SE estimated from the NSA values
from single experimgnts and from individual state exper-
imental farms for the experimental and espirical values,
respectively. The n-values indicate the number of exper-
iments and state experimeatal farms on which are based

the experimental and empirical mesns, respectively. As the
experiments vere all performed at Ris¢, the means of the
five state experimental farms for the Islands were used

in th. empirical estimstes of the NSA values; t-tests
Letwpen the empirical and the experisental values revealed
70 significant difference between the two sets except in
the case of ”Sr in barley, wvhere the experimental WNSA was
probably (p = 0.02) Jower thsn the espirical.

The empirical values in the table differed a little from
those estimated from tables C.2.2.1. and C.2.2.4., because
the former were estimated from individual prediction
models for each farm.

that the values for Sr found experimentally were approximately
half those determined empirically, MIDDLETON et al. (Midé63)
found a similar ratio between experiments and survey data. The
experimental NSA figures for Cs were higher for wheat but a
little lower for barley than the empirical NSA. Thus the
experimentaily determined NSA values were generally a little
lower than the empirical. This should be recalled if the
experimental data are applied for prediction purposes in con-
nection with other nuclides than Hcr ana 137cs (cf.2.2.3.).
However, the experimental MSA values may give the correct
answer within a factor of approximately two.

2.2.3. Manganese-54 in cereal grain

During 1963-1965 S‘Mn was determined in Danish cereal grain
(Aa66c, RRD63, RRD64, RRD65), and it was observed that the con-
tamination of the grain was direct and not, as suggested by
SUTTON and KELLY (Su66), indirect. These two authors base
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theirvccnclusions on the fact that the )‘“r/stable Mp ratios
were nearly constant in different ®milling ‘ractions of US wheat

grown in 1963. However, as has been experimentally shown VI,

VIII), S‘Hn deposited directly cn the crops is translocated

within the plants, and the S‘Hn from direct depositiorn may thus
follow the stable manganese distribution in the croos. The
anova of 54Hn in cereal grain (table B.2.2.5.) showed significant

main effects, but no interactions. The time variaticrn was rost

54 . . .
pronounced. The ¥n concentrations in cereal arain thus

decreased by a factor of approx. 30 from 1963 to 1965 corre-
sponding to an effective half-life of 0.4 y, which was identical

to the effective half-life observed in air sampies (1.2.5.).

The local variability (table B.2.2.3.) was similar to that of

137Cs {table B.2.2.8.). As regarded the variation amorg species,
1ye showed the highest levels (as also observed for 3 'Cs) but
the variability among species was less pronounced for 34Hn; oats

thus contained nearly as much 54Hn as rve.

As both the anova arnd the experimerts on direct contamination

13705 and >%un behaved similarly in

54

of grain indicated that

cereal arain, the orediction models for ¥Mn were assumecd to Le

similar to those for 137

Cs, i.e. the concentrations in grain
were proportional to the fallout rates in May-August. However,
the total deposition from harvest to harvest, i.e. from
September to August in the following year, in some cases fitted
the data better (table C.2.2.7.). The radioecological
seﬁsitivities for S‘Mn were on the average 3/4 of those found

for 137Cs, which was compatible with a less pronounced

translocation of S‘Mn as compared with 137Cs (VI, VIII). The
experimentally determined NSA values werc 2.2 + 0.8 (rn = 2) and
2.9 # 0.2 (n = 2) for barley and whcat, respectively. Although
these values were lower than those found empirically (6 + 1 and
5S4+ 1 (n=5), they were not significantly different from them

(cf£.2.2.2.).

The infinite time exposure integral of Danish grain was
estimated at 25 pCi *4Mn kg™l y per mci 4Mn km~2, or (according
to (1.2.5.)) as 54 XCi S‘Mn resulted in 149 pCi 54Mn m-g Y ~

1 >$un km™® (1.3.2.), then 1 &i

148 pci fmn 171 ¢ ~ 93 mci 4un
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released in a megaton test in the northern hemisphere would

54 1

yield 44 pCi Mn kg = y in Danish average cereal grain. The

corresponding figure for 137Cs was 150 pCi 137¢s kg-l y per

mci 137cs, and for sr it was 130 pci 2%sr kg™} y per Mci

90Sr

2.2.4. Strontium-89% in cereal grain

9
During the high-fallout periods in 1962 and 1963 8 Sr was

present in Danish grain samples. An anova revealed no significant
variations among species and the data concerning the various

species were consequently pooled before the estimation of the

NSA. The fallout rates during July-August 1962 ancd 1963 were

156 and 202 pCi 89 2 d_l, respectively (RRD62, RRD63). On
this basis, and from the 895r concentrations in the grain, the
NSA was estimated at 5.5 + 1.3 pCi 8y kg-1 895r m2,
The NSA for 898r in grain was thus close to that found for 54Mn

and 137Cs, but higher than that for 90Sr, because 895r is sup-

Srm

d per pCi 2

posed to be attached to greater particles than is 9OSr (x, 1I1).

Strontium-89 does not play any important role in the con-
tamination of cereal products because the time elapsing between
harvest and consumption normally reduces the concentrations of
this nuclide to insignificant levels as it has a short half-
life (50.5 d). Thus, the relatively high NSA in grain does

not manifest itself as a high radioecological sensitivity of
the diet to 895r contamination.

2.3. Bread

09 den e.ie hentes Huedebred og Kringlen And they get whiite bread

hos dzn anden, for fremmed Mad Smagenr and biscuits fnom each othen; fon cther
bedst. peopfe’s food tastes best.

HOLGER DANSKE HOLGER THE DANE

In Denmark rye bread is made of rye flour (100% extraction) and
white bread of wheat flour (75% extraction). The grain used for
the flour does not necessarily come from the area of the
country in which the bread is consumed., Furthermore, the flour
may not originate f:om the last harvest. Finally, small
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gquantities (of the order of 1% (Da57-77)) of the wheat and rye
used in the production of bread usually come from abroad. The
main purpose of our bread measurements was therefore to
elucidate to what extent the cereal grain discussed in the
preceding section represents the actual intake of radionuclides

from cereal produce.

2.3.1. Variation with time, location and species

. . . . . 90
The ratios between the radionuclide cor 'entrations (pCi Sr

kg-l and pCi 137Cs kg—l) in bread collected in June of a given
vear and the corresponding concentrations in grain from the
previous harvest were analyzed by anovas for the period 1962-
1973. It was assumed that bread from June was manufactured

only from grain grown in the previous year and that all bread
was made of locally grown grain., All anovas showed a significant
time variation; the ratios were thus in general low when the
grain activity levels were relatively high, while high ratios
appeared when the grain levels were low. This resulted mainly
from the fact that the bread samples had also been prepared

from grain older than that of the previous harvest. The local
variations were significant too. The ratios from the Islands
generally exceeded those from Jutland, because of the transfer
of rye from Jutland to make rye bread in the Islands and of
wheat from the Islands to make white bread in Jutland (Da57-77).

As both %Sy and 137

Cs concentrations were lower in grain from
the Islands than from Jutland, the bread/grain activity ratios
showed the observed tendency. The anovas finally indicated
significant interactions between years and locations, which
were among other things ascribed to a changing pattern in the
time of the transfer of grain, and thus of activity to the
bread, from one part of the country to another. From the
beginning of the sixties to the start ot the seventies Jutland
has thus shown a decreasing relative contribution to the total

production of wheat as well as rye in Denmark (Da57-77).

The mean ratios between the activity concentrations in the kread
and in the corresponding grain were 0.75 for 908r in rye bread,

0.18 for °°Sr in white bread, 0.75 for 137

0.40 for 137Cs in white bread. These ratios were calculated

Cs in rye bread and
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Fig. 2.3.1.1. The variation of pci OSr kg~

1

in Danish rye

bread collected in June and December 1962-1974 (cf. table
A.1.2.3.) in the 8 zones and in Copenhagen (cf. figs.
A.1.4.2.1. and A.1.4.2.2.). The bars show the concentrations
relative to the grand mean 83 pCi kq-l (= 1 at the relative

scales).
™ MONTHS % 3¢ % 15 | LOCATIONS % ¢ % i
-
10 - —~
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63 64 65 66 67 68 69 70 71 72 73 74

Pig. 2.3.1.2. The variation of pci 137

Cs kg~

11 IV VI VIII - Cph

1 in Danish rye

bread collected in June and December 1963-1974 (cf, table
A.1.2.3.) in the 8 zones and in Coperhagen (cf. figs, A.,1.4.2.1.
and A.1.4.2.2,). The bars show the concentrations relative

to the grand mean 239 pCi kg'l

(= 1 at the relative scales).
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Fig. 2.3.1.3. The variation of pCi Sr kg © in Danish white
bread collected in June and December 1962-1974 (cf. table
A.1.2.3.) 1in the 8 zones and in Copenhagen (cf. figs. A.1.4.2.1.
and A.1.4.2.2.). The bars show the concentrations relative

tc the grand mean 13.7 pCi lu._v.1 (= 1 at the relative scales).
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T
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37 1

Fig. 2.3.1.4. The variation of pCi 137¢s xkg~! in Danish white
bread collected in June and December 1963-~1974 (cf, table
A.1.2.3.) ir the 8 zones and in Copenhagen (cf. fig. A.l.4.2.1.
and A.1.4.2.2.). The bars show the concentrations relative

to the grand mean 75 pCi kg™l (= 1 at the relative scales).
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for the period 1962-1973 for “°Sr and for 1964-1973 for 137cs

under the assumption that approx. 2/3 of the rye used for rye
bread and 1/4 of the wheat used for white bread were grown in
Jutland (Da57-77). The thecoretical ratios between brzad and
grain were 0.74, 0.15, 0.74, and 0.37, respectively. These
theoretical ratios were based on the assumption that 1 kg flour
yielded 1.35 kg bread (Da68), and that the 90Sr and 137Cs con-
centrations in flour used for rye bread contained all the
activity of the whole grain (100% extraction), while the white
bread flour (75% extraction) contained 20% and 50%, respectively,
of the concentrations in the whole grain (RRD>60, RRD64). The

90Sr in wheat flour was determined at a tire

figure of 20% for
when direct contamination was dominant. Since about one third

of the stable Sr is found in white flour (70% extraction) (Uné69),
it was to be expected that the percentage would increase from

20% towards 33% as the indirect contamination became relatively
more important. This would result in an increasing ratio

between 90Sr concentrations in bread and in grain from 0.15 to
0.24. Thus we may expect a ratio higher than 0.15 for tke

entire period, as also observed, and for the long-term

situvation with decreasing fallout rate we may further expect a

ratio approaching 0.24.

An evident result of the transfer of grain from one part of the
country to another is the obliterating of the local variaticn
of the activity concentrations of the bread samples (table
B.2.3.1. and figs.2.,3,1.1.-2.3.1.4.). Although wheat from

Jutland tnus showed higher Msr as well as 137

Cs concentrations
than wheat from the Islands, the white bread did not show any
significant local variation. In the case of rye bread, the
lccal variability of 90Sr and 137Cs was 0,13 and 0.12, respect-
ively, as compared with 0.28 and 0.21 for rye (tables B.2.2.7

and B.2.2.8.).

From December 1963 to December 1965 Danish bread samples were
also analyzed for 54Mn (RRD63, RRD64, RRD65). The mean ratio
between the 54Mn concentratiqns in rye bread and rye was 0.77,
i.e. in agreement with the theoretical values of 0.74. For
wheat and white bread, the mean ratio was 0.09, indicating that
the 54Mn concentration of the flour was approx. 10-15% of that
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of the whele grain. In their study of milling products of
Kansas wheat, SUTTON and KELLY (Su6é6) found that the S‘Mn con-
centration of wheat flour (extraction rate 0-69%) was 10% of
the concentration of the whole grain, i.e. in agreement with

54

the above estimate. We may thus conclude that Mn is con-

centrated in the outer parts of the grain to a greater extent

than are both 90

Sr and 137Cs. As far as contamination by 54Mn
is concerned, th= ccnsumption of rye bread (100% extraction)
is thus much more important than that of white bread. The
consumption of rye bread was in fact the main reason why the
Danish diet contained measurable ccncentrations of 54Mn during

1963-1965.

Since 1964 rye bread and white bread have been collected in
June and December in the Faroes. Anovas of the ratios between
the radionuclide 90Sr ccncentrations found in Faroese and in
Danish bread did not show any significant variation with time
or with bread type. The mear ratios were 0.5 for rye bread and
0.6 for white bread. In the case of 137Cs, Faroese bread also
contaired less activity than the Danish bread. The mean ratios
were 0.6 and 0.9 for rye and white bread, respectively, and
the two ratios differed significantly from each other. Tne
lower concentrations in Faroese bread partly resulted from a
lower extraction flour used for the rye bread (light ryve
bread), and partly from the importation of flour from countries
other than Denmark, e.g. the U.K. Less than half of the grain
imported to the Faroes comes in fact from Denmark (Da70). The
foreign flour may in general have contained less activity than

137

the Danish flour, and furthermore the Cs/gOSr ratio may

have been greater in cthe foreign flour due to root uptake of
137Cs in the foreign cereals. This wonild explain the relatively

137

high mean ratio found between the Cs concentrations in
Faroese and Danish white btead as compared to 908:. The lower
90Sr and 137Cs concentrations in Faroese brzad imply a

correction nf the estimates of the intakes of the two radio-
nuclides with the total Farocese diet (RPT62-76). For cereal
products, these estimates have been based on Danish grain data,
which has involved an overestimate of the intake.

Since April 1958 creta praeparata (CaCO3) has been added to
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Danish flour. The mean contents were 2.07 + 0.52 (1 SD) g Ca
kg™ rye bread (244 determinations) and 2.07 + 0.37 g Ca ka~
white bread (23€ data) in the period 1960-1975. According to a
Government notice of July 29, 1957, (Ca68), *he contents should

i

pe :pprox. 3 g Ca kg_l rye bread and 1.5 g Ca kq-1 white bread.
As the natural Ca content (~ 0.3 g Ca kg-l bread) was included
in the measurements, the white bread apparently contained a
lit*le more of the creta praeparata than recommended, while rye
bread or: the average contained a little less. There was ne time
tread in the Ca concentrations of the bread, but it appeared
that the Ca content of white bread from Lolland-Falster was 25%
higher than in white bread from West Tutland. Milk is often
used in the manufacture of bread (Da68), and this may explain

the observed variaticns of the calcium levels.

Faroese bread contained approx. half as much Ca as Danish, viz.

1.72 + 0.73 (1 SD) g Ca ka™} rye bread (25 data) and 0.99 + 0.48
g Ca kg™l white bread {25 data) during 1964-1975. In some cases
the pCi 905r {g Ca)_1 levels may thus be higher in Faroese

bread than in Danish, although the pCi Mg kg-l

generally lower in Faroese bread.

levels were

2.3.2. Prediction models and relations

As the radionuclide concentrations in bread were not strictly
proportional to the concentrations in grain, prediction models
were obviously calculated from the bread data. The transfer
factors from grain to bread were estimated from tables C.2.3.1.
and 2.2.2.1. For 90Sr in rye bread, the factor was 0.79, for

137Cs: J.79; in the case of white bread, 0.Z21 of the 20

0.40 of the 137Cs were transferred from the wheat to the bread.

Sr and

These estimates were in agreement with the theoretical values
mentioned above. It appeared that Danish bread was more sensitive

137 o
to environmental contamination with Cs than with ‘OSr, which

is partly a result of the greater sensitivity of grain to 137Cs
contamination (table 2.2.2.1.), and partly of the ygreater
translocation of 137Cs within the grain.

Although the Faroese bread was not made solely from Danish

grain, its concentrations may be related to the Danish fallout
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data as shown in table C.2.3.1. The ratios between the radio-
ecological sensitivities of Faroese and Danish bread were .62
in the case of rye bread and 0.86 for white bread (for both

90 137 sy between Farcese and Danish

Sr and Cs): The ratio for
white bread was higher than found by the measurements made
hitherto (2.3.1.) because the scil factor in the models carried
a relatively heavy weight when the infinite time integrals were
calculated. As the soil factors for Danish and Faroese white
bread were nearly identical, the Faroese 905r bread levels

would have to approach the Danish.

2.3.3. Other grain products

Oat grits have been collected regularly through the years and

90

analyzed for Sr and 13-’Cs. From the prediciion moidels for

grits (table C.2.3.1. Nos. 10 and 11) and from table 2.2.2.1.

(last column), the transfer factor from oats to grits was
90Sr and 0.45 for 13-’Cs. In the cal-

137Cs concentrations in grits from

estimated at 0.33 for
culations of the 90Sr and
oats (RRDS9-76), the transfer factors 0.4 and 0.75 for 905r

and 13-’Cs, respectively, have been used hitherto. Hence, the
estimates of 13-’Cs in grits have been 67% too high and estimates
of 90Sr 20% too high. The calcium content in grits, which also
contained creta praeparata, was measured at 3.3 + 0.2 g Ca kg-

(1 sD) (RRDS9-76).

90 137

Rice was also analyzed for Sr and Cs, but the data were

too few and scatizred to calculate any prediction models. The

f %0 137Cs in polished rice were in

concentrations o Sr and
general very low. The infinite time integrated levels for the
periocd p =0 1975 were estimated to be of the order of 1 pCi
kg'l y per mCi km~2 for 20 13705, As there

was no information on deposition from the area where the rice
was grown, the Danish data for depousition of 73 mCi Ogr km™2

during 1950-1975 was used in tl.e estimate,

Sr as well as for
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2.4. Grass and other fodder crops

Mun §Lettede 349 tx Sena af Ske teck biades o4 grasy and piacted

Sepsatraa ¢y hamg dex under et herseld a bed., whick sie qunmyg umdexr a {a2r3¢

stort Skaappeblad, s& kunde det dock-dexd, s as €0 be cul od the raun.

ikke regue pE hende; THUMBE L INA
TOMMELISE

2.4.1. Grass

Grass is a useful collector of direct radioactive contamination
because its large surface-to-volume ratio retains nuclear
debris with good efficiency, and because it is generally easy
to obtain. Furthermore, because it is an important constituent
of cattle fodder, and thus influences the radioactivity con-
centrations encountered in cows' milk and in beef, grass was
included right from the start in the fallout measurements
carried out at Ris¢g (He56-57). The first UNSCEAR report (Un58)
presented some of the earliest results of 90Sr and 137Cs
determinations on grass and hay collected in 1954-1957 in the

U.S. and the U.K.

The samples in the present study were collected throughout the
year at Risg and during the grazing period at tne state
experimental farms. In the Faroes and Greenland, grass was
obtained during the summer (cf.fig.2.4.1.). The higher 90Sr
concentrations in Faroese grass were partly explained by the
higher fallout levels in the Faroes, partly by the higher
direct ccontamination of the Faroese pastures because of their
lower productivity (Cham70}, and partly by the higher indirec*
contamination, which is due among other things to the lower
Ca content (Mi60) of Faroese soi’. The last two reasons for
the enhanced levels also apply to grass samples from Greenland.
The variability among years (table B.2.4.l1.,) was generally
higher for Denmark than for the Faroes and Greenland, because
direct contaminaticn of grass was more important in Denmark.

In the case of 137

Cs, the indirect contamination on the soils
rich in organic matter (Fr63, Ba64) played an imr rtant role
for the Faroese and Greenlandic grass samples, whereas the root

uptake of 137

Cs from the mineral-rich Danish soils was a
secondary factor, The local variability of 908r in Danish grass
was similar to that observed for precipitation (0.22 against
0.18) suggesting the indirect contamination of grass with 9oSr

to be proportional to the di-zct contamination and thus rela-
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tively unaffected by the type of so0il; this was in the period

1962-1970, in 1977 ("kD77), however, the local variability was

0.32 showing thc increasing importance of root uptake, 137Cs.

90Sr

however, showed a higher variability among locations than

137

this may be due to indirect Cs contamination of grass at some

locations, while others rely on direct contamination only.
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Pig. 2.4.1. The medians of the 2'Sr and 137~5 levels in
Danish, Paroese and Greenlandic "surmer grass® collected
May-Octcher since 1962 (cf. table A.1.2.4.).

An anova of all 9oSr data on Danish grass showed a significant

variation with time and location. Throughout the years, the
highest 90Sr concentrations normally occurred in the first
quarter of the year just before the maximum fallout levels
normally appeared. This apparent pecularity was due to the
rapid increase in ygrowth rate of the grass in the second
quarter of the year. Tre sudden increase in the productivity
of the pastures was tantamount to a reduced susceptibility to
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direct contamination (Cham70) and an enhanced field loss®) of
deposited activity (Chad70). Although the fallout rate thus
ancreased, the net result was decreasing grass concentrations
of fallout nuclides.

The radioecological sensitivity of summer grass (table C.2.4.1.)

was 31 pCi 905: (g Ca)-1 y (or 38 pCi 9OSr kg-l v) per mCi 90Sr
-2

km (D.2.4.1.) in Denmark. The corresponding values for the
Faroes and Greenland were 216 (or 268} and 442 (or 548),
respectively. The Faroese and Greenlandic grass was thus nearly

7 and 14 times more sensitive to contamination with 9°Sr than

137

Danish grass. In the case of Cs, the radioecological

sensitivity (table C.2.4.2.) of Danish grass was S.1 pCi 137Cs

(g 1 137 kg-l y) per mCi B7¢s kn~2. 1In

the grass from the Faroes and Greenland, the corresponding

y (or 24 pCi

values were 76 (or 524) and 79 (or 352), respectively. The
radioecological sensitivities estimated for Greenlandic grass

were approximare as the data were scarce; especially the
estimates of the pCi kg1
the Ca and K concentrations in the Greenlandic (and Faroese)

sensitivities were uncertain, because

samples showed great variations (cf.D.2.4.1.). The radio-
ecological sensitivities of Faroese and Greenlandic yrass may
thus be nearly similar (cf. also the observations for sheep,
3.4.3.).

The normalized specific activity (NSA) was calculated for the
ngisglgrass samp1e§;745 pCfl9OSr kg-l(dry matter)lgsr pszgoff
m°- d° and 20 pCi Cs kg (dry matter) per pCi Csm™d .
CHAMBERLAIN (Cham70) and ERIKSSON (Ex77) guoted similar values
for summer grass. CHAMBERLAIN found that winter grass showed

2-3 times higher NSA values, which is also in agreement with

the observations in table C.2.4.1. (Nos.l, 2 and 3) where the
ratio between the radioecological sensitivities of winter grass

and summer grass was 2.3.

2.4.2. Fodder crops other than grass
Besides grass, the main constituents of Danish cattle fodder

*) Field loss is the loss of activity from crops due to reasons
other than radioactive decay.



Table 2.4.2. Transfer uc.:t.ou for sr and 1:”Cl in cattle feed, (Fodder class 5 ~ 11 kg inilk tl_1
(4.25% fat) 9 feed units) ).(lr 69).
Grass Roots Leaves Straw Barley Total inrakes
and hay 11% dry of {concen- pf| ’olr per pCi ”70 per
{as fresh) matter roots trates) cow per cow per
(silage) nct 08r wm"? mci 1V 70w km
PCi ko~ days g, 14030 4944 40818 95081 9508
per mCi km % 137, 8760 292 4190 22995 11490
-1
Minter . .9 43 2 2
. 12
plan No 18 per cow 6 5
(feed units) (1) (4.5) (1) (0.5) (2)  1:00 10 1.my - 10
-1
Ninter kg 4
plan No 1 Per cow - 25 60 1 = 6 S 1
(feed units) - (2.9) (6.9) (~0) - 2.63 + 10 2.82 010
-1
Winter kg d 33 \ ,
per cow 2 - -
plan No 46 - 6 o 5
(feed units) (6) (2) - - 1) 0.5% « 10 V.06 10
-1
Ninter k9 d
- 57 - L} 2.4
plan No 231 per cow 6 L8
(feed units) - (5.5) - 18 (3,4 ©.68 - 10 1.36 * 10
-1
hg 4
Susmer per cow . - - . ! . .
plan No 8§ {feed units) Ty - - - (n 0.¢1 1o V.97 10
*)

cowg produce approx.

-1

and the feodder clans

iy correapondingly higher,

The milk production corresponded to that in the middle of the puriod 1962-1974, At present (1979) Danish
13 kg milk d

isd
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are roots, root leaves {silage), straw and concentrates (mostly
barley grain) (Br€9). The sampling of roots, leaves and straw
has not been systematic, and prediction models for these items
were consequently partly based on related samples. Tables
C.2.4.3. and C.2.4.4. show the models estimated.

Based on the fodder mixtures recommended for Danish cows (Bré69),
the infinite time-integrated intakes of 90Sr and 137Cs with
cattle feed were estimated as shown in table 2.4.2. The intakes
1

(4.25%

Sr intakes

were calculated for an aveiace milk yield of 11 kg v~
fat) (DaS7-77). It appeared that the highest ¢
originate from fodder rich in silage and the lowest from grass
diets. As regarded 137Cs, grass diets yield a two %o three

137Cs/905r ratio of

times hi~her intake than rcot diets. The
the grass and hay diet was higher than in the root and silage
diet. These variations influenced the local and seasonal
variations of 905: and 137Cs concentrations in Danish milk

{(c£.3.2.1.).

2.5. Veqetables and fruit

Saa Lunde de see, af del var em t00- S~ Caem o§ cousse fkew cculd see that sxe
tig Prindsessc, da num jjennem de fuve cralln way a Primcesy, becauss yshe zaa 4elf Che
Hatrasser og de fyve Eddirtduams Dywer pea Ye3al Chrcujr Lhe Cwemly malfredssres and
havde aztket Zxtam. tre Cwenlu Lerfhitr-beds.

PRINDSESSEN PAA ARTEN THE PRINCESS AND THE PEA

After cereals and milk products, vegetables and fruit have been

90

the most important Sr donors in the Danish diet. This group

contributed 17 + 6% (1 SD) to the total 0

respect to 137Cs, the contribution was 10 + 3%. During periods

with a high fallout rate, such as 1962-1364, the relative cun-
tributions of 9°Sr and 137

Sr intake; with

Cs from vegetables and fruit were
lower than when the accumulated fallout was hijh compared to
the fallout rate (X).

90 137

The firct samples of veqgetables for Sr and Cs analysis
were collected in 1956 (Un58) in the United Kingdom, the United
States and in Japan. Danish investigations of radioactive con-
tamination in vegetables began in 1959. Since then potatoes,
white cabbage, carrots and apples have been collected regularly
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=hroughout the vears from all parts of the country. In 1960,
1962 and 1966 nearly all species of Danish fruit and vegetables
were sampled.

2.5.1. Variations with time, location and species
90

The time variation for Sr in vegetables has in general been

less pronounced than in grain and grass. Potatoes, cabbage and
carrots have thus all shown relatively slowly decreasing 90Sr
concentrations since the maximum years of 1963-1964; by 1975
the levels in these products were approx. two-thirds of the
maximum (fig.2.5.1.1.). The variability among years (table
B.2.5.3.) was approx. 0.2 (1962-1974) or similar to that

90

observed for Sr in soil.

9'OSr in grain and in grass showed variabilities

Compared to this,
of 0.8 and 1.0, respectively, in the same period. This clearly
denmonstrates the relatively strong dependence of vegetables on
the accumulated 90Sr in the soil. The surfaces of grass and
grain =xposed to direct contamination are much g-eater per
weight unit than that of the vegetables mentioned above and
this enhances direct contamination and with it the time
variability of grain and grass. 1n the case of potatoes and
carrots, the edible parts are furthermore hidden below the
soil surface, which thus provides an adé&itional protection
against direct contamination. Vegetables with a relatively
large above-soil surface, such as kale, depend to a greater
degree on direct contamination than, e.g., cabbage. From 1963
to 1976 the 0

factor of four.

Sr concentration in kale thus decreased by a

In apples, the 90Sr concentration was closely related to the

fallout rate. From 1963 to the first half of the seventies the

levels thus decreased by a factor of approx. 15 (CVp years =
0.99).
The 137Cs concentrations in vegetables and fruits varied

primarily with the fallout rate..The concentrations in cabbage,
potatoes and carrots 2ll decreased by an order of magnitude
from 1963 to the fi.st half of the seventies (fig.2.5.1.2.).
The variability among years was 1.0-1.6 for these products
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Fig. 2.5.1.1. The variation of pCi >YSr kg~ ! in potatoes

collected in 1959-1974 at the state experimental farms

(fig. A.1.1.3.1.). The bars indicate the concentrations
relative to the grand mean 3.1 pCi kg~l (= 1 at the relative
scale) .
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Fig. 2.5.1.2. The variation of pCi 13704 xg™! in potatces
collected in 1963-1974 at the scate exparimental farms in
Jutland and the Islands (fig. A.1,1.,3,1,). The bars show
the concentrations relative to the grand mean 19 pCi kg™t
(= 1 at the relative scale).

(table B.2.5.2.), i.e., significantly higher than for 9°Sr.

Apples showed an annual variability of 1.32 during 1962-1974.

In a special study carried out in 1962 and 1963 (RRD62, RRD63)

the large basal leaves of brussels sprouts plants were

90Sr 137

collected and analyzed for ’ Cs and stable Sr during the
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Fig. 2.5.1.3. The variation of pCi >0Sr kg~ ! in leaf
vegetables collected in 1960-1966 in the 8 zones (cf. table
A.1.2.5.2.). The bars show the concentrations relative to
the grand mean 23 nCi kq'l (=1 at tr= relative scale).

The srecies were: 1: white cabbage, 2: spring cabbage,
3: red cabbage, 4: kale, 5: cauliflower, 6: cucumber,

7: peas, B: beans, 9: lettuce, 10: spinach, 11: parsley,
12: brussels sprouts.,
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Fig. 2.5.1.4. The variation of pCi Ngp (g ca)”! in leat

vegetables collected in 1960-1966 in the 8 zones (cf. table
A.1.2.5.2.). The bars show the concentrations relative to the
grand mean 1310 pCi (g Ca)'1 {= 1 at the relative scale).

Por identification of the species, cf. caption to fig. 2.5.1.3.

growing season from six locations distributed throughout
Denmark (fig.2.5.1.11.). The study showed that within the
growing season, i.e. from June to December, there was only a
prchbably significant difference between the monthly 908r levels
(Cvp month
probably higher than those of the other months. However, the
stable Sr to calcium ratio in the leaves showed a highly
significant seasonal variation (CV = 0,25), and so diad

= 0.,10). The concentrations in December were thus

p month
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the 137Cs concentrations (CVp month = 0.24) . The highest con-
centrations of stable Sr were found in mid summer, the lowest
(approx. half the summer levels) in winter. The 89Sr/9°Sr ratio
in the leaves indicated that about 1/4 of the _°Sr came from
direct contamination in 1962-1963 anrd 3/4 from root uptake from
the soil. The studies of grass (2.4) show that winter grass is
more sensitive to direct contamination than summer grass. If the
same applies to the leaves of brussels sprouts, we may expect
relatively higher direct contamination during the winter than
in the summer, as also observed for 137Cs and to some degree
for 3 Sr. If, however. the Sr/Ca quotient from indirect con-
tamination is lower during the winter, as indicated by the

stable Sr/Ca quotient, the winter 90Sr levels may be observed

N

-
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-+ ~4
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RELATIVE UNITS

Fide 2.3.1.5. The variation of stable Sr in leaf vegetables
shown in figs, 2.5.1.3, and 2,5.1.4. The bars show the concen-
trations relative to the grand mean 2,9 mg (g Ca)'1 (= 1 at the

relative scale). For identification of the species see caption
to fig. 2.5.1.3.
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Pig. 2,5.1.6. Tne variation of pct 137cs xg”! in leaf
vegetables collected in 1961-1966 in the 8 sones (cf.

table A.1.2.5.2,). The bars show the concentrations reslative
to the grand mean 27 pCi kg™) (= 1 at the relative scale).

For identification of the species, cf. caption to fig. 2.5.1.3.
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Fig. 2.5.1.7. Tne variation of pCi 905, kg " in root veg-
etables collected in 1959-1966 in the 8 zones (cf. table
A.1.2.5.2.). The bars show the concentrations relative to
the grand mean 14.4 pCi kg-l (= 1 at the relative scale).

The species were: l: potatoes, 2: carrots, 3: onion, 4: leek,
5: beetroot, 6: celeriac.
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Pig. 2.5.1.8. The variation of pCi 905, (g ca)~! in root

vegetables collected in 1959-1966 in the 8 zones (cf,

table A.1,2.5.2.). The bars show the concentrations relative
to the grand mean 54 pCi (g Ca)~! (= 1 at the relative
scale). For identification of the species, cf. caption to
fig. 2.5.1.7.

to increase less rapidly during the winter months than expected
solely from the direct contamination.

As regards the local variation in vegetables and fruit, Jutland
showed generally higher 90Sr concentrations than the Islands
(figs.2.5.1.3, 2.5.1.4, 2.5.1.7 and 2,5.1.8.). The local
variability was 0.17 for cabbage and potatoes, and 0.33 for
carrots, Grass showed a local variability of 0.22 and grain of
v 0.4. In the study of brussels sprouts the local variability
of 9°Sr was 0,31, the two stations in Jutland showing 1.8
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times the mean concentration in the Islands. The difference in
soil characteristics between the stations in Jutlana and in
the Islands enhanced the difference between the local 9os:
concentrations in the leaves of brussels sprouts. As was the
case for the time variation of 908: in leaves of brussel sprouts,
the local variation may also have been reduced because the
stable Sr to Ca ratios in the leaves were to some degree
inversely related to the fallout rate, i.e. the highest mg Sr/g
Ca quotients were found in the Islands (fig.2.5.1.12; cf. also
figs.2.5.1.5 and 2.5.1.9.). As regards the local variation of
the 137Cs concentrations in root vegetables (fig.2.5.1.10.),
Jutland showed higher levels than those of the Islands

(CVp locations — 0.24), while leaf vegetables including peas,
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Piq. 2.5.1.9. The variation of stable Sr in root vegetab.es
shown in figs. 2.5.1.7. and 2.5.1.8. The bars shov the concen-
trations relative to the grand mean 4.6 mg (g Ca) ) (= 1 at
the relative scales).
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2ig. 2.5.1.10. The variation of pci 137cs xg”! in root
vegetables collected in 1963-1966 1n the § zones (cf. table
A.1,2.5.2.). The bars show the concentrations relative to
the grand mean 26 pCi kg™! (= 1 at the relative scale).

Yor identification of the species, cf. caption to fig.
2.5.1.7.
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Fig. 2.5.1.11. The variatiom of pCi “OSr (¢ Ca)~! in leaves

of brussels sprout plasts collected monthly (July-December)
{ef. table A.1.2.5.2.) at 6 experimental farms (cf. fig.
A.1.2.5.2.) during 1962-1963. The bars show the lewvels rela-
tive to the grand mean 37 pCi (g Ca)~! (= 1 at the relative
scale) .
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Pig. 2.5.1.12. The variation of stable Sr in the brussels

sprout leaves shown in fig. 2.5.1.11. The bars show the

levels relative to the grand mean 2.4 mg (g ca)’! (=1 ae

the relative scale).

beans and cucumbers showed a local variability oif og%; 0.11
(fig.2.5.1.6.) . This suggested some root uptake of Cs from
the soils in Jutland. ANDERSEN (An67a) found that root crops

tended to accumulate more 137Cs than other crops; root crops

may thus show a greater local variability than leaf vegetables.
Anovas of the “ Sr and 137Cs levels in fruit (apples and soft
fruit) showed no significant local variations, although the
concentrations found in Jutland generally seemed to be a little

hiqhe: than those in th- Islands.

The interspecific variations of radionuclide concentrations
depend upon the morphology and the physiology of the plants.
Morphology plays an important role in direct contamination and
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physiology in indirect contamination. ANDERSEN (An€7a) studied
the indirect contamination of Danish veuetables; he found that
the 89Sr/Ca ratio decreased from rcot tc top, because plants
were able to discriminate against Sr relative to Ca during the
translocation oi thes= elements within the plants; the 89Sr/Ca
ratios in leaves were approx. two-thirds of those in roots. In
agreement herewith the present study showed that the stable

Sr to Ca mean quotient in green leaf vegetables was approx.

two-thirds of the quotient found in root vegetables.

ANDERSEN furthermore observed that the root uptake of Sr by
different plant species was related to Ca uptake, i.e., a high
Ca uptake was tantamount to a relatively high Sr root uptake.

As regards the 90Sr concentrations (pCi kg.1 fresh weight} in
leaf vegetables, kale and spinach showed the highest levels

due to their high Ca concentrations (figs.2.5.1.3. and 2.5.1.4.).
The calcium levels in root vegetables and fruit were denerally

90

lower, consequently the Sr content per kg of vegetables and

fruit was lower tco. The pCi 9oSr (g Ca)-1 ratios showed less
variation among different species as well as within the same
species than the pCi kg.1 figures. The variability among root
vegetables (table B.2.5.3.) was thus 0.89 for pCi 9OSr kg-1 but
0.23 for pCi 9OSr (g Ca)—1 only, and for leaf vegetables the
corresponding values were 0.88 and 0.24, respectively. The
higher variation of the pCi kg-1 figures within a single species
resulted mainly from the varyinhg water content of the samples.
However, this variation also occurs when the products are used
for consumption, and it is thus not pertinent to relate the
activity levels to the dry matter content. It is notable that
the 903r levels in vegetables were more dependent upon the Ca
content of the crops than was the case for grain (cf.figs.
Z2.2.1.1. and 2.2.1.2.,), because root uptake of 908r is more

important for vegetables than for grain.

7
The 13 Cs concentrations also varied among species, but the

variability among species was less than the corresponding
variability for 905r (cf.table B.2.5.3.) because 905r was in-
fluenced@ not only by direct contamination, as 137Cs was

primarily, but also by indirect contamination and this enhanced
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the interspecific differences fo~ 90Sr. The variability among

species was nearly twice as high for the pCi 1374 kg ! figures

than for the 137Cs (g K)-l ratios. Analogous to 9OSr and

calcium, the 137Cs concentrations in vegetables were thus
influenced by the congener, potassium, in such a way that high
concentrations of the congener were tantamount to enhanced
concentrations of the radionuclide. With respect to tree fruit
such as apples, pears and plums, the 137Cs levels were signifi-
cantly greater than the 905: concentration (pCi kg-l figures).
This was contrary to the observations for most vegetables and
soft fruit. Tree fruit were imarily contaminated by direct
contamination, but whereas 1 7Cs was translocated from other
parts of the tree to the fruit, this was not the case for 90Sr.
Consequently, the 137Cs concentration in apples became greater
than the ~ Sr concentration, because the "effective area®™

exposed to direct contamination was greatest for 137Cs.

The anovas showed significant interactions between years and

locations for leaf vegetables both for 90Sr and for 137Cs. For

root vegetables, this interaction was significant for 90Sr
only. The interaction between species and locations was

908: in root vecgetables only. Interactions

significant for
were to be expected due to the varying contributions from

direct and indirect contamination (cf. arain, table 2.2.1.).

2.5.2,. Prediction models

For cabbage, carrots, potatoes and apples, the prediction models
were calculated for 908r and 137
the congeners Ca and K, respectively (tables C.2.5.1. -

C.2.5.4.) . With respect to 90Sr, Jutland did not show higher

Cs both per kg and per g of

radicecological sensitivity than the Islands except in the case
of carrots; however, the correlation between observed and
calculated values was poor for carrots from the Islands,
Potatoes from Jutland were probably more sensitive to 137Cs
contamination than potatoes from the Islands, which suggests a

slight "root" uptake from the soils in Jutland.

Vegetables were in general more sensitive to contamination with
905y than with 37cs (pCi kg~1); cabbage and carrots thus
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showed a 5-6 times higher sensitivity to the former nuclide.

Potatoes, however, were approx. 1.5 times more sensitive to

137Cs than to 90Sr. while apples showed a radioecological

sensitivity to 137Cs that was approx. 3 times higher than that

observed for 9°Sr.

Table C.2.5.5. gives prediction models for some less frequently

sampled vegetables and fruit. Kale was the species most

90

sensitive to radioactive contamination with Sr as well as

with 13-’Cs - primarily because of its large surface and the
subsequent susceptibility to direct contamination. As compared
with grain and grass, vegetables and fruit were in general
137
Cs

in grain and grass were thus an order of magnitude higher than

less sensitive to contamination. The transfer factors for

those for vegetables, and the 908: factors were 2-3 times
higher.

It appeared that the correlations between observed and cal-
culated pCi kg.1 figures generally were superior to those of
the pCi 9OSr (g Ca).1 and pCi 137Cs (g9 K)-l

suggested that possible variations in the water content of

quotients. This

the samples were lesc important than the analytical errors
involved in the Ca and K determinations.

2.5.3. Iodine in green leaf vegetables

In the western diet vegetables and fruit have been of minor
importance as a source of 1311 as compared with fresh milk
(Ga66) . Measurements have therefore been few. After a Chinese
atmospheric test explosion in October 1976 (RRD76), a sample
of cabbage, one of brussels sprouts and five of kale were
1311, as both fresh and
cooked samples. Cabbage contained no 1311, brussels sprouts
contained 31 pCi 131, kg"1 and kale 127 pCi 131, kg-l (median
84 pCi kg'l). The cooked kale samples contained on the average
74% of the 131

with its large surface was the most sensitive of the samples

collected in Zealand and measured for

I found in the fresn samples. As expected, kale

to contamination., From precipitation data, the transfer factor

for 1311 in kale was estimated at 5-10 pCi 1311 Yy ° kg-1 per
131 -2

mCi I km

milk but an order of magnitude less sensitive than grass for

, 1.e., an order of magnitude more sensitive than
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which the transfer factor in 1976 was estimated at 50 pCi 1311

y kg°1 per =Ci 1311 ™2, As the annual mean consumption per
caput of kale was 0.7 kg only, while the consumption of milk
was 164 kg y-l‘(table D.4.2.1.), the contribution of 131
vegetables was of the order of one tenth of that of milk

(cf.3.2.3.).

I from

2.5.4. Imported vegetable products

Denmark is almost self-sufficient as regards foodstuffs, but a
few products are imported. Among these, tea and coffee con-
tributed to the g, and 137Cs content of the diet with

(1.9 + 1.2)% (1 SD) and (4.3 + 2.5)%, respectively. Citrus
fruit (oranges, lemons, grapefruit) and bananas constituted
1/4-1/3 by weight of the total fruit consumption in Denmark
(RRD62) , but imported fruit was in genera. of minor importance
as a source of 90Sr and 137Cs in the diet; the mean contribution
from citrus fruit and bananas to the total intakes of these
radionuclides was (1.3 + 1.1)% and (0.6 + 0.4)%, respectively.
For the period 1963-1976 the mean contents of 90Sr and 137Cs

1 and for tea 45 and 259 pCi

kg_l, respectively. Tea thus contained levels approx. five

in coffee were 10 and 44 pCi kg

times higher than those found in coffee. The concentrations
were those actually extracted into the liquid coffee and tea,
the activity remaining in coffee grounds and used tea leaves
was thus excluded. One litre of water required 20 g tea or 50 g
coffee (Da68), thus the liquid tea contained approx. twice as

90Sr and 137Cs than the liquid coffee.

137

high concentrations of
Neither the 9OSr nor the
with time, but the concentrations were in general higher in the
first half of the sixties; this was especially evident for tea.

Cs showed significant variations

Citrus fruit sampled during 1963-1976 showed decreasing 13?.Cs

concentrations from approx., 25 to 3 pCi kg-l ana nearly constant

05, levels at about 8 pci kg'1

137Cs concentrations but the %0
-1

3+ bananas contained similar
Sr mean level was only 1.5 pCi

kg

In dried fruit (raisins, dates, prunes and figs) the levels
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13 |

decreased from apvrox. 100 pCi 7¢: kxg”! in 1%64 to approx.
10 oCi kg~! in 1972, and from approx. 28 tc 10 pCi OSr kg l.
The levels in nuts (almonds, walnuts, hazelnuts) decreased
from approx. 500 pCi 137Cs kg™l to 50 oCi kg™, and the ¥sr
levels were around 50 pCi kg-l during 1964-1972. Brazil nuts
contained 7 times more 9oSr than other nuts, compatible with a
high stable Sr content in the Brazil nut of approx. 55 mg Sr
kg'l, or 30 mg Sr (« ca)”l. The ability to concentrate Sr as

well as Ra (MaS8a) is connected to the content of polysaccharides
in Brazil nuts. Brown algae also contain polysaccharides and

they show a similar affinity to Sr (cf.2.7.1.).
It was not possible to propose meaningful prediction models

for imported foods because the origin 2f the samples was
unknown.

2.5.5. Farcese potatoes

A total area of approx. 1 knz grows potatoes in the Faroes and
the annual production was approx. 1500 ts (Ri72) during the
period of observation (table A.1.2.5.1.). The cultivation of
other vegetables and fruit is of minor importance (Da58, Ka50),
and most fruit and vegetables consumed in the raroes are thus
imported.

The vartability among years of the 90Sr as well as of the 137Cs
concentrations in Faroese potatoes was 0.44. In comparison,

9°Sr and of

Danish potatoes showed a variability of 0.15 for
1.13 for 137
dependence on accumulated fallout in the case o Cs, contrary

to the Danish observations. Casium-137 in Faroese m.lk from

Cs. The Faroese data thus indicated a strong
137
f

Tvard showed a low variability among years similar to that of
the potatoes (cf.3.3.1.). The ability of potatoes to accumulate
137Cs from Faroese soil makes potatoes one of the important
137¢5 gonors in the Faroese diet, as they contribute 21 + 12%
(1 SD) of the total Faroese 137cs aiet intake. The relative
contribution from potatoes has been highest in recent years
when the fallout rate has been low. As compared to the con-
centrations found in Danish potatoes during 1962-1976, Faroese
potatoes contained 3.8 + 1.9 (1 SD) times more 5y and 43 + 30

times more 137Cs; the lowest 137Cs ratios between the two
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countries occurred in 1963-13%64 when there were high fallout

rates.

The prediction models for Faroese potatoes (itables C.2.5.1l. -
C.2.5.4.) indicated a radioecological sensitivity of 2.8 pCi

W0g, kg-l y per mCi Nsr xm 2, or a iittle greater than that
of Danish potatoes. For 137Cs the sensitivity was 44 pCi 137Cs
-1 137 2

kg = y per mCi Cs km “, or approx. 12 times higher than

that of Danish potatoes; the radioecological sensitivities of
grass (2.4.1.) and milk (3.2.2 and 3.3.2) from the two countries
showed similar ratios, the sensitivity of grass beirg approx.

15 times and that of milk approx. 10 times higher in the

Faroes,

The infinite time-integrated levels in Faroese potatoes

originating from the 90Sr and 137Cs hitherto deposited in the

Faroes became 426 pCi 29sr kg™! y and 10.7 nCi 137 g kg1 Y.

2.6. Lichen

0g saa fled Rensdynet afated over Buske And the reindeen {lew away across stubble

og Stubbe, gjennem den Stone Skov, over and scaub, thaough the fength of the fonrest,

Moser og Steppea alt hvad det kunde. over bogs and prairdies, as fast as he could go.
.SNEDRONNINGEN THE SNOW OUEEN

Lichens are long-lived (50-100 years) duplicate organisms
composed of fungi and algae. As growths with persistent aerial
parts and relatively large surface-to~weight ratios, lichens
are likely to be effective accumulators of radioactive debris.
Radioactivity measurements of lichens began in the late fifties
(Go58, RRD58-59). It was, however, first when LIDEN in 1961
(Li6l) drew attention to the 137
food chain - lichen-re‘ndeer-man - that lichen became an object
of primary radioecological interest.

Cs contamination of the arctic

In Greenland, reindeer live on the west coast, and they are most
abundant in the district around Sukkertoppen (Vi71). Since the
beginning of the sixties samples of lichens have been obtained

from the west coast of Greenland: and measured for 90

13703. Lichens have also been collected from other parts of

Greenland, but these samples have not been considered in the
present context.

Sr arnd
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2.6.1. Variation with time and location

Thé samples chiefly consisted of Cladonia species; Cetraria and
Alectoria species were, however, also found in most samples.
The samples received suggested that they had been ,collected
from the upper part of the lichen carpet and thus corresponded
to the lichen layer normally grazed by reindeer; but the exact

90Sr and 137Cs con-

sampling depth was not reported. The
centrations in the lichen samples did not show significant local
variations; fig.2.6.1.1. and fig. 2.6.1.2. suggest decreasing
levels with time but the differences among years were not
significant. The 137Cs levels in 1962 were, however, probably
lower than those in the remainihg period.

The variability of 905r among years (0.41) was probably higher
than that of 137Cs (0.27) (table B.2.6.1.) which is compatible
with the field loss of 9OSr in lichen being higher than that
of 137Cs (Ne66). The low variability of 137

samples related to the accumulated deposit; however, the con-

Cs was typical for

tamination of lichen was not indirect but direct and the low
variability was thus due to the long residence time of 137Cs
in the lichen. The local variability of lichen from west

Greenland was lower than that of grass (2.4.1.), due to the
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¥ig. 23,6.1.1. The variation of nCi “0Sr kg™l in lichen

collected in 1962-1975 in Greenland (cf. fig. A.l.1.3.3.),
The baxs show the concentrations relative to the grand
mean 5.4 nCi kg~ (= 1 at the relative scaie).



- 105 -

20[ _
‘ YEARS * LOCATIONS

15 + ! 4
W
- ;
g |
'i' 10 - T -
e i
= |
w
@

0.5 L L 4

0.0 !

65 70 75 Godthdb
Sulkker toppen
Holsteinsborg
Egedesminde

13 1

Fig. 2.6,1.2. The variation of nCi Tcs k37! in lichen
collected in 1962-1975 in Greenland. The bars show the
concentrations relative to the grand mean 25 nCi kg'l

(= 1 at the relative scale).

negligible radionuclide uptake from the soil in the case of
lichen,

The most comprehensive studies of radionuclides in 1lichens
have been carried out by PERSSON (Per70) and MATTSSON (Ma72)
in Northern Sweden and by HANSON in Alaska (Han73). In the
Swedish studies the annual mean 9osr levels varied between 5
and 13 nCi kg™} and the 137Cs levels between 16 and 50 nCi
kg-1 during 1962-1970. For the same period, the Alaskan
averages were 7.4 nCi 90Sr kg-1 and 26 nCi 137Cs kg-l. The
908r and 137Cs concentrations in lichens were thus similar in
Alaska, Lapland and Greenland. This was also expected from the

similar fallout rates for the three territories, all of which

are situated in the 60-70°N latitude belt. A more detailed
inspection of the data showed that the 137Cs/905r ratios of

the Alaskan lichen samples were in general lower than those of
the Swedish and Greenlandic samples. This was because the
Alaskan samples included the whole biomass, while the Green-
landié and Swedish samples only included the top layer of the
plants. The Swedish studies have revealed decreasing 137Cs/gosr
ratios down through the lichen layer. Consequently, the Alaskan

samples should contain relatively more 905: than the other samples,
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137

The effective half-lives of 90Sr and Cs in lichen have also

been studied. MATTSSON thus estimated an effective half-life

137

of 8-14 years for Cs in undisturbed carpets of Cladonia

alpestris, but in lichen carpets grazed by reindeer the half-life

was only 5-6 years. HANSON concluded that an effective half-life

137

of more than 10 years was reasonable for Cs in lichens. In

£ig.2.6.1.2. the half-life of 137
during 1964-1975 is estimated at 14 years. PERSSON estimated

the effective half-life of 90Sr in the lichen carpet at 2.5 +

Cs in West Greenland lichen

0.8 years, and for lichen podetia HANSON experimentally found
effective half-lives of 1.0 - 1.6 years and in field studies
approx. 3 years. The 9OSr in West Greenland lichen did not seem
to decay in accordance with such short half-lives. The slope

of the regression lin= corresponded to an effective half-life

9OSr levels

of 11 years. It should, however, be noted that the
in lichen samples are rather sensitive to the sampling depth;

as the Greenland samples were less Well defined in this respect
than the Swedish and Alaskan samples, it may be too c¢arly to

draw any definite conclusions, although the period of observation
in the present material was extended by five years as compared

to the other two studies.

2,6.2. Prediction models
It was not possible to obtain empirical models for the

9nSr

concentrations in Greenland lichen for which thevpredicted

values were significantly correlated with the observed values.
The best fit showed a transfer factor of 1.6 nCi “°Sr kg™t y

lichen per mCi 2°Sr km™2 deposited (table C.2.6.1.), and the

estimated total infinite exposure integral in South-West

90 2

Greenland from an estimated mean deposition of 55 mCi “ Sr km
(the estimated mean deposition at Godth&b, cf.D.3.4.4.) was

88 nci Psr kg™! Y. . ‘

£ 137
137

In the case o
was 17,6 nCi
exposure integral from 88 mCi

Cs in lichen, the radioecological sensitivity

13705 xn™2, The total infinite
cs km™2 became 1550 nci 137cs
kg-l y. The above transfer factors suggest that lichen was

cs kg™t y per mCi
137

approx. an order of magnitude more sensitive to contamination
with 237cs than with %%Sr. NEVSTRUEVA et al. (Ne66) have
experimentally shown that lichen concentrates ten times more
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137Cs than 90Sr, when it was immersed in a water solution of the

two nuclides. As compared with Greenland grass, lichen was

. - . R . 7
approx. 50 times more sensitive to contamination with 13 Cs

and approx. 3 times more sensitive to 90Sr. NEVSTRUEVA et al.
found that the upper parts of lichen contained 50-100 times

more 137Cs than contained in annual grasses.

The radioecological sensitivity of lichen is thus exceptionally
high, and it is evident that links subsequent to lichen in the
food chain are also expected to display high radioecological
sensitivities.

2.7. Sea plants

Paa den opskylliede Tang laae elleve On the washed-up seaw..d fay efeven white
hvide Svanefjexr; swan-feathens.
DE VILDE SVANER THE WILD SWARS

Phytoplankton concentrates several radionuclides from water
and may thus be used as an indicator organism for radioactive
contamination of the aquatic environment. Normally, sea plants
are not part of the human food chain, but the well known
porphyra-laverbread-man pathway of the Irish sea that trans-
ferred 106Ru from the Windscale reprocessing plant to Welsh
population groups is an exception (He76, Fo71). Among fission
products, 9OSr is especially concentrated by brown algae, and
90Sr concentrations in sea water may thus be monitored by

measuring the 90Sr levels in sea plants.

Since 1957 samples of seaweed (Zostera marina), which is a
higher plant, and bladderwrack (Fucus vesiculosus) . which is

a brown algae, have been collected every half-year from
Roskilde Fjord.

2,7.1. vVariation with time, species and location

Anovas showed a highly significant variation in the Sr con-
centrations with time (fig.2.7.1.). The variability among
years (table B.2.7.1.) was 0.64 for both species, i.e. higher
than in sea water, which feature was ascribed to direct con-
tamination through rain water when the sea plants were found

90
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Fig. 2.7.1. The variation of pCi %0, (g ca)”! in sea plants
collected in 1959-1975 in Roskilde Fjord (cf. figs. A.1.1.5.
and A.1.2.4.). The bars show the levels relative to the
grand mean 9.9 pCi (g9 Ca)~! (= 1 at the relative scales).

on the surface; the shallow water in Roskilde Fjord may have
enhanced the direct contamination. The maximum occurred in
1965 and since then the levels have generally decreased; at
the beginning of the seventies the 9OSr concentrations were
thus approx. 1/3 of the maximum. There was no significant
difference between the 90Sr concentrations in sea plants from
the various seasons of the year, although the summer levels
tended to be higher than the winter concentrations, which was
the general trend also shown by Danish sea water (fig.l.5.1.).
The pCi 90Sr (g Ca)-1 levels in Fucus vesiculosus were 2-3
times higher than in Zostera marina, and there was no signifi-
cant interaction between species and sampling years. In a

study of the interspecific variation in 905r concentration in
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sea plants (RRD3l), it appeared that the °Sr (g Ca)~! ratios
were correlated with the stable Sr to Ca ratio of the plants.
The stable Sr to Ca ratio in Fucus vesiculosus was thus 3

times higher than in Zostera marina (RRDS59-76), and Fucus
serratus and Laminaria digitata contained approx. twice as

high mg Sr (g ca)” ! levels than Fucus vesiculosus, vhile
Furcellaria fastigiata (a red algae) only contained approx. 1/4
of the levels found in Fucus vesiculosus (RRD61). Brown algae
and especially Fucus serratus and Laminaria digitata thus
concentrate Sr from sea water. As compared to the mg Sr (g Ca)-l
ratios in sea water, these two species contained 4 times higher
ratics than the water (Peté62), i.e. they preferred Sr 4 times

as much as Ca. It has been shown that alginates rich in
guluronic acid have a greater affinity with Sr in the ion-
exchange reaction strontium-calcium (Ha67). Because brown

algae in particular, such as Laminaria, are relatively rich in

guluronic acid this explains why these species concentrate Sr
in preference to Ca from sea water.

Brown algae - mainly Laminaria and Fucus species - have alsc
been obtained from Faroese and Greenlandic waters. The 90Sr
concentrations in these samples were generally lower than in
the corresponding Danish samples, as expected from the lower
gr levels in Faroese and Greenlandic sea water (1.5.2.).
However, the sea plants contained relatively more 90Sr than

the low 903: concentrations in Faroese and Greenlandic waters
might have suggested. This was partly because the samples taken
consisted of Laminaria and Fucus serratus, which as shown

above concentrate Sr more effectively than Fucus vesiculosus.
However, the most important reason for the enhanced levels was
undoubtedly direct contamination through precipitation of the
plants occurring on the surface. This method of exposure was
relatively more important in the low activity Faroese and

Greenlandic waters,

2.7.2. Relations and prediction models
Fucus vesiculosus contains approx. 10 g Ca per kg wet weight,

the dry matter content being 20%. As the stable Sr content is

approx. 30 mg Sr (g Ca) ', (RRD59-76) 1 kg bladderwrack (wet
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weight) contains 300 mg Sr. The concentration of Sr measured

in the Sound is 2.4 mg Sr 1_1 (salinity 13.4%) (Pet62), hence

the expected concentration factor (CF) between bladderwrack

and sea water becomes 125, i.e. 1 kg bladderwrack at equilibrium
is supposed to contain the amount of Sr present in 125 1 of

sea wvater.

The prediction models for sea plants (table C.2.7.l1.) show that
the radioecological sensitivity was 2.7 for Zostera marina and
10.7 pci Psr (g ca)”! y per mci 05y km~2

the higher sensitivity for Fucus was in agreement with the

for Fucus vesiculosus;

higher mg Sr (g Ca)_l quotient in this species. When the Fucus
value was combined with the radioecological sensitivity for
Danish sea water (1.5.1.), the transfer factor from sea water

to Fucus vesiculosus was estimated at 10 70°3§° = 306 oCi

905: kg-l Y per pCi 90Sr 1"1 Y. This value was higher than

that estimated for stable Sr above because, as mentioned above,
the direct contamination with 90Sr came into play for the
airborne fallout 90Sr. In the case of a pure waterborne

release of 90Sr a closer agreement would have been expected

between the radioactive and the stable Sr CF.

The sampling of sea plants in the Faroes and in Greenland was
less systematic than in Denmark. The prediction models (table
C.2.7.1.) showed radiocecological sensitivities lower than for
Pucus in Denmark. In the Faroes the transfer factor was
estimated at 1.2 pCi WVsr (g ca)~! y per mCi 90%; Jm ™2

West Greenland at 5.6. As compared with sea water (1.5.2.), the
transfer was 38 pci %sr (g ca)”} .y per pci 20sr 171

and in

Y in
the Faroes and 24 in West Greenland, as compared with 30 in
Denmark for Fucus., Considering instead the "observed ratios”
between the pCi NVsr (g ca)~l quotients in sea plants and in
sea water, these become 16 for the Faroes, 8 for Greenland
and 6 for Denmark, which demonstrates the relatively greater

importance of direct contamination in the low activity waters.



2.8. Conclusions

2.6.1., General

Apart from the influence of r:ilionuclide concentrations in the

abiotic environment on the radioactive contamination of
vegetation, environmental factors such as climate, scil type

and agricultural practice also play an important modifying role.
These factors affect the radioecological sensitivity as well

as the variability of the radionuclide levels in vegetation.

Crops with a large surface-to-weight ratio and slow growth show
in general higher dicect contamination than plants of an
opposite nature. Indirect contamination is an important pathway
for 90Sr in many vegetables. In‘the Faroes indirect contamina-
tion is mainly responsible for the enhanced 137Cs levels in
vegetation. Lichen holds an exceptional position due to its
high radioecological sensitivity, especially to 137Cs con-

tamination.

2.8.2. Cereal grain

137 90

The variability among years was greater for Cs than for Sr
in grain. In the case of 137Cs, the variability (CVP years =
1.8) was similar to that in precipitation and air, in agreement

137

with expectations, because the Cs was derived from direct

contamination only. Rye and barley showed higher variabilities
among years for 908r (cv = 1) than did wheat and oats

p years

(CVp years = 0.7) because of the higher indirect contamination

of the latter.

90

The variability among species was lower for Sr than for

137Cs because indirect contamination counteracted direct

90Sr. Plutonium showed a marked

contamination in the case of
interspecific variability, barley showing 5-6 times higher
concentrations than wheat.

9oSr (Cv

90

The local variability was more pronounced for

137 p locations
= 0.4) than for Cs (Cv = 0,2)y for

p locations Sr, it was
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lower for rye than for the other species. This also reflected
the differences between the two nuclides and among species
with respect to indirect and direct contamination.

The radioecological sensitivities were 32 pCi 0gy kg'l y per
nci 29Sr xm™2 in the case of rye, 26 for barley, 24 for wheat
and 37 for oats; in the case of 13-’Cs the sensitivity was 46
pCi 137 kg'1 y per mCi 137¢s mn™? for rye, 32 for barley, 28
for wheat and 27 for oats. Jutland showed 1.4 and 1.2 times
higher radioecological sensitivities than the Islands regarding

Sr and 137C$ contamination, respectively.

Manganese-54 occurred in grain in 1963-1965; the radioecological

sensitivity of grain to S‘Hn contamination was approx. 75%
of that of 13-’Cs, and the contamination was direct.
2.8.3. Bread

90 137

The local variability of Sr and Cs in Danish bread was
lower than that of grain because rye was transferred from
Jutland to the Islands, while the opposite was the case ifor
wheat. The mean ratios between the concentrations of the two
radionuclides in bread and grain were 0.75 for rye-bread - rye
for both nuclides, and in the case of white~bread - wheat 0.15
for 9°Sr and 0.4 for 137Cs. Manganese-54 showed a ra*io for rye
bread similar to that of 90Sr and 137Cs, but the 54Mn con-
centration in white bread was only 9% of the concentration in
wheat. Danish rye br:ad was thus an exceptionally important

source of 54Mn among cereal prcducts,

FParoese bread contained half as much 90Sr as Danish bread and
60-90% as much 137Cs, because the degree of extraction of
Faroese rye flour is less than that of Danish rye flour, and
also because more than half of the Faroese flour is imported
from countries other than Denmark. The creta praeparata in
Danish cereal products contributed nearly 40% of the total
calcium intake with the adult human diet. The amount of calcium
in bread varied within the country, bread from Lolland-Falster
thus contained more calcium than bread from West Jutland.
Bread from the Faroes contained half as much creta praeparata
as Danish bread.
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2.8.4. Grasc and other fodder crops

. 90 . -
The local variability of Sr in Danish grass ;SVP locatigqs =
0.2) was similar to that of the deposition of Sr, but Cs
showed a higher- local variability. In gencral, the first
quarter of the year displayed the highest 90Sr levels in grass.

The radioecological sensitivity of Danish grass was 31 pCi

90Sr (g Ca)-l Y per mCi 90Sr km-z; the value for Faroese grass

was 216, and for Greenlandic grass 442. In the case of 1370
Danish grass had a sensitivity of 5 pCi 137Cs (g K)-1 y per

mci 137cs xm™2, Faroese 76 and Greenlandic 79. The high

sensitivities in the Faroes and Greenland were ascribed to

s,

the pronounced indirect contamination of grass in these areas.

137

The Cs/9°Sr ratio of grass and hay was higher than that of

fodder from roots and silage of root leaves. This phenomenon

influenced local as well as seasonal variations of 90Sr and

137Cs in cows®' milk in Denmark.

2,8.5. Vegetables and fruit
90

The variability among years of Sr in cabbage, carrots and

potatoes (CVp years = 0.2) was similar to that observed for the
accumulated fallout in soil, indicating a strong dependence on

indirect contamination. The variability of 137Cs, on the other

hand, (CVp years = 1.2) suggested direct contamination as the
main pathway. Apples displayed a relatively high variability

90 137Cs,

among years (CVp = 1,1) for Sr as well as for

years
also an indication of direct contamination.

The local variabilities (CV

90 137 p locations 0.2) were similar
Sr and

for Cs and close to the variability of 90Sr
deposition. The local variability of 90Sr in vegetables was
lower than that observed in grain. Higher stable Sr/Ca ratios
in'vegetables from the eastern part of the country suggested
enhanced indirect contamination at the low fallout stations,
which would reduce the local variability.

Leaf vegetables showed higher pci Vsr kg-l

because of a higher calcium content and greater direct con-

than root vegetables
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tamination. On the other hand, the stable Sr/Ca ratios in leaf
vegetables were two-thirds of those in roots, which suggested
enhanced indirect contamination of roots relative to leaf
vegetables.

The radioecological sensitivity of vegetables to contamination
with 20 137
for potatoes and apples, where the translocation of 137Cs
enhanced these levels relative to the less mobile °OSr. The
radioecological sensitivity of vegetables was nearly the same
in Jutland and in the Islands.

Sr was in general higher than that of Cs, except

The radioecological sensitivity of Faroese potatoes was 44 pCi
137CS kg'l 137Cs km-z
a sensitivity of 3.8. In the case of

y per mCi , while Danish potatoes showed

Vg the radioecological
sensitivity was nearly the same for Danish and for Faroese

potatoes (v 2.7 pCi N0gy kq-l y per mCi 90Sr km—z).

Coffee, tea, and imported fruits contributed only a few per
cent to the total intakes of 90Sr and 137Cs.

90 137

2.8.6. Lichen
The variability of Sr and Cs among years (CVp years 0.4
and 0.3, respective.y) in Greenland lichen was relatively low
suggesting that the lichen retained the radionuclides and that

the field loss thus was low. The effective half-lives in the
137

Greenland lichen were estimated at 14 years for Cs and 11
years for 90Sr. '
The radioecological sensitivity of lichen was 18 nCi l37Cs

-1 137

kg ~ y per mCi Cs km™2

» which was higher than observed for

any other sample in this study. The sensitivity to 908: was

approx. 10 times less than that of 13 Cs.

2.8,7., Sea plants
The time variability of 9OSr in Fucus vesiculosus (a brown

algae) and in Zostera marina (a higher plant) (C = 0.6)

vp years
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was higher than that observed in Danish inner waters, indicating

some direct contamination of the plants with rain water. Fucus

90

contained nearly 3 times more Sr/Ca than 2ostera, in agreement

with the stable Sr/Ca ratios between the two species.

The "observed ratio” between brown algae and sea water was 4

for stable Sr/Ca, and the concentration factor between Fucus

and sea water was 125 (g Sr kg-l fresh weight per g Sr 1"l sea

90

water), but for Sr the factor was 306 because of the direct

90Sr contamination of the sea plants.

The radioecological sensitivity of Fucus from Roskilde Fjord
was 11 pCi 908r (g Ca)'-1 Y per mCi_QOSr km—2 and for Zostera
it was 3. In the Faroes and Greenland the radioecological
sensitivities of sea plants were lower than in Denmark, but
the transfer factors of 90Sr from sea water to sea plants
were higher as a result of the relatively higher direct con-
tamination of marine vegetation through rain water in these

areas.
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3. MILH AND OTHER ANIMAL PRODUCTS (the consumers)

3.1. In!gguct;on

The tropaic level of the human food chain following the
producer; is made up of the consumers, i.e. animals and their
products. The consumers utilized by man are wostly herbivores.
This applies generally to domestic animals, although they may
receive winor amounts of additional fodder of animal origin
e.9. bone meal and fish meal. As regards the aquatic animals
included in the human food chain, these are often carnivores
and as such they may display enhanced levels of certain radio-
137Cs, compared to aquatic herbivores. Among

the various aniaal products, milk is an important constituent
of the human diet, at least in the industrialized world, as it
is the main diet for infants (0-1] year) and because some of

tre most abundant fallout nmuclides are easily secreted in milk.
Therefore the emphasis in this chapter is laid on milk. Because
Faroese milk holds an exceptinnal position with respect to
radioactive contamination, a special section is devoted to the
milk from this area. The section on terrestrial animals com-
prises Greenland reindeer in addition to domestic animals.

The reindeer are expected to show a high radioecological
sensitivity according to the high contamination levels fourd in
lichen. Marine fish from Danish, Faroese and Greenlandic waters
are dealt with in the following section, and the chapter is
concluded with marine mammals, seabirds and hens' eggs.

nuclides, e.g.

3.2. Danish milk

"G-l ke Lev fox Melhen: sagde Konmen, "Thank gnduu fos some wilk’”

“nn Ran vi fase Nelhemad, Smex o9 Ut said Che wife; "mow we can have

pas Bordet. Pef van ¢f Julqt :m' oilk-puddings and bulter cnd ¢hnu
NYAD FATTER GJ Co cal. What & U vely exck nge’

DAR-: ALWAYS RIENT

Milk is an important constituent of European, North wmerican and
Oceanian diet. In modern society where breast-feeding of infants
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is to a large extent supplemented or even replaced by cows'
milk, this substance is the main source of diet for infants in

their first year of life.

89Sr' 9OSr,

readily transferred to milk. As these radionuclides are tc a

131 137

Fission products such as I and Cs are all
considerable extent absorbed in the gastrointestinal tract
(Ic59), they ~contribute to the internal radiation dose of milk
consumers if the fodder of the cows is contaminated by fission

products.

Hence milk was included at an early stage in the environmental
studies of radioactive contamination from nuclear weapors tests.
A sample of cheese collected in Wisconsin in July 1953 was

90Sr in the human
environment. This sample contained 0.5 pCi ~ Sr (g ca)~l (ku62).
In April 1954 the Health and Safety Laboratory (HASL) of the
USAEC (Has58) initiated the first systematic study of 30

milk, The first samples consisted of powdered milk from Perry

among the very first items to be measured for
90

Sr in

in New York State; a few months later this was supplemented

by samples of liquid milk from New York City. In 1956 the Los
Alamos Scientific Laboratory (Has58, began 137Cs determinations
in milk. The first attempt to measure 131, fallout in milk was
made in the USA in February-June 1955 parallel with a study of
1311 in the thyroid glands of cattle and of humans (Co57a).

In the last half of the fifties studies of fallout nuclides in
milk were rapidly expanded because of the increasing intensity
of nuclear weapons tests, and also because of improved
analytical techniques. Data from most areas of the world have
since 1958 been compiled in the UNSCEAR reports (Un58-77). The
first Danish data on 20 137

(RRD59) . The samples came from four dried milk factories

Sr and Cs in milk appeared in 1953

selected for this purpose by Ris¢ in co-operation with the
National Health Service of Denmark.

90 137

Throughout the years, the Sr and Cs contents of Danish

cheese have occasionally been measured (RRD59-76). However,
it has been shown (Re66) that both the 90Sr/Ca and the 137Cs/K
ratios in general seem unaffected by dairy processes. The

905r and 137Cs concentrations in the various dairy products



- 122 -

may therefore be calculated from the milk analysis, if the
concentrations of Ca and K in the products are known. In the
case ¢f cheese, it has been assumed in the total diet estimates
(4.2,) that 1 kg cheese contains 8.5 g Ca and 1.2 g K.

3.2.1. Variation with time and location
The 299 137

significant variation among years (tables B.3.2.1 and B.3.2.2,

Sr and Cs concentrations in milk have shown a
figs.3.2.1.1, and 2.2.1.2). The maximum occurred in the last
half of 1963, and since then the levels have generally been
decreasing, 908r more slowly than 137Cs, in agreement with the
observations for vegetation. The variability among years was
0.62 for Sr and 1.02 for 37cs (1961-72); which are lower
variabilities than found for grass (2.4) and grain (2.2), but
higher than those of vegetables (2.5). The variation among

years depended primarily on the fallout rate and, for 90Sr

’
also on the accumulated fallout in the soil. However, these
were not the only reasons for variation. The composition of
cattle fodder has thus been altered during the period in
question. In 1957 the ratio between feed units from roots and
grass was 1.0, while it had decreased to approx. 0.65 by the
beginning of the seventies (Da57-77). From table 2.4.2, it
appears that this implies a relatively slower annual decrease

137 90Sr concentrations of the

in the Cs levels than in the
milk. Another factor that has interferred with the general fall
in levels has been the more rapid decrease in milk production
in the Islands than in Jutland (Da57-77). This has enhanced

the relative mean concentration of 90 f 137Cs

Sr and especially o
in Danish milk, because milk from Jutland shows higher levels

than milk from the Islands (figs.3.2.1.1. and 3.2.1.2.).

Beside the annual variation, the seasonal variation within the
year was studied. This variation was most pronounced in the

case of 137Cs; the variability among months was thus 0.34 for
137Cs, while it was only 0.04 for 90Sr. If the monthly

variations within the so-called "milk year” (May(i) - April(i+1))
are considered, i.e. the period in which the fodder used for

milk production originates mainly from the year (i), the 905:

levels were nearly constant from month to month. The 137Cs
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Fig. 3.2.1.1. The variation of pci *°

Sr tg ca)™! 1n Danish dried milk collected wonthly

at 7 dried milk factories (cf, Fig. A.1,3.2,) from May 1959 to April 1976 (cf. Table
A.1.3.2.). The bars indicate the levels relative to the grand mean 9.4 pCi (g Ca)-1
(= 1 at the relative scales). The years were "milk years” (cf. the text).
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Fig, 3.2,1.3. The variation of pci 137ce (g 1™} in Danish dried milk collected monthly
at 7 dried milk factories (cf. Fig. A,1.3.2,) from May 1959 to April 1976 (cf. Table
A.1.3.2.). The bars indicate the levels relative to the grand mean 18,5 pCi (g x)'l
(= 1 at the relative scales). The years were "milk years" (cf. the text).

concentrations were, however, 2-3 times higher in July than in

January. The 1370g/90

Sr ratio of the summer milk was thus

significantly higher than that of the winter milk. This
seasonal variation was a result of the seasonal change in the
composition of the fodder of the cows. It appears from table
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137

2.4.2. that the Cs/gOSr ratio in summer fodder was signifi-

cantly higher than in winter fodder.

Anovas showed a significant interaction between "milk years"
and months. During periods with increasing fallout levels
(1961-1963), the autumn months showed relatively high con-

137Cs in the milk because of the con-

centrations of 90Sr and
tamination of grass and root vegetable leaves by fresh fallout
(from the autumn test series in 1961 and 1962). During periods
with decreasing levels of contamination (1964-1967), the
relatively high milk concentrations observed in the late spring
were due to the consumption by the cows in May of some residual
fodder (from the preceding "milk year™ .

The local variations of the 908r and 137Cs concentration in
Danish milk were similar for the two nuclides (figs.3.2.1.1. and
3.2.1.2.). The highest levels were observed in the western

parts of the country where also the highest fallout levels

and thus the highest concentrations in the crops occurred. As

137

was the case for the time variation, Cs showed a more

pronounced local variation than 20

Sr, which was in contrast to
the observations made for, e.g., grain (2.2.). The local
variability (table B.3.2.3.) was 0.39 for 137Cs and 0,26 for
9OSr. The quotient between the 137Cs concentraticns in milk
from videbak in West Jutland and Nakskov in Lolland-Falster
was 3.0, while for 90Sr it was 2.2. In other words, the
137Cs/gOSr ratio of milk from Nakskov was lower than that of
milk from videbak. This difference was due to differences in
the composition of the fodder in the two areas. The ratio
between feed units produced from roots and offal (from sugar
beet production) and from grass was nearly twice as high in
Lolland-Falster than in West Jutland (table D.3.2.1.). The
cattle-feed in Lolland-Falster thus contained relatively more
roots and less grass than the fodder used in the other parts

of the country (Hau73). Table 2.4.2. indicates that a high
root-to-grass ratio resulted in a lower 137Cs/QOSr ratio than
in diets with a low root-to-grass ratio. STEWARD et. al (Steé65)
have shown that the transfer of 137Cs from cattle feed to milk

was closely related to the crude fiber content of the feed:
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the higher the crude fiber content, the lower the percentage of
137Cs intake secreted per litre of milk. As the crude fiber
content of grass is higher than that of roots (Kau73), one

137

would expect a relatively lower secretion of Cs in milk from

cows on a grass diet than in milk from cows on a root diet. The
lowering effect of a high root/grass ratio in cattle feed on

the 137Cs levels in milk may therefore be counteracted but not

necessarily compensated by an increasing effect on the 137Cs
levels from the lower crude fiber content of such feed.

9OSr concentrations in milk

Anovas of the quotients between the
from Videbak and in milk from Nakskov showed no significant
variation within the "milk year", but the ratio increased

through the years. This was ascribed to the increasing i.iportance
of root uptake of 90Sr, which played the grecztest role for the
sandy soils in West Jutland (videbzk) (An67a, An67b) (cf. also
the greater soil factors in the prediction models for crops

from Jutland (e.g. table C.2.2.1.)).

The interactions between time and location were in general not

90Sr as well as of

very pronounced; the local pattern of the
the 137

Besides the above-mentioned inrluence of variations in the

Cs levels in the milk was nearly unchanged with time.

relative importance oi dirzct to indirect contamination from one
place to another, yearly alterations in the relative feed habits
of the cattle for the various areas, and shifts in the livestock
supplying the milk to a given factory, should be considered.

It is remarkable that the interaction betweer locations and
years was less pronounced for 137Cs, which in Danish milk
generally depends on direct contamination. This suggests that
variations in root uptake were mainly responsible for the
interaction observed for 9OSI. A study of the monthly pattern

of the radionuclide concentrations in the milk at the individual
locations did not reveal any marked variations in the pattern
for 90Sr from one place to another. In the case of 137Cs,
Videbak and Nakskov showed a marked and narrow peak in Julv,
whereas Hjgrring and Abenr& showed a broader maximum covering
July-September. Arhus, Odense and Kalundborg held an intermediate
position., A broad maximum suggested a relatively constant

application of additional fodder throughout the grazing season,
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whereas a narrow peak reflected decreasing amounts of additionai
fodder throughout the grazing season until July, and thereafter

increasing amounts.
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Pig. 3.2.1,3. An illustration of first- (LxM, YxM,
YxL) and second-order (YxMxL) interactions (Table
B.3.2.1.) of pct P%r (g ca)~} in Danish dariea milx.
Where there were no interactions, the curves for the
two localities should have been parallel both within
and among milk years.

The second-order interaction between years, locations and months
6y in Danish dried milk. Pigure 3.2.1.3.
exemplifies this interaction. It appeared that the first-order
interactions between locations and months varied among the
years, As for grain (2.2.1.), a main reason for the interactions
observed in milk was variations in the relative importance of
direct and indirect contamination with time and location; but

was significant for
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furthermore the interactions for milk were influenced by the
variations in the composition of the cattle feed.

An anova of the quotients between dried milk and fresh milk of
pCi 90Sr (g Ca)-1 did not reveal any significant time variation
between the two types of milk, but the local variation was
significant. The dried milk from Videbak thus showed higher
concentrations than the fresh milk from West Jutland, while
dried milk from Nakskov showed lower levels than fresh milk

90Sr in dried

from Lolland-Falster. The local variability of
milk (CVp locations - 0.26) was a little higher th?g7that of
fresh milk (CVp locations — 0.22); in the case of Cs, the
local variabilities of the two milk types were 0.39 and 0.27,
respectively (table B.3.2.3). The countrywide mean quotient
between the pCi Ny (g ca)™! levels in dried milk and fresh

milk was 1.09 + 0.22 (1 SD) (231 ratios), and for pCi 137¢g

(g K)-1 the mean ratio was 1.22 + 0.48 (227 ratios); the 137¢cs
ratio was generally higher in summer than in winter. The dried
milk factories thus apparently received some of their milk from
areas with a higher milk concentration of 905r and 137Cs than the
consumption average for the areas in which the factories were
situated. The higher 137Cs/9OSr ratios in the dried milk
suggested that the suppliers of milk to the factories other than
the local were situated in the western vart of the country,

(o]
137Cs/’OSr ratio in milk from Jutland was somewhat

because the
higher than in milk from the Islands. The fresh milk samples
made it furthermore possible to evaluate the nroduction and the
population-weighted countrywide activity means in Danish milk
(RRD59-76) . The mean ratio between the two weighted means was
approx. 1l.11. This showed that the milk used for consumption in
Denmark as fresh milk had a lower activity content than the
mean activity of the total production., The Danish population
thus obtained a reduction in its intake of 90Sr and 137

milk by preferentially using the more contaminated milk to

Cs from

other milk products such as butter and cheese, which are
exported to a large extent. As most milk was produced in
x

Jutland ), it agrees with expectations that the surplus pro-

*
) At the beginning of the sixties two-thirds of all milk

produced in Denmark came from Jutland, ten years later the
fraction had increased to four-fifths (Da57-77).
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duction mainly originated from this area, and thus showed a

90Sr and 137

higher mean content of Cs than the country mean,
which was not significantly different from the population-
weighted mean (RRD59-76). However, since the beginning of the
seventies, the latter mean has shown a tendency to increase
because of the transfer of milk from Jutland to the eastern

part of the country, especially to Copenhagen.

The summer sampling of untreated whole milk from livestock at
the state experimental farms during 1962-1970 showed that the
mean concentrations in this milk were somewhat lower than those
of dried milk, just as observed above for the fresh consumers
milk. The mean ratios between dried milk and whole milk were
1.06 + 0.27 (1 SD) (73 ratios) for °USr and 1.28 + 0.62 for

137Cs {68 ratios).

3.2.2. Relations and prediction models

The prediction madels for milk have been throughly studied by

many investigators. Already in 1958 in the fiist UNSCEAR report

90Sr concentration in milk.

90

(Un58) a model was proposed for the
This model assumed the milk concentration of
the fallout rate of 20 20
soil. Later, more snphisticated models were suggested and these

Sr to depend on
Sr and on the Sr accumulated in the
included a so-called lag rate factor (Baé6, Aabéa) which takes
the fallout rate in the pre~eding year into acount. These
models were further refined by assuming effective half-lives of
the 908r in milk of less than the physical half-life of 28
years (Ba72, Be72). Figures 3.2.2.1.-3.2.2.4. show the most

recent prediction models for 908r and 137Cs in milk for the

Islands and Jutland compared with the observed values, Dried
137Cs than by 905r
and milk from Jutland was more sensitive to contamination than
milk from the Islands (tables C.3.2.1 and C.3.2.2.).

milk was more sensitive to contamination by

The radiocecological sensitivity of Danish milk was estimated
from the two independent transfer factor estimates based on
dried milk and fresh milk, respectively. If all equations in
tables C.3.2.1. and C,3.2.2. are used, the means of the four
estimates for the entire country of each nuclide are 3.25 +
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Fig. 3.2,2.1. Predicted (the curve calculated from
Table C.3.2.1. No. 1) and observed pci sr (g ca)”
levels in dried milk from Jutland. Correlation coef-
ficient r = 0.9979%°*,
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Fig, 3,2,2,2. Predicted (the curve calculated from
Table C.3.2.1. No. 3) and observed pci *%sr (g ca)”
levels in dried milk from the Islands; r = 0,9977%%*,

1

90 2

0.23 (1 SE) pci Psr(g ca)™} y per mct sr km™? and 3.43 +
0.27 pCi 137 g (g ¥1 y per mCi 1375 km™2. The present
transfer factor for 90Sr is 4% higher than the transfer factor
most recently estimated for Danish milk by UNSCEAR (Un77);

but in the case of 137Cs the UNSCEAR estimate was 27% higher
than the above value. The UNSCEAR models assumed lower root

uptake of Ngr but higher of 137 ¢4 than the present models.
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The present estimate of the radioecological sensitivity of 905:
was only half of the value proposed in 1968 (X) when the
effective half-life of 9OSr available for indirect contamination

was assumed equal to 28 years; the estimate for 137Cs was 71%
of the 1968 vaiue.
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Fig. 3.2,2.3. Predicted (the curve calculated from -
Table C.3.2.2. No. 1) and observed pci 137cs (g x)-1
levels in dried milk from Jutland; r = 0,9990°°°,
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Y39, 3.2:2:8. Predicted (the curve calculated from
Table C.3.2.2. No, 3) and observed pci 1Vcs (g K72
levels in dried milk from the Islandes r = 0.9976%%°,
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The prediction models for milk and table 2.4.2. permit an
estimation of the transfer factors from cattle fodder to cows'
milk. If the six winter months are assumed represented by
winter plan 18 and the summer month by plan S in table 2.4.2.,
the infinite time-integrated mean intakes of an average cow

2 of the nuclide in question

from a deposition of 1 mCi km~

becomes 0.82 ucCi 90Sr and 0.29 uCi 137Cs. The infinite time-
integrated secretion with milk of the average cow becomes
3.25 + 1.2 « 11 - 365 - 107% = 0.016 pci °° 20

and 3.43 - 1.6 « 11 - 365 - 10~® = 0.022 uci

137¢s xm 2. (Milk contains 1.2 g Ca and 1.6 g K per litre
and a cow produces on the average 11 1 milk day-l). Hence,
1.9% of the °°
0.17% per litre, and 7.6% of the
litre. The secretions are compatible with the observations of
other authors. COX et al. (Co60) thus observed in a field

study of a dairy herd that 1.2% of the total ingested 2°Sr (and

Sr km~2

Cs per mCi

Sr per mCi
137

Sr in the fodder was secreted in the milk, or

137Cs intake, or 0.7% per

stable Sr) was secreted into the milk. In an experimental study,
COMAR et al. (Co6lb) found that 0.08% of the daily radio-
strontium dose was secrzted per liter of milk. In both studies
the daily calcium intakes were approx. 100 g per cow. From flow
and balance considerations for stable Sr in the cow, COMAR
(Co66a) has estimated that 4% of the daily Sr intake would
appear in the milk if the daily calcium intake was 50 g; in

the case of 1C0 g Ca d‘l, the secretion would be 2% provided

. (Sr/Ca)milk
that the observed ratio: (St/Ca) fodder

was constant (v 0.1).

In the case of 137

Cs, the percentage of casium ingested daily
that may be found in milk under conditions of prolonged

exposure ranged from about 6 to 12 per cent for cows (Fr66).

In the food chain, the so-called observed ratio, OR, between
a radionuclide and its congener in step (j) and the preceding

(i) is often considered (Co56). In the case of 9OSr:
o - ECL sr (g ca)”! (4)
i/1 9 -1 ’
J pCi ~ Sr (g Za)~~ (4)

The steps (j) and (i) are denoted sample and precursor,
respectively.
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The OR values are supposed to be constant within a limited
r.nge of calcium concentrations. Hence, if the calcium con-
centration in the precursor is increased by a certain factor
and the amount of 90Sr is kept constant, we may expect a
reduction in the pCi Ysr (g ca)! ratio by the same factor in
the sample. If the precursor is cattle feed and cows' milk is
the sample, the observed ratio is 0.1 (range 0.08-0.16) (Co6é6a)
according to numerous investigations. The average daily Ca
intake per cow fed Danish fodder of the above-mentioned
composition was approx. 60 g (Br69), and the daily secretion of
Ca with the daily milk production of the cow was 13 g. Hence,
the ORmilk/fodder = 96%%%6%% = 0.089,. Besides the 60 g Ca in
the fodder, mineral calcium is often added to the fodder during
the winter; 50 g dicalcium-phosphate is thus recommended in
winter plan 18 (table 2.4.2.,), this increased the annual OR
value to 0.10. If the total daily calcium intake the year round
was 100 g, the OR became 0.15, The present radioecological

90

sensitivities for Sr in fodder and milk thus yvielded

) i : .
ORmilk/fodder values in agreement with other observations.

3.2.3. Short-lived nuclides in Danish milk

During periods with atmospheric nuclear test-explosions, short-
89 131
I

lived nuclides, such as Sr (tl/2 ¢ 50.5 days) and
(tl/2 = 8.04 days), may appear in milk if the cows are grazing
when the fresh fallout is received. During 1961-1963 (RRD61,
RRD62, RRD63), in connection with the intensive test series

in 1961-1962, these two short-lived nuclides were studied in

Danish milk.

Strontium-89 was measured from October 1961 to December 1963.
The time~integrated level became 116 pCi 898r (g Ca)-1 y in
Danish dried milk. This level originated from a total deposition
of 269 mCi 895r km"2 (RRD59-76) . Hence, the transfer factor

8sr (g ca)”l y per mCi 89sr km™2, or 133 of
the corresponding factor for 90Sr. From 898r milk measurements
in 63 cities in the United States, UNSCEAR (Un77) estimated
0.38 pci sr (g ca)™ y per mci ¥sr xm™2. Due to the short
half-life of 898r, milk was significantly less sensitive to
contamination by this nuclide than by the long-lived 90Sr.

became 0.43 pCi
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Indirect contamination from root uptake thus played no ro.e for

89Sr in milk, and the stored fodder used during the winter lost

its content of 898r more rapidly than it did 90Sr.

As 898r in milk only depended on direct contamination, just like

137Cs, the two nuclides could obviously be compared. An anova

137 89

of Cs/ "Sr in dried milk showed a probably significant vari-

ation between locations, besides the highly significant variation
between months. The 137Cs/898r ratio in milk from Lolland-Falster
was thus probably less than in milk from West Jutland, which
137Cs/gosr ratios (3.2.1).
89Sr/gosr

ratios in milk from West Jutland and from Lolland-Falster, the

agrees with the observations for the

As there was no significant difference between the

observations suggested that the fodder in West Jutland was
relatively more sensitive to direct contamination by 137Cs than
by radiostrontium, than the fodder in Lolland-Falster. This
observation did not preclude that the fodder also Qiffered with
respect to indirect contamination by 90Sr. In nuclear weapons

the ratio between 89Sr and 90Sr at detonation is 185 (uUn?77),

and the mean ratio between the deposited activities in Denmark
was measured to be 6.3 from the 1961-1962 test explosicas (RRD59-76).
Hence, the infinite time-integrated 898r milk levels from atmos-
pheric nuclear explosions in the Northern hemisphere in 1961-1962
were approximately 80% of the corresponding 90Sr level in milk

from these explosions.

Iodine-131 in Danish milk has been measured in three periods:
September-November 1961 (RRD61), September-November 1962 (RRD62)
and in October 1976 (RRD76). In all periods samples were
obtained from farms near Risg, and in 1961 and 1962 they were
also collected countrywide. The 1961 study showed that samples
from Jutland contained approx. 20% more l311 than samples
simultaneously collected from the Islands. The time-integrated
levels in Danish milk in 1961 were estimated at 2-3 pCi 1311
17! y, in 1962 at 5-6 pci 1311 171 ¢ and in 1976 at 0.5-1 pci
1317 171 ¢, 1In 1962 and 1976 the deposition of 1311 was mea-
sured; from this were estimated the transfer faclors from
deposit to milk. In 1962 the factor was 0.7 pCi 1-1 y per mCi

1317 ym™2 and in 1976 0.5 pci 171 y per mci 2311 1m™2. These
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estimates were based upor. chservations made in the last months
of the summer grazing season and the first of the wianter stall
season. The factors were thus lcwer than expected for midsummer,
but defintely higher than those for the wvinter, and they may
correspond to the arnual mean situation. As compared with
transfer factors from other countries (Un72) with a msean value
of z2.2. pCi y 1™} per mCi km™2 (range: 0.6-4.1). the Danish
factors were low. In 1962 the concentrations in grass and milk
were compared in samples collected from the state experimental
farms in September (RRD62). The mean ratio pCi 1311 171 milk/
pci 131, ):q'1 grass (dry matter) (20t dry matter) was 0.0065
(1 SE 0.001). From simultaneous measurements of ”Sr/’oSr in
milk and grass, it was estimated that 67% of the cattle fodder
was freshly contaminated, and it was assumed that this part

of the fodder consisted of grass. Hence, for a pure grass diet,
the activity ratio between milk and grass became 0.01. This
estimate was consistent with the majority of values found in
field studies (Ga66). The relatively low sensitivity of Damrish
milk to contamination by 1311 was thus due to the high
productivity of the grazing areas (cf.2.4.1.) combined with
the relatively large amounts of supplementary fodder, and to
the fact that Danish cows are stalled for half of the year,
which implies that short-lived nuclides Jisappear from the
stored fodder.

3.3. Paroese milk

Ex det en Boi spungle den mindsle af "6 wra call (hal thing a nill?"

Preangene o9 pegede pd Elvenheoi. "Wt asked Che geuwnget ¢§ Cthem, printing

Ralde vi oppe < Nonge ¢l Wal! e Che EL{ BilL, "Cp in Norway we
ELvErmd: shonld call it a cave.”

INE NILL OF THE ELVES

A combination of high rainfall and specific agricultural con-
ditions may result in enhanced radionuclide concentrat.ons in
milk. Already by the end of the fifties, such sites were
identified in the United Kingdom (Ag60) and in Norway (Hvé6l).
Later, similar regions (Un69) have been found in FPlorida,

New Zealand, the Ukraine, Jamaica and in the Faroe Islands.
The Norwegian study showed that high 137Cs milk levels might
occur even for relatively low fallout rates. Agricultural
conditions may thus be more important than rainfall. In the
FParoes, precipitation is high (» 1500 mm yr 1), farming is
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extensive, and the mineral content of the soil is relatively
low while the organic matter content is high; an enhanced
content of radioactivity in Faroese milk was thus to be presumed.

3.3.1. variation with time and location

1l 90Sr and 137Cs concentrations in

The variation of the annua

Faroese milk was aighly significant (tables B.3.3.1. and
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Fig, 3.3.1.1. The variation of pCi 9°s: (g Ca) -1 in fresh Faroese milk collected weekly

at 3 locations (Pig. A.l.1.3.2.) from May 1962 to April 1976 (cf. Table A.1.3,3.). The
bars indicate the levels relative to the grand mean 57 pCi (g Ca)-l (= 1 at the relative
scales). The years were "milk years”,
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rig. 3.3,1,2. The variation of pCi 137(:- (g K)'1 in fresh Farocese milk collected weekly
at 3 locations (Fig. A.1.1.3.2.,) from May 1962 to April 1976 (cf. Table A.1.3.3,). The
bars indicate the levels relative to the grand msan 329 pCi (g K)'l (= 1 at the relative
scales). The years were "milk years”,



- 136 -

90Sr levels in 1963~1964 were

approx. 7 times higher than the concentrations found in 1973-
1975, and the 137Cs levels were 5-6 times higher (figs. 3.3.1.1.
and 3.3.1.2.). The variability (table B.3.3.3.) of the annual
90Sr levels in milk levels was 0.73, and that of the 13-'Cs

B.3.3.2.). The annual maximum

concentrations was 0.67; the variability of the two nuclides
was not significantly different. This was contrary to the

observations concerning Danish milk (3.2.1.), where the annual

137 90S

variability was 1,45 for Cs and 0.70 for r.

The variation among the monthly Faroese milk concentrations was

137 90

not significant for Cs but was significant for Sr in some

vears., The 90
20-25% higher than those in the rest of the year. The
137

Sr levels in the summer months were thus generally

variabilities among months were 0.09 and 0.12 for Cs and

90Sr, respectively. Once again there is an evident difference
3705 milx
levels during the summer months were significantly higher than
p month == 0,29), but where, on the other
Sr concentrations showed no marked variations

=0,04).

compared to the Danish time pattern, where the

during the winter (CV
hand, the °°

throughout the year (CVp month

As regards the local variations, there was only little

difference between the 905r concentrations in milk from the 3

locations (CV = 0.05). The 137Cs levels, however,

p location
differed significantly (CVp 1°°i§ on = 0.29). Milk from Tvarad
thus contained nearly £0% more Cs than milk from Thorshavn.
90

Compared with Danish milk, the Sr concentrations in Faroese
milk have been 4-6 times thnse in Danish, while the 137Cs
levels in Faroese milk have bLeen 8 to 44 times higher than the
Danish levels, with the highest quotients in the later years.
It is remarkable that the local variability for 137
milk has shown an increasing tendency with time (table B.3.3.3.),

Cs in Faroese

and that the variability among years was lower for Tvard than

for Thorshavn and Klaksvig. The marked difference hetween the

time variation of 137Cs in Farocese and in Danish milk was
primarily ascribed to the indirect contamination of Faroese

cattle feed with 137Cs from root uptake (cf.2.4.1.). Consequently,
the Faroese 137Cs levels in milk were influenced not only by

the fallout rate, as the Danish milk, but also by the accumu-~
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lated fallout, and as the fallout rate decreased the indirect
contamination became relatively more important, which caused
an increasing local variability. The lower variability among
years observed for 137Cs in Tvard milk suggests that the
levels in milk from this location were more influenced by
indirect contamination of the cattle feed than was the case in

the two other localities.

3.3.2. Relations and prediction models
90

Sr concentrations in Faroese
90

As the local variation of the
milk was modest, the prediction models for Sr in Faroese milk
were calculated from the mean of the 3 locations (table

C.3.3.1). The radiocecological sensitivity of Faroese milk

( 8.6 pCi 9OSr (g Ca)-l y per mCi 90Sr hn-z) was 2.6 times

that of Danish milk for °°Sr (table C.3.2.1). As the °°Sr
fallout rate was 2,08 times higher in the Faroes than in Denmark,
the infinite time-integrated 908r concentration in Faroese

milk was 5.5 times that in Danish milk.

The radioecological sensitivity of Faroese milk to 137Cs con-
tamination was approx. twice as high in Tvaerd than in Thorshavn
and Klaksvig. The mean sensitivity for Faroese milk (table
c.3.3.2) was 35 pCi Cs (g x) L y per mCi 1374 km_z, or 59
pCi 137Cs l-l Y per mCi 137Cs km_z. This was a 10 times higher
sensitivity than that observed for Danish milk (table C.3.2.2.).

137

The infinite time-integrated Cs level in Faroese milk was

thus approx. 20 times higher than that in Danish milk.

According to the Faroese Agricultural Adviser (Wa74), 38% of

the feed units consumed by Faroese cows were imported con-
centrates. By the middle of the seventies, Faroese cows

received 8 feed units per day and they produced approx. 2500 kg
milk yr-l (3.7% fat). In analogy with the secretion estimates
for Danish milk (cf.3.2.2.), the secretions of 30 137Cs

in Faroese milk were estimated at 0,1-0,3% and 0.4-0.7% per 1 of
the daily intakes, respectively. This was compatible with the

Sr and

Danish estimates., The estimates for Faroese milk assumed that the
Faroese fodder consisted of 38% imported Danish barley and 62%
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Faroese grass (Wa74). The activity contributions from the con-
centrates (the barley grain) were negligible as compared with
those from the Faroese grass, which were estimated from the
radioecological sensitivities shown in 2.4.1.

At the beginning of the sixties, the annual milk production in
the Faroes was 1200 kg per cow and each cow received approxi-

mately 6 feed units (Wa74). The increase in the consumption of
imported concentrates since then may have contributed to a

reduction of the radioecological sensitivity of Faroese milk.

3.4, Meat from terrestrial animals

Det var et godt Faar, godt ¢ Stand "1 could do with that sheep, 1 could”

09 godt med Uld. "Det gad jeg mok thought the farmer. "1t would find plenty of
eje! tankte Bonden. "Det vilde ikke grazing at the side of ounr ditch.

Komme til at savme Graaning pd vor DAD'S ALWAYS RIGHT
Greftekant.

HVAD FATTER GIOR, DET
ER ALTID DET RIGTIGE

Besides milk and cereal grain, meat is one of the important
137Cs donors in the western diet. In certain arctic population
groups, where reindeer or caribou are the main source of meat,
the 137Cs whole-body concentrations have been orders of
magnitude higher than in the general population of the northern
hemisphere (Li6l, Han73). In the food chains, 137Cs is often
concentrated compared to the congener potassium. It has thus
137Cs/K quotient that is
approx. 3 times that of the fodder. Meat does not contain
substantial amounts of'QOSr and is thus relatively unimportant

as a 905: donor in the total diet. Animal bones are, however,

90

been observed that meat displays a

useful indicator samples for Sr contamination of the

terrestrial environment.

3.4.1. Danish beef and veal
Anovas of pCi 137 g (kg)-1
June(i) to March (1+41) i.e. within the "milk year” (3.2.1.),
showed significant variation among years and among sampling
months. The maximum levels occurred in 1963 (fig.3.4.1.), and
within the year September and June showed the highest levels,

in beef and veal collected from
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in agreement with the observations for wmilk. The 137CS con-
centra ions in beef and veal did not differ significantly. The

90Sr levels in beef were approx. 40 times lower than the 137Cs

levels. In general, the 90Sr levels decayed more slowly than
137
the

observations. The variabilities of

Cs levels, which is also in agreement with the milk
137Cs for beef and veal
among years were 1.16 and among months: 0.24 (table B.3.4.1l.),
while for 90Sr they were 0.60 and 0.17, respectively. Table
B.3.2.3. shows that the variabilities among years for milk were
similar to those for beef and veal.

The 137Cs contents of beef and veal were thus correlated to
that of milk, the concentration of the meat was 4-5 times that

of the milk; similar factors have been observed in Sweden (Li65).

The transfer factor for 137Cs to beef from fallout was 27 pCi
m‘ T T T T ¥ ¥ T T ¥ T T T T T L
i ® Beef
O Pork
03 | -
137Cs
- 4
mn? -
é? = .
O
a o -
10 ‘ _
90
- Sr -
10° - -
10" | S U U W SN VD WA SN G Y U G G G ¢
65 70 75
YEAR

Fig, 3.4.1. Annual means of 903r ana 137(:: in Danish
beef and pork collected from June 1963 - March 1976
in Copenhagen (cf, Table A.1,3.4.,1.). The annual means
were based on "milk years" ici. the taxt).
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137 137Cs km™2

2), and for 9OSr it was 1.4 pCi

Cs kg-l y per mCi (table C.3.4.2., nos. 1 and

90 1 90

Sr kg~ y petr mCi ~ Sr km ™2

(table C.3.4.1., nos. 1 and 2). Beef was thus approx. 20 times

137 90

more sensitive to contamination by Cs than by Sr. Beef was

approx. 5 times more sensitive to radioactive contamination by
137Cs than was milk, and approx. 3 times less sensitive than
N0gy (pCi kq-l figures).
The total infinite time-exposure integrals in beef from the
PVsr 1m™2 and 117 mci 37cs km™2

« y and 100 pci 2%sr kg7l . y.

milk with respect to contamination by

deposition of 73 mCi became

3.2 nci 137¢s xg™!

3.4.2. Danish pork

Approximately two-thirds of the meat consumed in Denmark
consists of pork, while the remainder is mainly beef and

veal. (RRD62). The 137

resemble those in beef (fig.3.4.1.), although in pork the 137Cs

levels have been generally higher and the 90Sr concentrations
137
Cs

Cs and 90Sr concentrations in pork

lower. Pork is thus an important contributor to the
content of the Danish diet. The variability of 137Cs among
years was 1.57, i.e. higher than for beef, but among mcnths it
was only 0.09, i.e., lower than for beef (table B.3.4.1l.).
Besides metabolic differences between pigs and cattle, the
fodder of the two species may have influenced the radionuclide
concentrations of the meat. The fodder of pigs mainly consists
of barley, crushed scva and skimmed milk, while grass, grain
and beets are the main constituents of cattle feed (Da57-77).
Moreover, while cattle feed shows a pronounced seasonal
variation due to summer grazing, this is not the case to the
same extent for pig fodder.

The transfer factors from fallout to pork were 34 pCi 137Cs
kg-1 y per mCi 13705 km™2 (table C.3.4.2., nos. 3 and 4) and
0.9 pCi Ngr kg-1 y per mCi 0sr xm™? (table C.3.4.1., nos. 3
and 4). The factors thus resembled those estimated for beef;
but pork was apparently slightly more sensitive to radiocactive
contamination by 13705 than was beef. The total infinite
time-exposure incegrals in Danish pork from fallout were

4.0 nci 37cs xg™! y and 66 pci sr kg1 y.



- 141 -

3.4.3. Faroese and Greenlandic mutton
137

9

Since the beginning of the sixties 0Sr have been

Cs and
determined in samples of Faroese and Greenlandic sheep. Both
mutton and bone- have been measured; bone was included in the
studies because it is a more sensitive indicator of 90Sr uptake
than meat. In the Faroes some 40 000 (Ri72) and in Greenland
approx. 20 000 sheep and lambs (Da70) are slaughtered annually.
Sheep graze nearly the whole year round and get little - if

any - additional fodder. As they often feed on very sparse
vegetation, they collect nuclear debris deposited over
relatively large areas, and because of the often low
productivity of the fields where sheep normally graze the con-
centration of radionuclides in their fodder is relatively high
(Cham70) .

The anovas showed that the 1374 concentration (pCi 137

Cs (g
K)-l) in Paroese mutton was 1.8 times that of Greenland mutton
(fig.3.4.3.1.) and the °°

higher in the Faroes than in Greenland (fig.3.4.3.2). These

Sr content of sheep bone was 2.7 times

factors may be compared with the approximately 2.8 times higher

2.5
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Eig, 3:4,3.]1. The variation of nct *3'cs (g x)7} in
mutton collectsd in 1962-1976 in the Faroes and in
Gresnland (Table A.1.3.4.2.). The bars show the levels

relative to the grand mean 0.66 nci (g K)~> (= 1 at
the relative scal e),
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Fig. 3.4.3.2. The variation of pci 2%r (g ca)”! in

sheep bone collected in 1962-1976 in the Faroes and
in Greenland (Table A.1.3.4.2.). The bars show the
levels relative to the grand mean 200 pCi (g Ca)-l
(= 1 at the relative scale).

fallout rate in the Faroes than in West Greenland (Godthéab).
The variabilities of 137Cs among years were 0.79 in Faroese
and 0.99 in Greenland mutton, i.e. not significantly different
(table B.3.4.1.).

As some of the samples received from the Faroes consisted

of dried meat it was expedient to use the quotients 137Cs/K
and 90Sr/Ca in the comparisons between Faroese and Greenlandic
mutton instead of pCi kg-1
(tables C.3.4.1. and C.3.4.2.) of Faroese mutton were 79 pCi

. The radioecological sensitivities

13705 (g ™t v (v 205 pci 37cs kg™ y) per mci 137cs km~2
and 31 pci 0sr (g ca)l y (v 3.1 pci Osr kg7t y) per mci POsr
-2

km “. The corresponding values for Greenland mutton were 135
(v 355) and 53 (v 5.3), respectively. Although the radio-
ecological sensitivities were apparently higher in Greenland
than in the Faroes, the difference may not be significant
because the Greenland data were incomplete. Table C.3.4.3.
presents an estimate of the radioecological sensitivities of
90Sr in sheep bone. It appears that in this case the Faroes and

Greenland showed the same transfer factors, as also expected
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from the above-mentioned anova. The total infinite exposure
integrals of Faroese mutton from fallout from nuclear weapons

testing were 50 nCi 137¢s kq-l y and 0.5 nCi Ngy kg-l y, and
for Greenland mutton the levels were 31 nCi 137Cs kg_1 y and
0.3 nci P¥sr kg-l Y.

3.4.4. Greenland reindeer and musk ox

Since 1961 samples of reindeer meat and bone have been obtained
from Greenland. The main part of the material was collected
between Godthdb in the south and Egedesminde in the north
during the fall (August-October) and in late winter (February-
March) . The samples consisted of wild reindeer (Rangifer
tarandus groenlandicus) as well as domestic animals. Reindeer
were also purchased from the Royal Greenland Trading Company;
the exact geographic location of these samples was unknown,
but they were allocated to the south-west coast in general.
There are approximately 40 000 reindeer in Greenland and of
these approximately 3 000 are domestic animals concentrated
along the Godth&b Fjord. In 1967 approximately 7 000 animals
were slaughtered (Vi71).

The anova showed no significant local variation in the 137

Cs
and 908r concentrations of the samples. This was compatible
with similar observations for grass (2.4.1) and for lichen
(2.6.1.) from the south-west coast of Greenland. The time
variation was, however, significant (figs. 3.4.4.1 and 3.4.4.2).
From the first half of the sixties to the first half of the
seventies, both the 905r and the 137Cs levels in the meat
decreased by an order of magnitude. The variabilities among
137Cs and 1.1 for 20
higher than those observed for the fodder of reindeer (cf.
tables B.2.4.1 and B.2.6.1). The higher variabilities in the
reindeer were due to relatively high activity samples from
1967 and 1968. Individual extremes, which carried much weight
in the limited number of samples, may.thus have produced this

years were 1.6 for Sr, and thus they were

apparent differencs among the variabilities of fodder and
reindeer. In agreement with the studies of HANSON (Ha73) in
Alaska and of MIETTINEN (Mie63), PERSSON (Per70) and SWEDJEMARK
(Sw74) in Lapland, the activity levels in Greenland reindeer
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Fig. 3.4.4.1. The variation of nCi Cs kg = in
reindeer meat collected in 1962-1974 in West Greenland
(Table A.1.,3.4.2,). The bars show the concentrations
relative to the grand mean 5.8 nCi kg ! (= 1 at the
relative scale).

137

samples also showed seasonal variations. The Cs levels in

reindeer meat from the late winter and the spring were thus
approx. three times higher than in meat from the fall, while

the 905r concentrations were twice as high. As shown in the
Alaskan and Lapland studies, this agrees with the feeding habits
of reindeer, which generally eat lichen during the winter but

in summer generally feed on vegetation with a lower content

of radioactivity such as grass, sedges, herbs, mushrooms and

137

leaves from bushes. The Cs levels in Greenland were

significantly lower than the corresponding concentrations in
meat from Alaska and Lapland, which contained respectively two

137

and three times more Cs; however, in the far north of the

USSR local variations of more than a factor of three are not
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Fig. 3.4.4.2. The variation of pC sr kg~! in

reindeer meat collected in 1962-1974 in West Greenland
(Table A.1.3.4.2,). The bars show the concentrations
relative to the grand mean 45 pCi kg'1 (= 1 at the
relative scale).

n 90

unusual (Ne66). As regards 9°Sr, the Greenlandic levels in

meat as well as in bone were close to the Swedish ones, but
significantly higher than the Alaskan values, which were one
third to one half of the Greenland and Lapland concentrations.
As the arctic regions showed only minor differences with respect
to the 137Cs and 9°Sr concentrations in lichen (2.6), the
observations suggested that the local differences in the
reindeer levels depended on factors other than the radionuclide
concentration in lichens; feeding habits may thus show local
variations. NEVSTRUEVA et al. (Ne66) draw a similar conclusion

from their studies in the arctic USSR.
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The prediction models for reindeer (cf.D.3.4.4) showed that the
transfer factors for meat were 1.5 nCi 137Cs kg_l y per mCi
137¢5 kxm™? (table C.3.4.2., nos. 9 and 10) and 15 pci %sr

kg 1 y per mCi 2%r km™? (table C.3.4.1., nos. 8 and 9), or

120 pCi 90Sr (g Ca)-l y per mCi 90Sr km_2 and in bone 100 pCi
90 9sr xm™? (table C.3.4.3., no. 5).

Prediction models for the meat collected in the late winter

Sr (g Ca)-1 y per mCi

showed transfer factors approx. three and two times higher for

137Cs and 9OSr, respectively, than for meat collected in the

fall. The radioecolcgical sensitivity of reindeer to 137Cs con-
tamination was 4-5 times higher than that of Greenland sheep
(3.4.3.), which is compatible with the observations of HANSON
(Han73), who found 4-10 times more 137Cs in caribou flesh than

in Dall sheep.

The total infinite time~integral in Greenland reindeer meat

from fallout became 132 nCi 137Cs kg-l y and 0.8 nCi 9C'Sr

-1
kg Y.

The musk ox (Ovibos noschatus) lives in north-east Creenland.
By the end of the sixties there were 6 000-12 000 animals,
according to VIBE (Vi71). The musk ox is most frequently found
in the Scoresbysund Fjord district, at Kejser TFranz Joseph
Fjord, at Danmarkshavn and in Peary Land. Samples of musk ox
were obtained from north-east Greenland during 1964-1973. The
present data are the only information available on 90Sr and

137Cs levels in musk ox.

The median concentrations in musk ox meat during 1964-1973

13705 xg™! and 8 pci ?%sr kg™!, and in bone 60 pci

. The levels have shown a decreasing tendency

were 140 pCi
90Sr (g ca)”

similar to that observed for reindeer samples. The variability
137 90

1

among yvears in musk ox was 0.8 for both Cs and Sr, i.e.

close to that observed for sheep. It was evident that the

137¢s ana %°

Sr levels in musk ox were significantly lower than
those in reindeer. The potassium content of the rnusk ox meat
samples was approx. 75% of that of the reindeer samples. This
feature, together with the different feeding habits of the
animals, contributed to the relatively lower 137Cs concen-

trations in the flesh of the musk ox.
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The limited number of data and the great local variations in
precipitation, and thus in the fallout levels, between the
Scoresbysund Fjord districts and Danmarkshavn (the areas from
where the samples were obtained) make the calculation of pre-
diction models problematic. The precipitation at Scoresbysund
and on the south-west coast of Greenland is 4-5 times higher
than that in Danmarkshavn; but the low precipitation at
Danmarkshavn may yield an underestimate of the fallout at this
station if dry fallout makes significant contributions (cf.

also D.3.4.4.). The radionuclide levels in moss and lichen from
Danmarkshavn (RRG62-76) indicated that the fallout levels ray
have been a little lower than in other parts of Greenland, but
certainly not 4-5 times lower. As the best available estimate

of fallout in North-East Greenland, measurements from Kap Tobin
at Scoresbysund were therefore applied. This may be an
overestimate of the actual mean fallout for North-East Greenland,
and the transfer factors calculated may thus be too low. The
radioecological sensitivities of musk ox neat were 0.08 nCi

137Cs kg-l Yy per mCi 137Cs km.2 and 4 pCi 908r kg-l Y per rCi
sy km™? (tables C.3.4.1. and C.3.4.2.). The infinite time-
integrals until 1975, i.e. from a total deposit of 55 mCi

137¢s kxm™2 and 34 mci 2sr km™2
137¢s xg"! y and 0.14 nci %

from fallout became 4.4 nCi

Sr kg-l.

The radioecological sensitivities of musk ox meat to con-~

90 137Cs were less than for reindeer meat,

tamination by Sr and
but in the case of 90Sr the difference may not be significant
because of the uncertainty of the fallout data used for musk
ox. The difference in radioecological sensitivity between the
two animals was ascribed to the cdifferent feeding habits. Vhile
lichen is important to reindeer, musk oxen prefer grass, sedges,
leaves and twigs of small bushes, and during the winter they

eat arctic willow, but if starving they will consume anything.
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3-5. Fish
Fesken vas bleven {angel, Lr23t pas The {csh kad beem cx=mgil,
Teavel, selgl o9 tommea o5 i Xjaktoxsct tatsx t- maslel zed r+id, zad aceve
hver Pigen skax den op med eu 3teon v way or Che kolcken, wherer Che oacd
Kmiv. ) cul «f coen wilth & bag bauge.

PER STANDEAFTIGE TINSOLOAT THE STRUNKCE TIx SCLEBLER

Fish obtain radiocactive substances via two main pathways: through
absorption of the surrounding water by their gills and from

the ingestion of food, which again directly or indirectly

depends upon the radionuclide content of the water. In shallow
watexrs direct contamination froe sediments may be a third

exposure route (Lo71).

Cish are not a major component of the Danish ciet, the annual
Jmean per caput consumption oeing of the orcder of 10 kg. However,
in the Faroes and Greenland the annual per caput consumptiors
are an order of magnitude higher. Eearly all fish consumed in
the three countries are of rarine origin. Fresh water fish is
of very little importance, and enhanced 137Cs levels such as
those observed especially in fish from oligctrophic lakes in
the other Nordic countries (Ca76, Ko66) play no roie for the
137Cs intake with the Danish diet.

3.5.1. variation with time, location and species

The radiocactivity content of marine fish is expected to be
closely related to the radionuclide concentrations of sea water.
A comparison of the variabilities found in tables B.3.5.1. and
B.1.5.1. confirms this expectation. The radionuclide leveis in
fish from the Faroes and Greenland shoved a significantly
hicher variability among years (~ 0.5) than Danish fish (~ 0.3),
in accordance with the hicher variability observed in the
Atlantic ocean (+~ 9.5) than in Danish waters (~ 0.2). The Sr
and 13-’Cs concentrations in fish were highest in the first part
of the sixties (fig.3.5.1.). An anova showed that the 137Cs
concentrations in Faroese cod fish were 7 times lower than in
cod from Denmark, which inplied that the 137:3 per caput intake

from fish was nearly the same in the two countries, because

90

the Faroese per caput fish consumption was 8 times that of the
Danish.
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2 —
YEARS % # SPECIES LOCA-
* % # TIONS
¥* k¥

RELATIVE UNITS
T
{

. i |

65 70 75 Cod Flot DFG
fish tish

Fig. 3.5.1. The vartiation of pCi 137, kg'l in flesh

of cod fish (mostly cod and haddock) and flat fish
(mostly plaice and halibut) collected in Denmark, the
Faroes and Greenland in 1962-1976 (Table A.l.3.5.).
The bars show the concentrations relative to the grand
mean 36 pCi kgl (= 1 at the relative scale).

Cs-137 and 90Sr showed similar variabilities among years; the

marked internuclide difference of the variability observed for
terrestrial samples was thus absent for fish. The variability
among years was lower for fish than for terrestrial animals
because of the generally stronger dependence of the marine
fauna on the accumulated fallout; the sea acted, so to say,

as a buffer and smoothed out short-term variations from the
fallout rate.

The 9OSr concentrations in fish flesh were 1-2 orders of

magnitude lower than the 137Cs levels, i.e. similar to the
ratio observed for terrestrial meat (3.4.1. and 3.4.2.,). Fish
bone contained 90Sr concentrations that were 3 orders of
magnitude higher than those in the flesh, corresponding to the
higher content >f Ca in bone. The 9OSr concentrations in fish
flesh were thus influenced by the presence of even small

amounts of bone in the samples (D.3.5.1l.).

The anovas showed that cod fish (gadus species) had nearly
13705 than flat fish
(pleuronectes species), which may be a result of the feeding

twice as high concentrations of
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habits of the two species, the trophic levels of the cod being
higher than those of the flat fish. The few samples of
euryhaline species (eel, salmon and trout) suggested higher

137Cs as well as 90

Sr levels than in other species, in agreement
with expectations from the generally higher levels encountered
in fresh-water fish. The interspecific variability in Danish

fish species was nearly the same for 137Cs and for 9OSr.

3.5.2. Relations and prediction models

The term "concentration factor" (CF) is defined as the ratio of
the concentration of the radionuclide in an organism to the
concentration directly available from the environment of the
organisms under steady-state conditions (Lo71l). As organisms
may derive radionuclides from various sources, including food,
water and sediments, conccntration factors are not absolute;
they may be altered by biological and environmental factors.
POLIKARPOV (Po66) found that the CFs of a given radionuclide
within closely related species of marine plants and animals

do not differ significantly from each other in different seas
and oceans with different salinity (from 35% to 17%). This
finding was not fully compatible with the observations of FELDT

(Fe66) and BRYAN (Bry66), who found that the CF for °Sr and

137 . , . . . .
Cs in marine organisms showed a decrease with increasing

salinity.

The prediction models estimated for Danish, Faroese and
Greenlandic cod fish (tables ¢.3.5.1. and C.3.5.2,) and waters
(table C.1.5.1.) may be used to estimate the CF in the three
areas. As Windscale started to contaminate Danish waters from

1972-1973 (1.5), only samples from before 1972 w:re included

in the Danish models. The transfer factors for 137

137¢g kg-l y per mCi 137cs km™! in Denmark, 1.7 in

tlo Taroes and 9 in Greenland. In the case of 90Sr, Danish cod

Vsr (g ca)™t y

Cs in cod
were 20 pCi

showed a radioecological sensitivity of 0.9 pCi
(or 0.09 pCi 90Sr kg-l y) per mCi 90Sr km-2 and Farcese cod
fish 0.6 or 0.06, respectively. From these data and the
corresponding fiqures for the radioecological sensitivities of
the respective waters (1.5.), the transfer factors from water

to fish were estimated at 87, 57 and 39 pCi 1375 kg-l y per
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137 1 y for Denmark, the Faroes and CGreenland,

pCi Cs 1~
90 . 90 S
respectively, and for 8r at 0.3 and 2 pCi Sr kg Y per

i 90 1 137

pC Sr 1 - y for Denmark and the Faroes. The

suggested that the CF was higher in the low salinity Danish

Cs figures

waters (16%) than in the high salinity Faroese and Greenlandic
seas (34% and 29%) in agreerent with the observations of FLELDT
(Fe66) and BRYAN (Bry66). However, for 905

90 . .
was the case. The prediction models for Sr in fish were

r, the opposite

encumbered with some uncertainty, due partly to the relatively
few data available and partly to the varying amounts of bone
in the samples. Concentration factors four wmarine fish in the
literature (Ji72) were in the range 5-244 (mean 48) for Cs and
0.1-1.5 (mean 0.43) for Sr. '

137Cs
contamination was similar to that of cod; Danish plaice seemed

The radioecological sensitivity of Greenland salmon to

to be less sensitive to radioactive contamination than Danish
cod (tables C.3.5.1. and C.3.5.2.). It was remarkable that the
radioecological sensitivity of cod was approx. 75% of that of
beef; this relatively modest difference was a result of the
slower decrease in the 137Cs levels of the marine fauna than
of the terrestrial fauna in Denmark. Although the terrestrial
137Cs levels after global contamination were thus initially
higher than the marine levels, the infinite time-integrated
levels for environmental samples from the two environments were

not much different from each other.

3.6, Various animals

Sac gik det paa Fangst! Harpunen blev Aften that came the f4ishing. The harpoon
§a4L 4 Hvalrossens Bryst, saa den was plunged in the heart o§ the walrus, 3o
dampende Blodstraale stod aom et that the steaming blood spinted up tike a
Spaingvand ovex lsen. fountain cver the ice.

PARADISETS NAVE THE GARDEN OF EDEN

3.6.1. Sea mammals

Seal and whale are important constituents of the Farocese and
Greenlandic diets. In the Faroes, 25% of the "meat and egg"”
consumed was whale (RRF62), while in Greenland seal and whale
contributed 65% (RRG62). The sampling of seal and whale (Piked
Whale and Grindhval) from Greenland and the Faroes has been
irregular; most samples were received during the first half

of the sixties.
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Fig. 3.6.1.1. Strontium-90 and '37cs in individual

samples of whale flesh from animals collected in the

Faroes and Greenland 1962-1977 (cf, Table A.1.3.6.1.).
As for other animals, the 90Sr levels in the meat were 1-2 orders
of magnitude lower than the 137Cs concentrations, which ranged
1

between approx. 10 and 100 pCi kg ~. Although whales tended tc
show higher concentrations than seals, the differenc= between
the two animals was not significant. The concentrations showed

a decreasing time trend (figs.3.6.1.1. and 3.6.1.2.). The levels
were thus approx. 5-10 times higher at the beginning of the
sixties than 10 years later. The variabilities among years were
relatively high, but as discussed in table B.3.6.1. this was
probably the result of an artifact. Two samples of whale meat
from 1970 and 1972, respectively, showed exceptionally high
levels (1700 and 570 pCi 137¢cs kg-l). Had the source of these
enhanced levels been Windscale, some 134
expected together with the 137Cs (Ku78), but the samples were

free of 134Cs; the origin of the high levels was thus unknown,

Cs could have been
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Fig. 3.6.1.2. Strontium-90 and 3’cs in individual
samples o> seal flesh from Greenland collected in
1962~1977 (cf. Table A.1.3.6.1.).

Prediction models were estimated for Greenlandic seal meat
collected in 1963-1968. The radioecological sensitivities became

0.3 pCi Vg kg-l y per mCi Osr km~2 (table C.3.6.1.) and 5
(table C.3.6.2.). In the

pCi 137¢¢ kg_1 y per mCi 13705 xm™2
case of whales, the predicticr models were calculated for the

Greenlandic as well as for the Faroese environment, because

the radionuclide content of these animals does not necessarily

originate from the area where they were caught. The radiocoecol -
ogical sensitivities were 5 pCi 137 kg"1 y per mCi 13705 xm~2

90S 90 1

in the Faroes and 15 in Greenland, and for Sr kg~

y per mCi 0g, km™ 2

r: 0,3 pCi
and 0.8, respectively.
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3.6.2. Birds and eqqgs
In Greenland and the Faroes 20-25% of the "meat and eggs”

consured originate from birds and eggs (RRF62, RRG62), cor-
responding to approx. 9 kg per capita per year. In Denmark, the
annual egg consumption was approx. ll1 kg per capita. The birds
and eggs consumed in the Faroes and Greenland are derived to

a considerable extent from sea-birds. In Dermark, avian food

products are mostly derived from poultry.

90 137

The
and 3.6.2.2.) from Denmark decreased by an order of magnitude
from 1963-1964 to 1974-1975. The variability of the radio-

nuclide concentrations among years (table B.3.6.1.) was approx.

Sr and Cs concentrations in hens' eggs (figs.3.6.2.1

1.3, which was comparable with the variabilities observed for
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rig, J.6:2:1. Strontium-90 in Danish and Paroese hens'

e9gs (minus the shell) collected in 1962-197¢ (Table
A.1.3.6,2.).
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Fig. 3.6.2.2. Cesium-137 in Danish and Farcese hens'
eggs (minus the shell) collected in 1963~1977 (Table
A.1.3.6.2,).

137 137

Cs in milk (3.2.1.) and meat (3.4.1.). The
90

Cs levels in
eggs were approx. 3 times the Sr levels. The difference
between the concentrations of the two nuclides was thus far
less pronounced than in the case of meat and fish. Two samples
of chicken meat and chicken pluck from 1972 showed a 137CS con-
centration 3-4 times higher than that of eggs; this suggested

a discrimination against 137Cs in hens' eggs. In the Faroes,

the 9OSr and 137Cs concentrations in hens' eggs were similar to
those observed in Denmark, because some of the chicken feed

{(grain) used in the Faroes originates from Denmark.

Samples of sea-birds from the Faroes (Fulmar (Fulmarus glacialis),
Guillemot (Uria aalge), Puffin (Fratercula arctica) and
Razorbill (Alca torda)) and from Greenland (Brimnich's
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Guillemot (Uria lomvia), Black Guillemot (Cepphus grylle) and
Eider (Somateria mollissima)) showed 137CS and 9OSr concen=-
trations similar to those in fish and seals (fig.3.6.2.3.).
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Pig, 3.6.2,3. Strontium-90 and 137c| in flesh of

Faroese and Greenlandic sea-birds (cf. Table
A.1.3.6.2.), collected in 1962-1976.

The prediction models for Danish hens' eggs showed transfer
factors of 1.3 pCi WPy kg'1 y per mCi sy km™? (table C.3.6.1.)
and 1.8 pci 37cs xg™! y per mci 137cs xm™2 (table C.3.6.2.).
Whereas the radioecological sensitivity to 908r was thus close

to that observed for beef and pork, the sensitivity to 137Cs

was approximately 20 times lower. Hens' eggs are thus an animal

product with a low sensitivity to radioactive contamination

by 137Cs.
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As the material relating to sea-birds was sparse, the data from
Greenland and the Faroes were combined by the VAR-3 procedure
(cf£.B.3.) before the prediction models for the two areas were
calculated. The radioecological sensitivity in North Atlantic
sea-birds to 1>7Cs contamination was estimated at 3.5 pCi 137cs
kg'l 13705 km™2 (table 3.6.2. Nos. 8 and 9), i.e.
similar to the sensitivities observed for fish (3.5.2.) and
marine mammals.

y per mCi
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rig. 3.6.,2.4. Strontium~90 in the bones of marine
masmals, birds and fish collected in the Faroces and
Greenland in 1962-1976.

9°Sr contents of the bones of marine animals from the

The
Faroes and Greenland (cf. £ig.3.6.2.4.) were similar as regards
locations and species; but a decreasing trend with time was
evident - in the first half of the sixties the levels were
about 0.1-1 pCi 9OSr (g Ca)-1 and by the middle of the

Vg, (g ca)~l,

seventies they had decreased to 0.05-0.5 pCi
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3.7. Conclusions

3.7.1. General
Both the origin and the composition of cattle fodder influence

the radiocactive contamination of cows' milk. 2 high proportion
137

Cs levels in Danish milk than
908r

of grass results in higher
those observed in milk from cows on a root diet, but the
milk levels are less sensitive to the composition of the fodder.
In the Faroes the high indirect contamination of the fodder by
137Cs enhances the 137Cs concentrations in the milk. The
terrestrial animals used for human consumption are in general
herbivores, hence the radicactivity levels in meat are related
to the concentrations founc in the vegetation making up the
animals' fodder. The extreme levels found in lichen are thus
reflected in reindeer meat. Salt-water fish and marine mammals
contain in general lower radioactivity levels than terrestrial
animals; however, as the radionuclide concentrations in the

sea are related to the accumulated deposit rather than to the
fallout rate, the infinite time-integrated levels in marine
animals are not entirely negligible. Apart from milk, animal
products are in general low in 9°Sr, whereas £ish and meat as

137

well as milk are important Cs donors to the human diet.

3.7.2. Danish milk

The variabilities among years o
137

90 _
f Sr (CVp years = 0.7) and of

Cs (CVp years = 1.5) in Danish milk were within the ranges

of those observed for grain and vegetables. Vithin years, the
908r milk levels were nearly constant from month to month,
while the 137Cs concentrations were 2-3 times higher in the
summer months than in midwinter. This resulted from the change

in the composition of fodder during the year, which influenced

the 137Cs/gosr ratio of the cattle feed. The local variability
137 _ 90

was higher for Cs (CVp locations — 0.35) than for Sr

{ggp lgsations = 0.25). Milk from Lolland-Falster showed a lower

Cs/” "Sr ratio than milk from West Jutland, because the
fodder from Lolland-Falster contained relatively high amounts

of refuse from sugar beet factories, and this material was

137

lower in Cs/QOSr than, e.g., grass,
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On the average, Danish milk products cortained 1l1% higher
%0 d 137Cs than the milk consumed in
Denmark. However, in recent years the increasing consumption

concentrations of Sr an

of milk from Jutland in east Denmark has reduced the difference.

The radioecological sensitivities of Danish milk were 3.3 pCi

g, (g ca)~l y (or 4 pCi %0 Osr km™? and
137Cs

3.4 pCi 7Cs (g K)-l y (or 5.5 pCi 137Cs 1" y) per mCi

km . The sensitivities of milk from Jutland were 1.3 and 1.5

sr 17! y) per mCi
1

times higher than those of milk from the Islands with respect

137

to contamination by Sr and Cs, respectively.

Of the 90Sr intake with fodder, the Danish cows secreted 0.2%
17! milk and of 137cs 0.7% 17}. The "cbserved ratio” of Osr

(g ca)”! in milk and fodder was in the range 0.09 - 0.15.

89

The radioecological sensitivity of Danish milk to Sr con-~

tamination was 13% of that of 90Sr. The total infinite time-

integrated 89$r level in milk contaminated by fallout from the

1961-1962 test series was 80% of that of QOSr.
The transfer factor of 131I from deposition to milk was 0.6 pCi
131 371 y per mci Y311 xm™2. The transfer factor from grass

131 1 131 1

to milk was 0.01 pCi I 17 per pCi I kg =~ dry weight (20%
dry matter in grass). Danish milk showed a relatively low
sensitivity to contamination with 1311 because of the high
productivity of the pastures, and also because of the use of
relatively large amounts of supplementary fodder, which is
ggien stored food that is free of short-lived nuclides such as
I

3.7.3. FParoese milk

Contrary to Dar .sh milk, the variability among years o
137

£ 90Sr

and Cs in the Faroes was nearly identical for the two

miclides (Cvp years = 0.7), indicating that indirect con-

tamination was of equal importance for the two nuclides. Faroese

milk did not show any marked seasonal variations for 137Cs such

as was the case for Danish milk. The local variability was more

pronounced for 137Cs (cv = 0.3) than for 9°Sr

p locations
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= 0.05). Milk from Tverd thus contained 1.8

(cv
p locatiggs 90

times more Cs than milk from Thorshavn, while the

were nearly the same.

Sr levels

The radioecological sensitivities of Faroese milk were 9 pCi

30 "l y (or 10 pci Psr 17t y) per mCi 20Sr km~2 and
-1 . 137 -1 . 137

35 pCi Cs (g9 K) y (or 60 pCi Cs 1 Y) per mCi Cs

km ¢. These sensitivities were 2.6 and 10 times higher,

respectively, than the corresponding sensitivities of Danish

milk. Taking the higher deposition in the Faroes into account,

90

Faroese milk contains nearly 6 times more Sr and 20 times

more 137Cs than Danish milk. The radioecological sensitivities
of Faroese grass suggested that imported fodder reduced the
levels in Faroese milk compared to those expected for a pure

Faroese grass diet.

3.7.4. Meat from terrestrial animals

The variability among years of 137Cs in Danish beef (CVp year =
1.2) was similar to that of milk, and this was also the case
for 905r (Cv = 0.6). The radioecological sensitivity of

p Ye - -
beef was 27 pCi i§7Cs kg 1 y per mCi 137Cs km 2, or beef was 5
137

times more sensitive than milk to contamination with Cs. In
the case of 9OSr in beef, the radioecological sensitivity was 20

times lower than that of 137Cs. Caesium-137 in pork showed a

p years = 1.6) than beef, but
within the years the variability in pork was lower because of

higher variability among years (CV

a more constant seasonal composition of the fodder. The radio-

ecological sensitivity of Canish pork was 34 pci 137cs kg"1 y
per mci 137¢cs xkm™2

lower.

, and for 9OSr the sensitivity was 40 times

Faroese and Greenlandic mutton showed similar variabilities of

137 =
Cs among years (CVp years = 0.9). The radioecological

sensitivity of Faroese and Greenlandic mutton was estimated
at 0.3 nci 7cs kg-1 y per mCi 13705 xm™2, i.e. an order of
magnitude higher than that of Danish meat. As compared with
Faroese milk, Faroese mutton showed a 3 times higher sensitivity
to 137Cs contamination. With respect to 90Sr, the sensitivity

of mutton was 4 pCi 0g, lr.g.1 y per mCi NVgy km'z, or 75

times lower than that of 137Cs.
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137Cs and 908: in reindeer meat

The variabilities among years of
were in the range 1.6 to 1.0, which was higher than the
variability of lichen (0.3-0.4), suqgesting that lichen was
not a dominating constituent of reindeer fodder in Greenland.
Reindeer meat from the spring and late winter contained 2-3
times more 905: and 137Cs than autumn samples. The radio-
ecological sensitivities of Greenland reindeer meat were 1.5
nci }3c¢s kg'1 137¢s xm™2 and 15 pCs %sr kg°1 y per
mci 2%Sr km2, and of reindeer bone 100 pCi Xsr (g ca)! y
(or 37 nCi Psr kg1 y) per mci ¥sr xm™2. Reindeer showed the
highest radioecological sensitivity of the animal samples in

this study.

y per mCi

The radioecological sensitivity of musk ox meat from East
Greenland was estimated at 0.08 nCi >’Cs kg y per mCi 13704
km~2 and 4 pCi WOgyr kg-l y per mCi 05y xm™2, which was 20 and
4 times lower, respectively, than the corresponding sensiti-

vities for reindeer.

3.7.5. Fish
The variabilities among years of 90Sr and

137Cs in fish were

similar, and they were lower in Denmark (CVp years = 0.3) than

in the Faroes and Greenland (CVp years = 0.5), in agreement
with the variabilities abserved for sea water from these

locations.

The radioecological sensitivity of cod from Danish waters was
20 oCi 137 kg-l Yy per mCi B7¢s ¥m~2, the corresvonding
sensitivities in Faroese and Greenlandic codfish were 2 and 9,
respectively. The transfer factors from sea water to fish flesh
were 90, 60 and 40 pCi 137 kg-l y per pCi 13704 1-1 y for
Danish, Faroese and Greenlandic codfish, respectively,
suggesting that the transfer of 137Cs was relatively higher in
low salinijity water than in high. Due to its dependence upon
the accumuiated 137Cs in the sea, the radiocecological
sensitivity of Danish cod was as high as 75% of that of Danish
beef. The radioecological sensitivities of fish to %
tamination were in general 1-2 orders of magnitude less than

those of 137C

Sr con-

s, in agreement with the observations for
terrestrial animals.
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3.7.6. Various animals

The radioecological sensitivities of marine mammals (seals and
wvhales) from Greenlandic and Farocese waters were in the range
of 5-15 pci 7cs kg ! y per mci 27cs tm™? and 0.3 - 0.8 pci
Wer kg1 Yy per mCi Yer m~2, which was similar to the
sensitivities of fish and sea-birds from these areas.

Hens' eggs from Denmark showed nearly the same varjiability

90 137 .
among years for Sr and Cs (Cv = 1.3), which
P Y13%

corresponded to the variabilities of Cs in milk and meat.
90 137
Cs

Faroese eggs contained concentrations of Sr and
similar to the Danish. The radioecological sensitivity of Damish
eggs was 1.3 pCi Sr kg y per mci Psr ™2, i.e. similar
to that of Danish meat, but in the case of 1376‘3 the sensitivity
of eggs was 20 times lower than that of meat, namely 1.8 pCi

137(:3 kq-l 137 -2

Y per mCi Cs km ",
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4, MAN - TOTAL DIET AND HUMAN TISSUES

4,1. Introduction

Man is by definition the last link in the human food chain. In
health physics man is considered the critical organism and dose
limits are established with a view to protect individuals,
their progeny and mankind as a whole (Ic¢77). If man in his
natural environment is not at risk from a radiclogical point of
view, it may be anticipated :hat populations of other organisms
in the same environment are also protected against radiatiocn

hazards.

In the preceding chapters emphasis has been laid on the two

radionuclides whose use of the food chain is of foremost

90Sr and 137Cs. Radio-

importance as a pathway to man, namely
strontium concentrates in calcified tissues, i.e. in human bone
and teeth, while radiocaesium accompanies potassium and thus
occurs in soft tissue. Wholebody counting makes possible the

137

in vivo assessment of the Cs content in humans, because

137¢s - 13784 are detectable by Nal scintillation counting,

90

being y-emitters. In the case of Sr it is impossible to

determine the radionuclide content with reasonable accuracy by
means of an in vivo measurement, because both 9OSr -90Y are B
emitter , Only if there is substantial contamination is an
assessment possible by means of a bremsstrahlung measurement of
90Y (E max = 2,3 MeV) (Be6d4a). Radiostrontium in man must thus
be determined either by means of autopsy samples of bone tissue
or by the analysis of tooth samples. Excreta and urine (Cz63)
may be used for an indirect evaluation of the 90Sr content of
the human body. Other methods have been proposed, e.g., analysis
of human hair (Ho63). Such methods have, however, not been
applied to any large extent because of difficulties in

interpreting the results,

¢ 90 137

As the concentrations o Sr and Cs in human tissue are
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closely related to the diet levels, the study of the con-
centrations of these radionuclides in the total human diet is
warranted. Although some items of food are more important than
others as radionuclide donors to the diet, the relative con-
tributions from the various diet components show considerable
variations in time (X). In studies of the Danish total diet it
was thus considered appropriate to include all ingredients, even
those normally considered insignificant as donors of fallout
radionuclides.

4.2. Total diet

Men det Allerkonmstigste vanr deog, at But the cumningest arnangement of all was
naar man holdt Fingeren ind i Dampen that, 4§ you held youn fingen in the steam
§ra Gayden, saa kunde mon strax lugte, from Ugc pet, you could at once smell whuat
hvad Mad der blev lavet & hver Skonrsteen, was beding cooked on every fine in the town.
dex vax & Byen. THE SWINEHERD
SVINEDRENGEN
N 90 137

Comprehensive long-term studies of Sr - and later of Cs -

in the total human diet have been carried out since the end of
the fifties in the UK (Br58, Ag59), the USA (Ku58, Has60), West
Germany (De70), Japan (Na63) and in Denmark (RRD60). The UK
studies were discontinued in 1965 (Ag66) and replaced by milk

90

analysis because the Sr milk concentrations in the UK seemed

to be closely related to the total diet levels.

Several methods have been used to estimate the radionuclide
content of the total diet. From the analysis of individual diet
constituents collected at the location of production, combined
with information on the composition of the human diet, the
total intake of the various radionuclides with the diet may be
calculated. This method has been applied in studies of the
Danish, Faroese and Greenlandic diet. The diet components may,
however, also be collected at the location of consumption and
pooled into one sample before analysis. The two methods are not
necessarily identical. In Danish studies (¢f.A.l.), milk has
thus been represented by dried milk from seven factories and

by fresh milk from 48 towns. In the case of grain products,

the radionuclide levels found, using the first method, were
calculated from grain samples collected at 10 experimental
farms, while in the last method bread purchased in 48 towns was



uscd. Also the samples of potatoes and some other vegetables,

of fruit, meat, fish and eggs originated from different sampling
locations and sampling periods in the two methods. Finally,
direct sampling of meals from private households or institutions
may be used. This method was occasionally applied in the present
studies (RRD60, RRD62, RRD64, RRD65).

The composition of the diet may be estimated from statistical
information on the consumption of fc-ds (Da57-77), or from
interviews concerning food habits in selected population groups
(Da68). The composition of the Danish total diet was estimated
from a combination of these methods by HOFF JPURGENSEN (RRD62) in
1962. The food habits of a population change with time, however,
especially during periods with rapid changes in the socio-
economic structure of society. For clarity, the composition of
the original diet has been kept unchanged in this study. In
table D.4.2.1., however, the 1962 diet is compared with a 1975

137Cs in

diet estimate, and the 1976 concentrations of 90Sr and
the various diet components were used as an example of the
differences between the compositions of the two diets. The
composition of the 1962 diet seemed to underestimate the 137Cs
ievels in 1976, because the consumption of meat and fish has
increased since 1962. Nevertheless, as the potassium intake has

also increased, the 137

Cs/K guotient was nearly unchanged in
the two diets. Bread consumption has decreased since 1962 while
the consumption of milk has increased. This resulted in a net
decrease of Ca and stable Sr in the total diet. The Sr/Ca
quotient had consequently decreased only a little from the 1962
to the 1975 diet. The variations in the composition of the diet
thus played only a minor role with respect to the gosr/Ca and
137Cs/K ratios, but the total intake of 137:5 may have been
underestimated by 10-20% in recent years. Prediction models for

future levels should therefore be based on the 90Sr/Ca and

137Cs/K ratios rather than on the total intakes of the two

radionuclides.

4,2.1. Variation with time and location
£ 137

Cs with time in the Danish total diet was
905, (cf. tables B.4.2.1 and B.4.2.2).

As appears from figs. 4.2.1.1. and 4.2.1.2, the maximum con=

The variability o

twice as high as that of
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Pig. 4.2.1.1. Strontium-90 in the Danish total diet
("Diet C" cf. Table A.1.4.2.) collecied in West Jutland
and in Lolland-Falster in 1962-1976; the two areas of

the country represented the maximum and the minimum

mean values, respectively, for the period of observation.

centrations in the Danish total diet occurred in 1963-1964,.

Since then the 90Sr levels have decreased by a factor of 10-15,

while the 137Cs levels have decreased 25-30 times., The higher

time variability of 137cs (1.29) than of 2Osr (0.60) in the
period 1962-1974 was due to the dominating dependence of 137Cs
on direct fallout for most of the important 137Cs donors to the
diet. The time variability of 137Cs and 9OSr in milk was 1.5
and 0.7, respectively, (1962-1976), and in rye bread the
corresponding figures were 1.56 and 0.72 (1962-1974). In fish,
the time variability of 3'Cs was 0.26 (1963-1973). It was thus
evident that fish contributed to a reduction of the time

variability of 137Cs in the diet. In the case of 905r, the low
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Pig. 4.2.1.2. Cesium-137 in the Danish total diet
{"Diet C", cf. Table A.i.4.2.) collected in West Jutland
and in Lolland-Palster in 1963-1976.

variability among years in vegetables (table B.2.5.3.) lowered
the variability of the total diet.

The local variation followed the general pattern observed for

905r and 137Cs

the various components of the Danish diet; the
levels in Jutland were higher (1.3 times) than the concen-
trations in the diet from the Islands. In the case of 90Sr,
the concentrations in West Jutland were the highest, while
those in Lolland-Falster were che lowest (fig.4.2.1.1). In the
137Cs, the local pattesn changed with time (fig.
4.2.1,2), i.e. the interaction between location and years was
significant (table B.4.2.2.). The local variability was 0.16
for 137cs and 0.13 for 0sr during 1962-1966. In 1973-1976 it

had decreased to 0.12 and 0.10, respectively (table B.4.2.3),

case of
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because the transfer of food (e.g. milk) between the various
areas of the country had increased. Milk products werce mainly
responsible for the local variability of 13705 in the total

diet, but meat was also of importance (cf. tables B.3.2.1. and
B.3.4.1). The local variabilities of °sSr and 137Cs in the

total diet were lower than the corresponding variabilities for
fresh milk (cvp (locations Sr) =0.22, Cvp (locations Cs) 0.27),
and higher than of white bread (CVp (locations Sr) = 0.04,
CVp (locations Cs) = 0.06), but similar to those of rgg bread
(cf. table B.2.3.1). The local variabilities of both Sr and
137Cs were also close to that observed for fallout (mCi 90Sr
xm~2), which displayed a local variability of 0.16 for the
state experimental farms during 1962-1974. This was, however,
fortuitous as the fallout levels were not the only source of

local variation.

4,2.2. Relations and prediction models

As milk is an important constituent of the diet, and plays a

special role as a donor of fallout radionuclides such as 90Sr
137

and C

levels to the milk concentrations of these nuclides. Anovas of

the pCi 90Sr (g Ca)-1 diet/pCi 90Sr (g Ca)-l milk ratios {table

B.4.2,5) showed a highly significant variation among years

(1962-1976) and among the 8 zones. Similar results were obtained

by an anova of the corresponding pCi 137Cs (g K)-l ratios

(table B.4.2.6). The mean 908r ratio between diet and milk was

1.44 during 1962-1976, and for 137Cs the corresponding ratio

s, it has been common practice (Un58-77) to relate diet

was 1,57. The anovas furthermore showed highly significant
interactions between years and locations. It was thus evident
that the approach used in the UK of estimating dietary 9°Sr
levels from milk levels (Ag66) would be inappropriate under
Danish circumstances, mainly because milk is less important
as a 05y donor in the Danish diet than it is in the UK.

As bread and milk contributed 70-90% (X) of the 905r in the

Danish total giet, it was obvious to consider the diet/milk +
bread 1atio; however, also this ratio varied significantly with
time (1962-1972) as well as with location. There was thus no
simple substitute for a sampling of the total diet.
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Fig. 4.2.2. Predicted and observed Usr levels in the
Danish total diet. The dotted curve represents the pre-
dicted values for "Diet C" (cf. Table A.l.4.2.) according

to Table C.4.2.1. No. 1, and the circles are the corre-
sponding observed values (r = (0.9924%**%), The unbroken curve
represents the predicted values for "Diet P” (cf. Table
C.4.2.1, No. 7), and the triangles the corresponding
observed values (r = 0.9883%%¢),

Prediction models were calculated for total diet samples
(D.4.2.3) ("consumption data”") (tables C.4.2.1 and C.4.2.2) and
from the data obtained based on single component measurements
(RRD59-76) ("production data"). In the following, the two

types of sample are called "Diet C" and "biet P". In fig. 4.2.2.
the two diet. types are compared with each other and with their
respective prediction models. The agreement was generally

NVsr in the

* Yy per mCi 90Sr

satisfactory. The radioecological sensitivity for
total Danish diet (unit: pci °sr (g ca)™!
km-z), according to the models used in fig.4.2.2., was 6.0 for
"Diet C” and 5.0 for "Diet P" (tables C.4.2.1 Nos. 1 and 7).
If equations Nos, 2 and 8 in table C.4.2.1. were used, the
sensitivities became 4.3 and 5.0, respectively. The mean of
these estimates was 5.1 *+ 0.33 (1 SE); the radioecological
sensitivity for the diet in Jutland was not significantly
different from that in Zealand; both were close to the country

mean. This was not surprising, although Jutland milk showed
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approx. l.3 times higher sensitivity than Islands milk (C.3.2.1},

30

because bread, which was the most important Sr donor, showed

only minor local variations (2.3.1.).

The radioecological sensitivity of 137Cs in the Danish total

diet (unit: pci 37cs (g B Y - y per mci 137cs km7?) was 4.2
(table C.4.2.2, Nos. 1 and 8) for both "Diet C" and "Diet P".
Equation 6 in table C.4.2.2. gave a sensitivity of 4.7 for

"Diet P". The mean of the three estimates was 4.4 + 0.15 (1 SE);

in the case of 137Cs the radioecological sensitivity was 1.08

times higher in Jutland than in the Islands. This difference

90

from Sr was not unexpected as milk (and thus presumably also

beef) showed a higher sensitivity in Jutland than in the
Islands, and also because bread was less important as a 137Cs
donor than milk and meat (X).

A comparison between the radioecological sensitivities of 90Sr

and 137

Cs required a normalisation of the sensitivities to, e.qg.,
pci (caput)-l. According to table D.4.2.1., the annual per

caput intakes were 623 g Ca and 1281 g K (1962 diet composition);
hence the sensitivities became 3.2 nCi 90Sr per caput per mCi
sy km™ and 5.6 nci 137cs per caput per mCi 13705 km™2.

The total diet was thus 1.75 times more sensitive to ccn-
tamination with 137Cs than with “°Si. As the total 2°Sr deposited
in Denmark was 73 mCi km >, and the total 1>/Cs was 117 mCi km 2,
the infinite exposure integrals to the Danish population became
234 nCi 9OSr per caput and 655 nCi 137
intake with diet of 137

times that of s

Cs per caput, i.e. the
Cs from nuclear weapons fallout was 2.8
r.

Table 4.2.2., lists the contributions from the various diet
components to the radioecological sensitivity of total diet.

It appears that the sums of the individual contributions are
close to those estimated for the total diet. It should be noted
that coffee and tea were not included in table 4.2.2., which
means that the sums should probably have been a few per cent
higher (2.5.4.). UNSCEAR (Un77) has also estimated the con-
tributions from the various diet components to the tctal intake
of 908r and 137Cs in Denmark, as shown in table D.4.2.2. The
UNSCEAR estimate was in general agreement yith the present one.
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Table 4.2.2. Contributions from the individual diet components to the radiocecological
sersitivity of the Danish total diet.

Component nct Y%z cap™!  net 137, (cap)™!  References to the
per o1 %%y xa? per mci 137cs xm"? prudiction equatioms
Milk and cheese!’  0_g9 0.94 Tables C.3.2.1 and C.3.2.2
Rye bread 0.91 1.50 Table C.2.3.1 Noa. 1 and 4
White bread o.zq} 1.25 0.59 2.18 Table C.2.3.1 Nos. 2, ) and S
Grits (oats) 0.10 0.09 Table C.2.3.1 Nos. 10 and 11
Potatoes 0.19 W 0.28 ) Table C.2.5.1 Nos. 8, 9 and 10
Table €.2.5.3 Noa. 5. & and 7
Leaf vegetables?'  0.15 0.03 Table C.2.5.1 Mos. 1, 2, 3 and 4
Table C.2.5.3 Nos. 1 amd 2
Table C.2.5.5 Nos. 1 and 6
Root vegetablesd  0.12 ) o.m 0.01 } o0.5¢ Table C.2.5.1 Mos. S, & amd 7
Table C.2.5.3 Nos. 3 and 4
Table C.2.5.5 Mos. 4 and 9
Peas and beans? 0.05 0.0¢ |- Table C.2.5.5Mos. 2, 3, 7 and 8
rruie® 0.26 0.18 J Table C.2.5.1 Wo. 13
: Table C.2.5.) ¥os. 10 and 11
Table C.2.5.5 Bos. S amnd 10
Pork 0.03 | 1.26 | Table C.3.4.1 Nos. 3 and 4
Table C.3.4.2 Nos. 3 amnd 4
Beet 0.02 ) 0.06 0.50 ) 1.78 Table C.3.4.1 Nos. 1 and 2
Table C.3.4.2 Nos. 1 and 2
Eggs 0.01 0.02 Table C.3.6.1 Nos. S and 6
- - Table C.3.6.2 Wos. 6 and 7
Pish® 0.01 0.14 Table C.3.5.1 Nns. 1, 2 and S
Table C.3.5.2 Mos. 1 and S
Water 0.00 0.00 Table C.1.4.1 Nos. 7 and 8
; 2.98 5.58

The annual per caput amounts were taken from Table D.4.2.1. (1962 diet composition):

1) The transfer factors for milk products were taken from 3.2.2. assuming that 1 kg
milk contained 1.2 g Ca and 1.6 g X and 1 kg cheese contained 3.5 g Ca and 1.2 g K,

2) 96% white cabbage, 4% kale.

3) 50% carrots, 50% onions.

4) 95% peas, 5% beans.

S) 60% apples, 40% soft fruit (strawberry), imported fruit was considered as Danish
sofe fruit. '

6) S50% cod and S50% plaice, and 1 kg fish contained 1 g Ca (as residu.! bone).

4,2,3. Stable strontium in the Danish diet
The total diet contains stable strontium, which originates

essentially from four sources: foods of terrestrial origin
receive Sr from the soil taken up by the roots of vegetation;
marine animals accumulate stable Sr from sea water; drinking
water (1.4.4.) contains Sr as a result of the contact of water
with soil and mineral deposits (ground water), but it may also
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receive some stable Sr from the influx of sea water; and
finally the creta praeparata added to Danish flour contains
stable Sr of mineral origin.

Stable Sr in the diet was studied in order to estimate the
relative contributions from indirect contamination (root uptake)
of 90Sr in the various diet groups. In this case, only the
first source of stable Sr mentioned above need be considered.
Hence, instead of an annual intake of 1083 mg Sr (cf. table
D.4.2.1.), the intake became 243 mg Sr y-l (coffee, tea, beer
and wine were not included as drinks). The relative contri-
butions to this total stable Sr intake were 34% from milk
products, 27% from grain products, 34% from vegetables and
fruit, and 5% from meat and eggs. From the prediction models
referred to in table 4.2.2., the contributions to the radio-
ecological sensitivities from the 905: accumulated in the

soil, i.e. from indirect contamination, may be estimated.
According to this calculation, milk products contributed 27X%

of the overall radioecological sensitivity resulting from
indirect contamination of the total diet, grain products 32%
vegetables and fruit 39% and meat and eggs 2%. These figures
were correlated with those stated above for stable Sr (r =
0.9313*), and this supported confidence in the prediction
models. It may be noticed that in the case of a wholly indirect

90

contamination, i.e. in the absence of Sr in the atmosphere,

grain products were no longer the most important contributor
90
of

sources.

Sr to the diet; vegetables and fruit then became the main

The studies of stable strontium may also be used to estimate
the discrimination against Sr as compared to calcium when
passing from one step in the food chain to arnother, e.g. from
soil to total diet. As long as direct contamination occurs, the

i Vg, (g Ca)-l

not valid as an estimate for this discrimination. According to

observed ratios between pC in diet and soil are
table D.4.2.1. and the above assumptions, where creta praeparata,
fish and drinks were excluded, the annual calcium intake with

the total diet was reduced to 334 g. Hence the stable Sr level

in a diet that contained only Sr and Ca originating from root

uptake became 0.73 mg Sr (g ca)™l. The stable Sr-to-Ca ratio
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was determined in cultivated soils from the Danish state
experimental farms (table D.1.6.2.3.). The mean content in the
ploughing layer was 2.88 + 0.15 mg Sr (g Ca)-1 (+ 1 SE for 10
samples) . ANDERSEN (An67a) found a mean of 2.90 + 0.14 mg Sr

(g Ca)_1 in 21 Danish soils, and he found no difference between
the ratios obtained by HC1l and by ammonium-acetate extractions.
Hence the observed ratio of stable Sr/Ca between diet and soil
in Denmark was 0.73/2.9 = 0.25; Ca was thus transported four
times as easily from the soil to the diet than Sr.

90

In 1975 (RRD75) the mean concentration of Sr in the ploughing

layer (0-20 cm) at the state experimental farms was 102 + 10
pci sy kg1
(table D.1.6.2.3) was 2.7 + 0.7 g Ca kg -, i.e. the mean pCi
90

(+ 1 SE, 10 locations), the mean calcium content

Sr (g Ca)-1 ratio was 38 + 1l1. From the observed ratio of

0.25 between soil and diet, the total diet level from indirect

terrestrial contamination was estimated at 9.5 + 2.75 pCi Vg

90

(g ca)™l. The measured level was 6.4 pCi “Sr (g ca)~! and of

this 1.4 pCi was estimated to be due to direct contamination
(table C.4.2.1., No. 1), hence only 5 pCi 90Sr (g Ca)"1
originated from accumulated fallout. If we corrected this ratio

to the above Ca intake from root uptake (334 g y-l), we found

2 ;3:20 = 9.3 pCi sy (g Ca)—l. i.e. in accordance with the
90

estimate of 9.5 based on the Sr to Ca ratio in the soil. This
agreement suggested that the 905r from fallout in the ploughing
layer followed the stable Sr, i.e. the availability to the
plants of the strontium isotopes did not differ significantly.

ANDERSEN (An6é7a) has shown that discrimination against radio-
strontium relative to Ca probably does not occur during root
uptake from Danish soils. Hence the discrimination against Sr
from soil to total diet takes place in the later steps of the
food chain, e.g. from grass to milk (3.2.) and from wheat to
white bread. According to British investigations (Ag62), the
ratio of stable strontium to calcium in flour was appreciably
lower than that in bran and fine offal; on the average the
ratio in flour was 0.71 that of grain.

The stable Sr to Ca ratio was determined in total diet samples
collected in 1963-1972 in Denmark. Table B.4.2.4. shows the




- 1/4 -

anova of the three main effects. The local variation was
pronounced. The highest levels occurred in Lolland-Falster,
Zealand and Coperhagen in accordance with the high Sr/Ca ratios
in drinking water from these localities (1.4.4.). The levels

in June were approx. 20% higher than those in December, in
accordance with higher Sr/Ca ratios in vegetables in June than

later on in the season (2.5.1.).

4.2.4. Faroese total diet
In the Faroes the total diet did not consist of locally
produced foods only. Cereals, vegetables, fruit and same milk

were imported from Denmark and other countries, especially the
U.K. Hence it was not possible to obtain a figure for the
radiocecological sensitivity of the Faroese total diet in the
same wav as for the Danish diet. However, in the case of global
contamination, such as that from nuclear weapons testing, a
sensitivity may be calculated assuming that all the foods
imported to the Faroes came from Denmark and that a deposition
of 1 mCi km.2 in the Faroes corresponded to 7%55 mCi km"2 in
Denmark (1.3.1.), i.e. the Danish sensitivities were divided

by 2.08 to obtain the corresponding Faroese.

Table 4.2.4. shows the results of such a calculation. With

respect to 905r, the Faroese total diet showed a lower

908r donors

sensitivity than the Danish because the important
were derived from abroad. In the case of 137Cs, however, the
radicecological sensitivity of Faroese total diet was nearly
three times higher than that of the Danish because of the high
sensitivity of Faroese milk, potatoes and mutton to radioactive

contamination.

As the fallout rate in the Faroes was 2.08 times that in
90

Denmark, the Faroese total diet contained 1.6 times more =~ Sr

13

-
and 5.7 times more "Cs than the Danish diet, The radioecologi-

90 137

cal sensitivity of Sr and Cs in the Paroese total diet may

also be related to the congeners Ca and K; the infinite time-
integrated pCi 905: (g Ca:)-1 and pCi 137Cs (g K)-1 quotients

were respectively 2.3 and 6.2 times those of the Danish diet.
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Table $.2.4. The centridutian frem the ind 1 diet > e the radiseceleyicel
SEMBITIVILY ©f AW FErOwSe 1etvi Sivt. iUkdl CABPIBILIcE ITTTILlag o EEET IMecwesyn (00 42310

1

Cumpenant iy 1-“ ¥ CI., aCy ’.Sl (qu-l ] l.' =L n’(" teap) Syferences to prediciium
oV b por nc1 Mg el 4 por ac1 1172y mat qquations®
Ae..)_l teopr ™}
Taresse ma ik 0.8 13.¢ 1.1) 113 6.0" Table C.1.).1
Nos. i wd 2}
Banish my 1k 6.3 43.8 e.q7 1.30 b 3.10 .54 Table C.).3.2
Nos. 7. 8. %, 18, 11, 12
Danlsh cheese 1.1 $2.1 0.3 ’ e.e2
Sanish Tahle C.2.3.%
rye sread .8 6.1 0.171 106 I.l!\ Mg, ¢ md 2
Danisa
white bread 392 se.1 q.18 e.42 2 3.24 e.78 Table T.2.3.i
! Yes. 7 amd
Damish grits 13 24.1 0.3 | 2 v.ch
acroese Table C.1.5.1
potatons 0 1.% 5.2% 268 1.% Wes. 1I = 12
Danish leaf Tahle C.2.5.)
vegrtahi e .0 .2 .03 e Yos. & md ¢
Danish roet 9.0 a 4.9¢
vejezikles 1.2 2.3 e.08 L]
Danish frzit 1% 1.4 294 23 0.43
Farosse Butien 18.% 1.9 0.0¢ . .08 Tamle C.).8.1
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The differences between the two diets were enhanced due to the
lower Ca and K content of the Paroese diet.

In the case of local airborne ccntamination limited to the
Faroese environment, the imported foods would be free of con-
tamination, and the radioecological sensitivity of the Faroese
total diet would be reduced to 1.5 nCi ¢:ap.1 per ®Ci kl-z for
9°Sr. Only a minor reduction of 13703 would occur because all
the important 137Cs donors are of Parocese origin; the sensi-
tivity would in this case be 14.4 nCi cap ! per mCi 2,
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4. andic total diet

In analogy with the calculation of the radioecological
sensitivity ol the Faroese diet, this may be estimated for the
diet in Greenland (table 4.2.5.) assuming that the fallout rate
messured at Godthdb was representative for the population of
Greenland as a whole. A deposition of 1 mCi km 2 from global
long-lived fallout in Godthib corresponded to gz mCi km 2

in Denmark, and the radioecological sensitivities of Danish-
produced foods were consequently divided by 0.75 to estimate
the equivalent sensitivities in Greenland.
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In the case of 9oSr, the sensitivity of the Greenlandic total
diet was similar to that of the Danish diet; for 137Cs, the
sensitivity of the Greenlandic diet was twice as high, due to
the consumption of local, terrestriil animals such as sheep and

reindeer.
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In the case of local contamination in Greenland, the imported

foods would reduce the radioecological sensitivity of the

-1 . -2 20
Greenlandic total diet to 0.37 nCi cap per mCi km for Sr
and to 6.6 for l37Cs. The Greenlanders could thus be at lower

risk as regards 90Sr than the Danish population in a similar

situation; concerning 137Cs, the risk would be a little higher

than for the Danish population (5.6 nCi cap-1 per mCi km_z).
However, it should be recalled that diet halbits vary consider-
ably in Greenland. keindeer breeders may thus receive an order

137

of magnitude more Cs than seal hunters.

The estimated radioecological sensitivities and the measured

calcium and potassium levels in the diet suggested that the

. et , . . 90 -1 . 137 -1
infinite time-inteqrated pCi Sr (g Ca) and pCi Cs (g K)
ratios of the Greenlandic total diet were, respectivelv, 1.1
and 1.7 times the corresponding Danish values, or respectively
0.5 and 0.3 times the Farocese levels.
4,3. Human bone
Dandse skal Du! sagde han, dandse paa "Dance you shatl”, sadid the angel, "dance
dine nrede Skoe, t4{f Du bliver bleg og in youn ved shoes until . .u are cold and
kofd! til dinm Hud sRaumpen sammen som pale, untif yeur skin shaivels up €ike a skele-
en Beennads! ton's!

DE RODE SKOE THE RED SHOES

Because of the chemical affinity of 9OSr with calcium, Sr
accumulates in bone tissue. Human bone was included at an
early stage of the fallout studies. KULP and co-workers (Ku57)

905r fallout measurements of human bone

performed the first
collected in 1955 from the USA, Europe (including Denmark),
Afrina and the Far East. wuater, comprehensive long-term studies
have been carried out in the USA by the AEC, Health and Safety
Laboratory (Be76), in the UK by the British Medical Research
Council (Me73), in West Germany by the University of Kiel
(De72), and in Jepan by the National Institute of Radiological
Science (Na75). Bone programmes have also been accomplished

in Australia, Canada, Czechoslcvakia, Finland, France, Norway,

and the USSR (Un77).

In Denmark, the initial 90Sr analyses of human bone were
performed at the University of Copenhagen (Le62) in 1953. The
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samples were mostly derived from stillborn infants and children
in the Copenhagen area. Countrywide sampling of human bone

from all age groups began in 1961 (RRD6l). The programme was
initiated in co-operation with the Danish National Health

Service and carried out by Risg.

The bone samples (vertebrae) were obtained from the institutes
of forensic medicine at Copenhagen and Aarhus. Most samples
were derived from the victims of accidents and could thus

be considered to “epresent a random and unbiased sample of

the population. However, for certain age groups (infants and
old people), such samples are relatively few and for these
groups samples were mostly derived from the victims of
diseases. However, there has been no indication that such bone
samples differ with respect to 908: from the samples obtained

from accident victims (Ha58-78).

4,3,1. Variation with time, age and location

The anovas of human vertebrae showed a significant variation

with time for all age groups. The maximum occurred for stillborn

25
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Fig, 4.3,1.,1. The variation of pCi ’OSx (9 Cn)'l in Danish infant bone (0-4 years old)
collected in 1962-1976 in zones I-VI (cf, Fig. A.1.4.2.1. and Table A.l1.4.3,). The bars
show the levels relative to the grand mean 2,8 pCi (g Cal)'1 (= 1 on the relative scales).
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Fig. 4.3.1.i. The variation of pci 2VSr (g ca)”! in Danish adult bone (20-90 years

old) collected in 1960-1976 in th2 eight zones (cf, Fig. A.1.4.2.1., and Table A.1l.4.3.).
The bars show the levels relative to the grand mean 1.35 pCi (g (:n).1 (= 1 on the rela-
tive scale),

children in 1964, for infants in 1964 (fig.4.3.1.1.), for
children in 1965 and for adults in 1965-1966 (fig.4.3.1.2.).

As compared with the diet, which peaked in 1963-1964 (fig.
4,2.1.1), the delay was evident and reflected the rate of
turnover for Sr in bone, which decreases with age (Be77b). The
highest concentrations were found in bone of infants (6-12
months o0ld) and the lowest in bone of adults (> 30 years) and
newborn children. In recent years the differences among age
groups have become less pronounced due to the decreasing 9DSr
concentrations in the diet. This redvces the 908r levels in
infant bone more rapidly than in the bone of adults and newborn
children, the bone levels of the latter also being influenced
by the adult 9OSr bone levels (cf.4.3.2.). Finally, adult human
bone levels in Denmark varied significantly with location (fig.
4.3.1.2.). Jutland showed approximately 20% higher levels than
the Islands, which was compatible with observations of the diet,
that contained about 30% more 905r in Jutland than in the
Iglands.
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The variability among years (table B.4.3.3.) for the perioc
1961-1976 was approx. 0.4, and it differed only little between
the various age groups. The time variability was a little
higher for infants (CV = 0.45) than for children

p years
between 5 and 11 vears old (CV = 0,.,30), which reflected

the higner turnover rate for Sie?;sinfant bone. As expected,
the time variability of bone was somewhat lower than that of
diet (CVp years) "~ 0.6). Also as regarded local variability,
bone showed lower values (CVp locations 0.1) than diet

(CVp locations 0.14). The lesser local variability for bone
may partly result from the relocation of people during the

period of observation,

Because the bone samples consisted of vertebrae they may not

£ 9OSr in the whole

necessarily have been representative ¢
skeleton. Studies in the UK (Br6l} have shown that the Sr con-
centration in children and adolescents was nearly uniform among

9OSr concentration in

anl within the bones analyzed, thus the
the vertebrae of these age groups was essentially equal to

. that of the whole skeleton. For adults, vertebrae levels may,
however, differ from those of the tLotal skeleton because spongy
bone such as the vertebrae have a relatively more rapid

turnover rate than ivory bones such as, e.g., the femoral
diaphysis (Br70). RIVERA (Ri64) found in two human skeletons
from 1960 and 1961 that the pCi USr (g ca)™! ratio was 1.8
times higher in the vertebrae than in the entire skeleton.
During periods with increasing 90Sr levels in the diet,
vertebrae bone will generally show higher concentrations of 9OSr
than the skeleton as a whole, but with decreasing levels the

situation may reverse.

The average ratio between males and females with respect to
9OSr concentrations in bone tissue was 1,11 in adult bone; but

anovas showed no significant difference between the two sexes.

4,3.2. Relations and prediction models
The observed ratio between Sr and Ca in bone and diet (ORbone/
) has been determined by measurements of the stable Sr-tc-Ca

diet
ratios in the two types of sample. RIVERA (Ri63a) found a mean

ratio of 0.16. He analyzed samples of adult bone and of diet
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from New York, Chicago and San Francisco, and, although the
stable Sr in the three diets differed by a factor of two, he
found the same observed ratios for the three locations. The
observed ratio between Sr/Ca in Danish vertebrae and diet was
0.12 + 0.02 (1 SE, 12 samples), i.e. not significantly different
from the findings of RIVERA. Other authors (Br6l) though have
found ORbone/diet close to 0.25; it has not been clarified
whether these differences were due to artefacts or variations
in dietary and metabolic factors. It should, however, be noted
that the UK study (Bré6l) was performed on femur shafts, while
RIVERA used vertebrae. Ir. another study (Rié3b) RIVERA found
the stable Sr concentration of the vertekrae ash to be 0.79
times that of the femur shaft, which may suggest a hicher Sr/Ca
ratio in the femur than in vertebrae. The ORbone/diet seemed

to increase for the youngest age groups; in the first year of
life there thus seemed to be very little discrimination by the
infant against Sr relative to Ca, i.e. the OR was close to
unity (Coé66b).

Various prediction models for 90Sr in bone have been proposed
(Ri66) throughout the years. One of the more simple and yet
adequate models has been that developed by the Health and
Safety Laboratory (Be77b):

o0

= -mX
Bn = ch + g I D__n€ {Eg.4.3.1)
m=o
where
20 -1
Bn : pCi Sr (g Ca) in vertebrae in the year n
D 90 -1 .
n : pCi Sr (g Ca) in diet from midyear in the
vyear n-1 to midyear in the year n
90
c : short-term retention of Sr in bone
90
o : long-term retention of Sr in bone
-2 R ] 90
l-e : effective removal rate for Sr in bone

1

including radioactive decay (Ag._gq = 0.025 vy ).



~N

pCi *°sr (gCal’

-b

Fig. 4.3.2.1. Strontium-90 in adult huxan hone from
Jutland. The curve reprrsents che predicted values ac-
cording to:

90 -1 12y 99 P
xi Sr (g c"’bone(l) = 00,0160 s § Sr (g c.)d.l.'.(l)

e
90 -1 .a=0.23m
+ 0.020 .El pci “'Sr (g Ca)‘u.t {-m"® v

the circles indicate ihe observed values : 1 SE, the

nusbers in the circles the number of samples. All in-
dividuals included were at least 30 years old and all
were born before 1935.

In figs.4.3.2.1 and 4.3.2.2., Eq.4.3.1 has been applied, with
minor modifications, to the adult bone and diet data from
Jutland and the Islands, respectively.

Considering a steady state where the fallout rate, and thu:s
the diet and bone levels, has become constant, the observe:d
ratio between bone and diet became:

OR(bone/diet) steady state: ¢ + ——3— . (Ec.4.3.2.)
A=Asr-90

For adult bone, the OR according to (Eq.4.3.2.) should be equal
to that observed for mg Sr (g Ca)-l in bone and diet. The
Danish data (mean of Jutland and Islands data) gave OR = 0.16
(1 SE: 0.005), which was compatible with the above estimate
based on stable Sr (Ri63.). However, the US bcne data (Be77b)

x
gave an OR of 0.31 ), i.e. nearly twice the Danish value. UNSCEAR

*)

A recent recaiculation has given a figure of 0.10.
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Fig. 4.3.2.2. Strontium-90 in adult human bone from
the Islands. The curve represents the predicted values
according to:

90 -1 - 90 -1
pci 7% (g calpy () = 0.025 pCi VUST (g Ca)y L. (4

- -0.182m
+0.022 § pci Osr (g c-ldi‘t o ® ;
m=1

(cf., the caption to Fig. 4.3.2.1).

(Un77) has estimated the transfer factor P34 from diet to bone

at 0.12, which is reasonably close to an observed ratio of 0.16.

The turnover rate (T) of Sr in adult vertebrae was:

A

T = (l1-e" ") - 0.025 (Eq.4.3.3.)

For bone from Jutland, T = 0.18 y-l, and from the Islands,

T = 0,14 y-l, i.e. a mean of 0.16 y'l. In adult vertebrae from
New York, BEMNETT (Be77b) found a removal rate of 0.23 y-l,
while he observed 0.15 y-l for San Francisco adult data. Our
data showed that bone from the 20-29 vear-old age group dis-
played higher 90Sr concentrations than the older groups, and a
faster turnover rate in the 20-29 year-old group, as observed
in D.4.3.2., was to be expected. The Danish adult group con-
sisted of people born before 1935, and who were more than 29
years old, which implied that all members of the sample

population had been older than 19 years when 9OSr was introduced



- 184 -

into the human biosphere in 1953-1954 (cf.D.4.3.2.). The US
material, included only samples of subjects age 20 years

or older in 1954, Thus both the Danish and the US adult
materials represented adult metabolism for the entire period

of contamination.

Figure 4.3.2.3. shows the OR(new—born/adult diet) based on Danish
samples of bone and diet collected since 1963. As the foetus

(o)
receives a substantial nart of its ’OSr (and Ca) from the

skeleton of the mother (Bo72) during the last part of pregnancy,

the 30
with decreasing diet levels be relatively higher, as compared

Sr concentrations of the foetal skeleton will in veriods

with the diet levels, than during periods with increasing ciet

concentrations of 9OSr. This is because the turnover rate in

the maternal skeleton acts as a moderating factor on the foetal

90Sr concentrations. Hence the observed ratios as seen in fig.

90

4.3.2.3. increased with the decreasing Sr diet levels (cf.

fig. 4.2.1.1.).

The radioecological sensitivity of human bone to contamination
from 90Sr was estimated from the prediction rocdels shown in
table C.4.3.1; the models (Nos. 2,4,6,8,10,12 and 14) that
assumed a single exponential decay of 90Sr gave average sensi-
tivities which were only 60% of those obtained with the double
exponential decay. The transfer factor P,34 (from fallout to
adul+ bone) was calculated from 4.2.2, where P23 (from fallout
to diet) was estimated at 5.1 + 0.33 pCi 9OSr (g Ca)'1 * Yy per

mci *%sr km™%, and from figs.4.3.2.1. and 4.3.2.2, where P,
(from diet to bone) was estima:ed at 0.16 + 0.005 pCi Mg,
1

(g ca}™" + vy, hence Pyyy = 5.1 ¢ 0.16 = 0.82 # 0.06. According
to equations (13) and (14) in table C.4.3.1, P234 was 1.05 and
0.59, respectively. In UNSCEAR's latest report P234 is estimated
at 0.7 for the northern hemisphere (Un77). This estimate was

30% higher than UNSCEAR's nrevious one from 1972 (Un72). Hence
it was a matter of importance which model was used for the
predict_.on of 908r in bone. The best available estimate may be
the mean of the present three estimates: 0.82, 1.05 and 0.59,
i.e. P234 = 0.82 + 0.13 (1 SE), which is thus 20% higher than

the latest UUNSCEAR estimate.




C

020} 1
@ v

e

z

g OJONENC)

@
@
@

gool—— 1 s 40 g1oa1
65 ) 75
YEAR

Fig. 4,3.2.3. The observed ratios between pCi ’°$r

(g Ca)” " in bone from newborn Danish infants and the
corresponding adult diet from the same zone and period
as the bone. The number of ratios included in the means
from each year is shown in the circles and :1 SE is
indicated, For comparison, the curve shows the obssrved

ratios between pCi 2%sr (g ca)”! in adult vertebrae and
diet.

As regards the radioecological sensitivities of the various age
groups, it appeared that the most sensitive group was that
covering the first year of life. The sensitivity of this group
was approx. 75% higher than that of the adult group. Children
were in general more sensitive to 9OSr contamination than adults,
except newborn in‘ants whose sensitivity was similar to that

of adults.

The observed ratio (OR) between pCi °Sr (g Ca)~! in bone of
Danish newborn infants and Danish diet was 1.04/5.1 = 0.20
according to the radioecological sensitivities of the two
samples. A few samples of bone from newborn infants were ob-
tained from the Faroes during 1965-1976 (RRF62-76). The radio-
ecological sensitivity of these samples was estimated at 0.62
oci %sr (a ca)”) y ver mci %sr km™2, (table C.4.3.1 (Nos. 15
and 16) and opbone/diet was estimated from table 4.2.4 as
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0.62/5.4 = (0.12. This was lower than the Danish estimate, but
not incompatible with the observations in fic. 4.3.2.3. and with

the range 0.1 to 0.2 of OR i i
g (newborn bone/maternal diet) 7iven 1in
the literature (Be77b).

As compared to other western diets, the Danish diet is re-
latively rich in calcium due to the addition of creta oraeparata
to the flour. Creta praeparata has been added to Danish flour
since 1958 to compensate for the loss of calcium caused by the
phytic acid found in cereal products. As demonstrated by COMAR
(Co57b), phvtate would not influence the discrirination between
Sr and Ca, because the solubility of the phytates of the two
elements is nearly the same (Han60); and CARR et al. (Ca62)
demonstrated that the radiostrontium inr wholemeal wheat bread
and in milk in the human diet was approximately equally
available. In other words, the ratio between Sr and Ca in the
organism does not depend on the nresence of phytates. Hence,
the crzta praeparata in the Danish diet has undoubtedly

reduced the doses from the relatively high 0g, intake from

rye bread. However, as shown by KORNBERG (Ko59) and other
authors (Ha64, Sp67), the reduction in 90Sr uptake is not
necessarily proportional to the increase in calcium intake
because the observed ratio between kone and diet may vary with
the calcium intake.

4.4, Human teeth

Run Runde hoske, jeg f<k dem forste She could remembex me cutlinmg my {itse

Tand o9 Familicgladen heroven. Den teoth and how delighted the {amcly was
fonate Tand: Uskylds Tand, shinneade The §ital Ceoth: The tocoth of ammocenmce,
som en Lille hvid Melkedraabe, Melke- shining tike a Little white drop c§ wilk:
tanden. the milh tooth.
TAMTE TANDPINE AUNTIE TOOTWACKHE
90

The Sr concentrations in teeth are of no direct interest as
a source of internal contaminaticn of the human body. In the
present study shed deciduous teeth have been used as a
substitute for infant bone, because such bone samples have
generally been unavailable from tne Faroes and Greenland. To

sy con-

interpret the results cf the tooth measurements, the
centrations in correspondinc samples of Danish shed deciduous
teeth and infant bone have been used. The preliminary results

of the tooth studies (XI, XII) indicated that 905r in shed
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deciduous teeth may be considered as a measure of the 9OSr bone
level of the l-year-old tooth donor. This implies, among other
things, that the shed deciduous tooth has not exchanged
significant amounts of 9oSr with the environment since the
calcification of the tooth, i.e. that the turnover rate of 9oSr
in the shed deciduous tooth crown alfter formation is insignifi-
cant (D.4.4.1.).

4.4.1. Variatiorn with time, type of tooth and location

The 9°Sr concentration in deciduous teeth has shown a pronounced
variation with time. At the beginning of the fifties when the
fallout rate was negligible, the tooth levels were nearly zero
(XI). The maximum occurred in teeth from children born in 1963,

i.e. in the cohort that showed the highest bone levels as

1.5F  intont bone Deciduous 7
teeth
1.0 - —
w
=
Z
=
w
=
%
o )
(V7]
a«
0S5 | -
0.0

1-34-67-910-1213-151 C MI Ml

739, 4,8.1. e relative pci 935 (9 co)”! concentre-
tions in iafant bone (1-3 months, 4-6 months, etc.) mad
4deciduous teeth: incisors, cuspids, first and second
molars, collected in 1962-1970 in Desmesk (cf. text),
The grand mean was 4.5 pCi (g Ca)~} (= 1 in the reletive
scals) .
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l-year-old infants in 1964. Since then, the levels have been
decreasing ané deciduous teeth from children born in 1967-1969

contained approx. one third of the maximum level.

Incisors have, in general, contained less and second molars a
little more than the mean level of all types of tooth, but in
the Faroese and Greenlandic materials the differences among
types of tooth were not significant. Teeth from Jutland
contained approx. 20% higher 9OSr levels than teeth from the
Islands, which finding was in agreement with observations for
human bone (4.3.1.).The Greenlandic material contained nearly
the same levels as those found in the Danish, but the Faroese
tooth levels were significantly higher, as was expected from

the elevated 90

Sr concentrations of Farcese milk (3.3.1.). The
variability among years was the same for teeth from Denmark,

the Faroes and Greenland ’table B.4.4.2.).

4.4.2. Relations and prediction rodels

As the 90Sr tooth studies aimed to obtain an estimate of the
903: concentrations in infant bone where and when bone samples
were scarce or unavailable, mutual 90Sr measurements were
carried out on Danish infant bone and corresponding shed
deciduous teeth from 1962 to 1970. A comparison could thus be
made for this period. An anova showed significant variation
among sample types (bone of infants 1-3 months and 12-15 months

90

old contained less Sr than the other samples), as well as

among years, but no interaction between samples and years.

90Sr concentration in shad

Figure 4.4.1, snows that the
deciduous teeth of a tooth donor born in the year (i-1) cor-
responded to that found in his bone when he was around 1 year
old in year (i). If the prediction model for 4-12 month-old
infant bone (table C.4.3.1., No 3) was used to predict the tooth
levels in children born in 1952-1969, and if these predicted
values were compared with those actually observed, the corre-
lation coefficient: r = 0.884 was highly significant and the
mean ratio between the predicted and the observed values was
1.14 4+ 0.08 (1 SE), i.e., not significantly different from
unity. In a similar way one may compare the measured 4-12 month-
old infant bone levels from 1962-1976 with those predicted from
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the tooth prediction model (table C.4.4.1, No 1). In this case
r = 0_.889 was alsn highly significant and the mean ratio was
0.95 + 0.07. The ¥
may thus be used as an estimate of the bone level of the one-
year-old (4-12 month) tooth donor. This has earlier been

Sr concentrations in shed deciduous teeth

suggested (XII), but at that time there were too few parallel
tooth and bone sampies to confirm the hypothesis.

In table C.4.4.1. the radioecological sensitivities of shed
deciduous tezth have been calculated. It appears that the
sensitivity for Danish teeth was 0.89 pCi Mgy (g Ca).1 y oer
nCi 20Sr km ™2
for infant bone (4-12 month-old: 1.1 - 1.7). The reason may

be that the tooth material did not represent the later years

,» which was lower than the sensitivity estimated

(1971-1976), wken the importance of indirect contamination
from the accumulated fallout increased relative to that from
direct contamination. %“ihe relatively higher uptake of 9OSr
from the soil improved the estimate of the soil factors in the
prediction models. If the 9OSr results for tcoth and infant
bone (4-12 month-old) were pocled for the period 195i-1976,
and new prediction models (table C.4.4.1., Nos. 5 and 6) were
calculated, the radioecological sensitivities pecame identical
to those in 4-12 month-old infant bone fig.4.4.2.).

The radioecological sensitivity of Faroese deciduous teeth was
approx. 1.2 times that of Danish teeth (table C.4.4.1., Nos. 3
and 4). This indicated that Faroese milk played no dominating

905r donor to Faroese deciduous teeth as the radio-

role as a

ecological sensitavity of 9OSr in Faroese milk was 2.6 times
higher than that of Danish milk (3.2.2. and 3.3.2.). Faroese
children apparently consumed foods relatively low in 9°Sr as
compared to Faroese milk; Daaish imported milk, human milk,
Danish kread, fruit and vegetables would all lower the Faroese
infant bone levels relative to a pure Faroese milk diet (cf.
4.2.4.). As fallout in the Faroes was 2.08 times that in
Denmark, the Faroese teeth (and infant bone) contained 1.2 -
2.08 = 2.5 times the Danish levels, and the doses from 9°Sr to
Faroegse infant bone have therefore been 2.5 times the Danish

doses. This estimate was lower than the previous one (XI, XII),
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Fig. 4.8.2. Predictes and coserved *'Sr levels in Damish
infamt bone and deciducus teeth. The abscisss is the year
of death of the bene doner and the year whem “he tooth
dosor campletsd his first year. The nswber of samples in-
cleded is shown ia the circles and :1 SE is indicated.
For 19571961 the samples consisted of teeth oaly, dwri- g
1962-1970 both teeth aad boue were inclwied, and since
1971 bone only. The cuxve is the pradicted valeues accord-
ing oo Table C.8.4.1. %o. § (r » 2_.9025°%%)

which was estimated as four times the Danish levels. However.
similar to the Danish "pure tooth”™ model, the Faroese mo-lel
riay have underestimated the radioecoloaical sensitivity due to

incompletz Aata from later vears.

The tooth samples were the only environmental samples in the
nresent material that covered the pericé cf the fir % global
fallout, i.e. the beginning cf the fifties. As the measurements
of fallout and of accumulated 90Sr in *he soil were very sparse
and incomplete from these years, it was difficult to obtain
reliable prediction nodels based on data from this period. To
test the influence of the estimated fallcut data for the years
crior to 1961, the prediction model for teeth was calculated
only from the data collected after 196i. This model, however,
came very clcse to the model using all data, *hus the poten-
tially unreliable fallout d2*2 from the beqginning of the
fifties did not seem to have much irfluence on the tooth models.
From fig.4.4.2. it appears that the predicted tooth levels in
the fifties were generally higher ‘han the observed levels.
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90Sr fallout levels

This suggesits a minor overestimate of the
in this period. Earlier estimates of the fallout in the

fifties were lower than the present one; however, there were
other reasons for preferring the present estimate (cf.D.1.3.2.)

and the observations for teeth do not justify any adjustments.

4.5. The human body

Hun tog den 2ille Gerda om Livel og She put her arm round fittle Gerda and said,

sagde: "De skal ikke slagte Dig, "They shan't kil you unless 1 get angry with you.

saalange jeg ikke bliver vred pi Dig! THE SNOW QUEEN
SNEDRONNINGEN

Casium-137 is accumulated in muscle tissue, just like potassium
- its chemical congener. The concentration in the human body is
conveniently measured together with potassium in a whole-body
counter. Due to the relatively short biological halflife of
137Cs in the human body (approx. 110 days (Ek66)), the levels :In
the diet and in the body attain ecuilibrium relatively rapidly.
Casium-137 was first detected in humans in 1956 (Mi56). The
first more comprehensive assessments were carried out at Los
Alamos, USA (An57), and at Harwell, UK {Ru60). At present,
routine measurements are made in France, West Germany, Sweden,
Switzerland, Finland, USSR, Japan, Argentina and Australia
(Un77) . The Danish study began in 1963 and has bee-, performed
on a control group of Risg staff, numbering approx. 20 adults,

137

who were not occupationally exposed to Cs. The group has

been measured each year in the spring, late summer and winter.
In adults (> 20 years), 137
pCi 137

(On62), but in children and adolescents the levels may differ

Cs concentrations (often given as

cs (g K1) are with approximation independent of age

from those found in adults due to a shorter biological haiflife

of 137Cs in the younger age groups (Be67, Bo69).

4.5.1., Variation with time, sex and individual

The maximum lcvel of 137Cs in the Risg control group occurred

in 1964 (fig. 4.5.1.) with a mean concentration of 162 pCi
137Cs (g K)-l corresponding to a wholebody content in standard
man (v 140 g K) of approx. 23 nCi 137Cs (RRD64) . Since then
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Fig. 4.5.1. The variation of pci 137cs (g 0071 in
adult human bodies in Zealand (cf, Table A.l1.4.5.)
during 1963-1976. The bars show the levels rclative
to the grand mean 58 pCi (g K)~1 (= 1 on the relative
scales).

concentrations have decreased and by the middle of the seventies
+he mean level was approx. 10 pCi 137Cs (g K)-l. The variation
among years was thus highly significant (table B.4.5.1.), the
variability was 1.13 (table B.4.5.2.) and not significantly
different from that of 137Cs in total diet (B.4.2.3.). An anova
of all data with year and sex as main factors showed a sig-
nificant variation between the two sexes. The 137
centration (pCi 137Cs (g K)-l) was 1.3 times higher in males
than in females (fig.4.5.1.). This intersexual difference became

even, more pronounced if the pCi 137 kg"1 body weight figures

Cs mean con-

were considered, because the potassium concentrations in
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females are lower than in males. UNSCEAR (Un72) reports that
the pci 137
The phenomenon is thus general, and it may be due to a difference
in metabolism between males and females. It is thus known that

Cs (g K)°l in women is 20-30% lower than in nan.

the basal metabolic rate in women is lower than that of men

137Cs is

of comparable size (Ek66). The biological halftime of
probably longer for males than for females (Be67, Bo69). The
phenomenon could, however, also be influenced by differences in
composition of the diet between the two sexes. It has been
demonstrated (RRD64) that vegetarians contain lower 137Cs levels
than other adults. If the male diet or the average contained
more meat and bread than the female diet, which may be enriched
with respect to vegetables and fruit, the 137Cs (g K)_1 ratio

of the male diet would be higher than that of the female. The
variability between sexes increased with time (table B.4.5.2.),
the difference between males and females has thus become more
pronounced in later years. Reference groups in West Germany
(De76) and Switzerland (Hu74) showed decreasing ratios between
men and women in the same period. As there seems no evident
explanation for a decreasing »or increasing variability between

sexes, the observation may be fortuitous.

4.5.2. Relations and prediciion models

The radioecological sensitivity of the human body to 137Cs con-

tamination was calculated from the prediction models in table
C.4.5.1. The sensitivity of the male body to 137Cs contamination

was 1.3 times that of the female. The models indicated that

there was no strong influence of old deposited 137Cs, and thus

there were no indications of a 137Cs pool in the body with a
slow turnover rate as earlier sugjested (X). This agreed with
the observations of HARDY (Ha74a), which showed that 137Cs was

barely measurable in specimens of calcified bone tissue. From

the models for l"7Cs in diet (table C.4.2.2 Nos.4 and 5) and the

transfer factor from diet to body of 137Cs

whole body models, the
P 137 -1
Cs (g K)body per

. _234
34 (= Py ) became 2,85 pCi

pCi Cs (g K);iet' which agreed with earlier estimates

(X, Un77). As ti.e best available estimate for the radioecological
sensitivity of the Danish human body to 137Cs concentration

from fallout, the mean of the two estimates Nos. 1 and 2 in

was estimated; P
137
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table C.4.5.1. was applied, i.e. 11.5 + 0.3 (1 SE) pci 137cs

(g 1. y per mCi 137¢¢ xm~2. In standard man (Ic59) the

potassium content is 140 g, hence 1 mCi 137Cs km-z corresponded

to 1.6 nCi 137Cs .y (cap)-l. In the case of 90Sr, where
standard man contains 1,100 g Ca, the infinite body-burden time

90 -2 90

integral of 1 mCi Sr km © was estimated at 0.90 nCi Sr - y

(cap)“1 (cf.4.3.2.). Thus the radioecological sensitivity of
the human body to 137Cs was 1.8 times that of 90
chance nearly the same factor as found for the total diet

intakes (4.2.2.).

Sr, i.e., by

4,.6. Human milk

Saa medte han en Amme wmed et lille Bannm. Then he met a munse with a baby. "1 saw, you Turk-
“NHer du Tyrke-Amme'!” sagde han, "hvad nanny®, he began, "what's this great castle
en det for et stont Slot hex Ltat ved hene, clese to the town, with the high win-
Byen, Vindueane sidde saa hedit!" dows?”
DEN FLYVENDE KOFFERTY THE FLYING TRUNK

Human milk is a unique link in the human food chain, because it
is both produced and utilized by the human organism. Measurements
of the radioactive contamination of human milk have been scarce,
partly because it is difficult to obtain samples, partly

because breastfeeding, at least in the western world, is a minor
source of radioactive contamination for infants, as mothers'
milk is often substituted by cows' milk prcducts. The first
information on radionuclides in human milk originated from mea-
surements of a few individual samples collected in the UK in
1957 in connection with the Windscale accident (Ma58a). A
systematic study of 908r in human milk was carried out in the
USA in 1959 (Lo60), and the first study of the secretion of
137Cs in human milk was performed in 1962 (XIII). Danish studies
of fallout nuclides in human milk continued until 1969, when
levels were so low that it had become difficult to make
reasonably accurate measurements on the samples obtainable.

20 137Cs in human milk is

the only study covering several years mentioned in the literature.

However, the Danish study of Sr and

§.6,1. Variation with time
In analogy with cows' milk (3.2.), human milk was investigated

within the so~called milk year, i.e. the period from May in a
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Fig. 4.6.1.1. The variation of pci %sr (g ca)™! in
human milk collected in 1961-1969 in Zealand (cf.
Table A.1.4.6.). The bars show the levels relative to
the grand mean 2.2 pCi (g ca)"! (= 1 on the relative
scale). The years were the "milk years” (cf. the vext).

given year until April in the following year. The relative mean
levels shown in figs. 4.6.1.1. and 4.6.1.2. were calculated
from VAR-3 (table B.4.6.1.), assuming no interaction between
milk-year and month. The samples contained 0.27 + 0.10 Ca 171
(1 SD) (mean of 28 determinations) and 0.58 + 0.12 g K 1™}
(135 determinations), which was in agreement with observations
in the literature (Sp56, Lo60, Str65, Ca70), considering that
the Danish human milk samples were all mature milk, i.e.
secreted more than 10 days after parturition. The 30
centrations showed a highly significant variation among years
but no variation among months. The variability (table B.4.5.2.)
among years was 0.59, i.e. compatible with that observed for
908: in cows'’ milk (3.2) and in total diet (4.2)., In the case
of 137Cs the variability was 1.03, also in accordance with the

observations for milk and total diet. The variability of 137Cs

Sr con-



- 196 -

—_—_—
3

r
3| YEARS % } MONTHS %% -

i
3

~

T

+
[SURORSE

RELATIVE UNITS

oll llll “ ?

61 63 65 67 69 MJJASONDIFMA

Pig. 8.6.1.2. The variatiam of pci Vcs (g 07! in

husan milk collected in 1961-1969 i.. Zealand (cf.
Table A.1.4.6.). The bars show the levels relative to
the grand mesn 43 pCi (¢ K11 (= 1 on the relative
scale) . The years were "milk years® (cf. the text).

9°Sr (cv

among months was 0.18, higher than for P rth = 0.11),
but lower than the variability among months for lqus in cows'
milk, indicating that the other constituents of the human diet
(especially bread) varied less throughout the year than cows'’

milk.

1.6.2. Relationg and prediction models

During the period of human milk sampling, the diet intakes of
905: and 137Cs were determined on four occasions. The milk
donors prepared double portions of everything they consumed
during seven days, and their milk was sampled and analyzed in
the same period. These experiments showed that 33% + 13% (1 SD)
of the daily intake of 137Cs were secreted per litre of milk
and 2.3% + 1.05% of the daily 9qu intake. The percentages

could also be estimated from the total diet measurements carried
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out on samples collected in Zealand and Copenhagen (RRD69Y,

RRD59-76) . In this case the percentages became 22% + 9% for

1375 and 2.6% + 1.05% for 2OSsr. LOUSH et al. (Lo60) found
Sr, and CALAPAJ et al. (Ca70) found 1.6% +

90
Sr and 75% + 37% for 137Cs. In an experimental study

1.5% + 0.42% for
1.4% for 790

137
of

single acute intake were secreted with the milk within two weeks
137

Cs secretion in human milk (XIII), 10% per cent of a
after intake. The secretion of Cs followed a two-component
exponential curve with halftirmes of approx. 2 and 7 days within
the period of observation. The above higher percentages for
chronic intakes, however, indicated that the secretion of 137Cs
in human milk may rather follow a three-component exponential
curve with a final halflife equal to the biological halftime

of 137
from "normal fallout” contaminated diet may thus have been too

high in the experiment (cf. table 3 in (XIII)).

Cs in the human body. The estimated 137Cs content in milk

On six occasions (RRD64, RRD65) milk donors were measured during
lactation for wholebody 137Cs in 1964-1965. The observed mean
ratio between pci 137cs (g K)™! in milk and body was 0.53 + 0.08
(1 SD). BENGTSSON et al. (Be64b) found experimentaily, for a

single individual, a ratio of 0.2 between the specific (per

kg wet weight) concentrations of 137Cs in milk and the whole

body. Assuming that milk and body contained respectively 0.6
c K kg-1 and 1.8 + 0.5 (1 SD) g K kg-l, the agreement between

the two observed ratios was satisfactory. Instead of cal-

137Cs in human milk, it
1317

culating a special prediction model for

was more expedient to use the models for Cs in women from

Zealand (table C.4.5.1., Nos. 5 and 6) multiplied by 0.53 (fig.
4.6.2.1). Hereby the radioecological sensitivity of human milk

to 137Cs fallout was estimated at 5.3 pCi 137Cs (g K)-l Yy per
2

mCi 137Cs km.2 or 3.1 pCi 137Cs 1.1 Y per mCi 137Cs km <. A
woman with a daily milk production of 1 litre may thus in a
year have secreted 1.1 nCi 137Cs with her milk, or %4% = 20%
137Cs intake with the diet (cf.4.2.2). This estimate

was compatible with the above observations. As pCi 137Cs ‘g K)~
y is higher in Danish hggin milk than in Danish cow milk,

of her
1

higher time-integrated Cs body concentrations were to be
expected in Danish babies fed on human milk instead of cows'
milk. RUNDO (Ru70) found in a study performed in the UK in

1963-1964, using both breast-and bottle-fed babies, that babies
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fed on human milk showed lower bodv concentrations than babies
fed on cows' milk. However, in RUNDO's study the pCi 137Cs

(g x)!
human milk.

levels were approx. 20% higher in cows' milk than in

In the case of 905:, mothers' milk shows nearly the same pCi
90sr (g ca)”?
discrimination against Sr relative to Ca was nearly the same

ratio as the bone of newborn children, i.e. the

via the placenta as via the mammary gland (Co6la). If the
half-year periods between January 1964 and December 1969 are
considered, the mean observed ratio between human milk and bone
of newborn children became 1.09 + 0.14 (1 SE) ({11 periods),

and the correlation coefficient between milk and bones 0.702,
i.e. significant. Hence the prediction model for 90Sr in bone
of newborn children was applied as a model for 9°Sr in human
milk. Hereby the radioecological sensitivity of human milk to
9OSr fallout became 1 pCi 90Sr (g Ca)-1 * y per mCi 90Sr km-z
(table C.4.3.1., Nos. 1 and 2), or 0.3 pci Osr 17! y per mCi
9oSr km-z. In analogy with 137Cs, the % of secretion with milk
of the total diet 9oSr intake was %f% = 3,6%, i.e. in reasonable

agreement with the measurements.

4.7, Conclusions

4,7.1, General

Man is an omnivore and the total human diet thus contains
vegetable as well as animal products. In general, the first
category contains the important 90Sr donors, whereas animal

products are the main source of 137Cs. However, the two important

diet groups, milk and cereals, are both pronounced 9OSr and

137Cs donors despite their origin., Faroese and Greenlandic

diets are characterized by a relatively high 137Cs content;
this is mainly because local produce from these areas is of
animal origin, while most vegetable products are imported. The
Danish, Faroese and Greenlandic populations show a higher
radioecological sensitivity to environmental contamination with
137Cs than with 90Sr. The calculated wholebody doses from

internal contamination originating from nuclear weapons fallout,
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based on the ICRP weighting factors for the various organ doses,
were higher for 137Cs than for 905:. If furthermore the contri-
bution from external radiation from deposited 137Cs was
considered, 137Cs becar>» definitely the most hazardous of

the two radionuclides.

4,7.2, Total diet

The variability among years of 90Sr in the Danish total diet
(cv = 0.6) was lower than that in milk and bread, but

P Years . 137
higher than that in vegetables. The variability of Cs

(CVp years = 1.3) was close to that in meat but lower than that

in milk and bread and higher than that in fish.

The local variability of 90Sr and 137Cs in the Danish total
diet was nearly the same for the two nuclides (CVp location
0.13). Milk showed a higher local variability of these nuclides
than total diet, white bread a lower, but rye bread and

vegetables nearly the same variability.

The ratios between the 90Sr/Ca quotients in the total diet and
in milk showed significant variations among years as well as
among locations, and so did 137Cs/R quotients. Milk measure-
ments were thus no possible substitute for total diet measure-

ments.

The radioecological sensitivities of the Danish total diet were

5.1 pCi 905: (g Ca)-'1 y per mCi 905: km.2 and 4.4 pCi 137Cs

(g I'()—1 y per mCi 137Cs km-z. The sensitivity to 137Cs con~
tamination was 1,08 times higher in Jutland than in the Islands;
but the two areas of the country did not differ with respect to
sensitivity to 90Sr. The infinite time-integrated intakes with
the Danish total diet originating from fallout were 0.23 uCi
Pgr (cap)”! (8.5 + 10% Bq) and 0.66 uci B7cs (cap)”! (2.4

. 104 Bg). Grain products contributed approx. 40% of the radio-

ecological sensitivity of the Danish total diet for 905: as

well as for 137Cs, milk 30% and 17%, respectively, vegetables

and fruit 26% and 10%, and meat and eggs 2% and 32%.

In the case of exclusive indirect contamination of the total
Danish diet, milk products, cereals and vegetables would each
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contribute about one third to the total 908: intake from the
diet. The 90Sr/Ca quotient of the diet would in the case ol
indirect contamination be 25% of the quotient in the ploughing
layer of Danish soil, provided that all calcium irn the diet was
derived from crops; if calcium in creta praeparata and drinkiny

water was included, the percentage would be halved.

The Faroese total diet showed slightly less radioecological
sensitivity to 90Sr contamination than the Danish, but in the
case of 137Cs the sensitivity of the Faroese diet was three
times higher than the Danish, due to its content of Faroese
milk, potatoes and mutton. The infinite time-integrated intakes
with the Faroese total diet originating from nuclear weapons
fallout were 0.34 uCi 2°Sr (cap)™ (1.3 - 104 Bq) and 3.7 pci
137 (cap)-1

(1.4 - 10° Bq).

The radioecological sensitivity to 90Sr contamination of the
Greenlandic total diet was similar to that of the Danish, while
the sensitivity to 137Cs was twice as high, because of the
consumption of Greenlandic mutton and reindeer. The infinite
time-inteyrated intakes of the two nuclides with the Greenlandic
total diet were 0.17 uCi 90Sr (cap)-1 (6.5 - 103 Bg) and 1.0

. - 4
uCi 137Cs (cap) 1 (3.6 * 10 Bq).

4,7,3, Human bone

The variability among years of the levels of 90Sr in human bone
(CV,, years = 0-4) was lower than that of Msr in tgg diet as

a result of the relatively long residence time of Sr in bone.
The time variabilities of the various age groups were not much

different, but infants and teenagers showed higher values than

the average because of the rapider turn-over rates of Sr-Ca in

these age groups.

= 90
The local variability (CVp locations 0.1) of Sr in human
bone was also lower than that of the diet because people do
not always remain in the same part of the country for life.
Adult bone from East Jutland contained 10% higher levels than

920

adult bone from Zealand., The Sr levels in bone showed no

significant differences between the two sexes,
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The observed raticv between the 90Sr/t:c quotients in adult
vertebrae and diet was 0.16. The turnover rate of 908! in adult
vertebrae (> 29 yr) was estimated at 0.16 y—l, corresponding

to an effective halflife of 3.8 years. The observed ratio
between the 90Sr/Ca quotients in bone of newborn infants and
the 9OSr/Ca quotients in the adult diet increased from 0.1 in
the first part of the sixties to approx. 0.2 in the seventies,
suggesting the transfer of Sr from maternal bone to the fetal
skeleton.

The radioecological sensitivity of adult human vert :brae in

Denmark was estimated at 0.82 pCi 908r (g Ca)"1 y per mCi 908:

km-z. Infants (4-12 months old) showed the highest sensitivity
of all age groups, namely 1.4. The radioecolcgical sensitivity
decreased with increasing age from infants to adults. The creta
praeparata in the diet has reduced the 908: concantration in
Danish bLone.

4.7.4, Human teeth

After formation during pregnancy and the first year of life,
the shed deciduous tooth crown does not exchange significant
amounts of 90Sr with its surrot..dings,., The 908: concentration
in shed deciduous teeth from a tooth donor born in the year
(i-1) corresponded to that of his bone when he was approx. 1
year old in the year (i).

Teeth from Jutland showed 20% higher 90Sr levels than teeth
from the Islands. Greenlandic teeth contained concentratjons
similar to the Danish, but Faroese teeth had higher 903r levels.

The variability among years (CVp years = 1,1; 1950-1969) was
the same for Denmark, the Faroes and Greenland. The radio~
96

ecological sensitivity of Faroese teeth to Sr contamination
was 1.2 times that of the Danish. From this value, the infant
Faroese bone levels were estimated at 1.2 « 2,08 = 2.5 times
the Danish levels., The Greenlandic tootn levels suggested that
the infant bone levels were similar to those observed in
Denmark.
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The 90Sr concentracions in teeth suggested that the estimated
fallout levels for the first years of nuclear testing prior
to 1959 are not seriously encumbered by ersor.

4.7,5. Human body
The variability among years of 137(:: in the human body
(cv = 1.1) was similar to that of the total diet. Males

p years 137 -1
showed 1.3 times higher pCi Cs (g K) levels than females.
The observed ratio between human body and total diet 237 Cs/K

quotients was 2.85. The radioecological sensitivity of the

human body was 11.5 pCi 137, (g x)1 y (1.6 nCi 137, (ca[.»)-l y)

per mCi 137c$ h-z. The infinite time exposure integral from a

total deposit of 117 mCi 3704 xa™2 was 0.19 pci B3cs (cap) ! Y
(7.0 - 1()3 Bq), compared to a ”s: time integral of 0.07 ucCi

Mgy tcapd) ™ y (2.4 - 10° Bq) from 73 mci Psr xm 2.

4,7.6, Human milk
The variabilities among years of 90Sr (cv = 0.5) and

137 p years
Cs ((.‘Vp years = 1.0) in Danish human milk were similar to
those of cows' milk. The variability of human milk among months

137 - 90

was higher for Cs (CVp month 0.2) thau for Sr (C\‘Vp months
= uv.,1), but the difference was less pronounced than for cows'
milk.

Of the daily diet intakes, 33 + 13% (1 D) of the 137Cs and

2,3 + 1.05% of the 908: was secreted per liter human milk;
these percentages vvere approx. 50 and 10 times higher than ihe
corresponding ones for cows' milk. Even if the higher milk
production of the cow was taken into acount, the human fmale
still secreted a larger proportion of the diet intake of 137(!:

with her milk than the cow.

The radiocecological sensitivities of Danish human milk were
estimated at 5.3 pci 1>'Cs (g K Y y (or 3.1pct Pcs 171 y)
r mCi 137Cs km < and 1 pCi 90Sr (g ca)-1 y (or 0.3 pCi

sr 171 y) per mci 2%Sr km™2. Hence a Danish baby living

solely on human milk would have a higher 137Cs body burden, but

0
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.a lower 90Sr content than a baby living on cows' milk only.

A Faroese baby would receive more 137Cs as well as 90Sr from
cows' milk than from motner's milk. A Greenlandic baby gets a
higher 137C¢ body content if 1% is fed on mother's milk instead

of Danish cows' milk,

4.7.7. Dose estimates and risk evaluations (cf.table 4.7.7.)

In the case of Denmark doses to the population from 905r were

estimated from the radioecological sensitivity of adult human
bone, whereas the corresponding estimates for the Faroes and
Greenland were based on the sensitivities of the respective
diets (tables 4.2.4. and 4.2.5.) and on the transfar factor
Py, = 9.16 pCi sr (g ca)™ y in bone per pci ’sr (g C'a)-1 y
in diet estimated from Danish diet and bone measurements. The

integral deposits of 9OSr in the three areas were 73 mCi km-'2

in Denmark, 152 mCi km~2 in the Farnes, and 55 mCi xm~ 2 in

Greenland (west coast), and the transfer factors: (tissue

P
45

to dose) were, according to UNSCEAR, (Un77) for bone marrow:
1.4 mrad per pCi 908r (g Ca)-1 Yy 2nd for bone lining cells: 1.9

mrad per pCi USr (g Ca)~! y.

The internal doses from 137Cs were estimated from the radio-
ecological sensitivities of total diet (tables 4.2.2., 4.2.4.
and 4.2.5.) and from the transfer factor P34 = 2.85 pCi 137CS
(9 K)-l y in soft tissue per pCi l37(:5 (g K)-1 y in diet
estimated from Danish diet and wholebody measurements. The
integral deposits of 137Cs were 1.6 times those of 90Sr, i.e.
117 mCi kn 2 in Denmark, 243 mCi km 2 in the Faroes and 88 mCi

km-2 in Greenland, and the transfer factor P from tissue to

-2 15 137 -1
dose to wholebody was: 1.8 -« 10 mrad per pCi Cs (g K) Y
\un77).
The external dose factor for 137Cs was 1.44 mrad per mCi 137Cs
-2

km © (Un77); 0.32 (see the table) was a factor estimated by
UNSCEAR which, among other things, took the shielding effect of
buildings into consideration. This factor was con: idered
constant for the various radionuclides contributing to external
dose.
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Table 4.7.7. Dose commitments from nuclear weipons debris through 1975.

Denmark
(5%10° inhabitants)

Faroes
(4x10% inhabitants)

Greenland'
{5x10% inhabitants)

Bone marrow dose

from 905r

1.4x73x0.82=84 mrad
(0.84 mGy)

1.4x152%0.16x5.40=
184 mrad (1.84 mGy)

1.4x55%0,16x7.16=
88 mrad (0.88 mGy)

Dose to bone lining

cell: from 905r

1.9%x73x0.82=114 mrad
(1.14 mGy)

1.9x152%x0.16%x5.40=
250 mrad (2.50 mGy)

1,9%5540,16x7.16=
120 nwrad (1.20 mGy)

Whole-body dose

from body 137CS

0.018x117x4,4x%x2,85=
26 mrad (0.26 mGy)

0.018x243%13,05%2,85=
163 mrad (1.63 mGy)

0.,018x88%x9,96x2,85=
45 mrad (0.45 mgy)

Whole-body dose

from external 137cs

1.44x0.32x117=
54 mrad (0.54 mGy)

1.44x0.32x243=
112 mrad (1.12 mGy)

1.44x0,.32x88=
41 mrad (G.41 mGy)

Lung dose from 1°6Ru

1%27=27 mrad
(0.27 mGy)

27 mrad (0.27 mGy)

27 mrad (0.27 mGy)

Lung dose from 1“Ce

2,3x22=51 mrad
(0.51 mGy)

51 mrad {(0.51 mGy)

51 mrad (0.51 mGy)

Total body (weighted)
239,2405, through 2000

0.1 rradé (1 uGy)

0.1 mrad (1 uGy)

0.1 mrad (1 uGy)

External dose from
1°3Ru, 105Ru,

141Ce, 144Ce

a
'SZr,
1408a’

2842412434042=
47 mrad (0.47 mGy)

47%x2,08=98 mrad
(0.9¢ mGy)

47%x0.75=35 mrad
(0.35 mGy)

Total body doze

from 3H

2 mrad (0.02 mGy)

2 mrad (0.02 mGy)

2 mrad (0.02 mGy)

Total body (weighted)
dose from l‘c
through 2000

8 mrad (0.08 mGy)

8 mrad (0.08 mGy)

8 mrad (0.08 mGy)

Tissue-weighted a)

whole-body dose
equivalent commitment

1.62 mSv (162 mrem)

4.24 mSv (424 mrem)

1.57 mSv (157 mrem)

Collective dose b)

equivalent commitment

8100 mane.Sv

170 man-.Sv

78 man-Sv

As the mortality risk factor for radiation-induced cancers from uniform whole-body trradiation

is about 1072 . sy~1

(Ic 77), the estimated number of deaths from such cancers from a col-
lective dose of 8248 man‘Sv is 83. The expected number of serious cases of ill-health in future

generations due to hereditary detriment following irradiation was also of the order of 100

(Ic 77). Cesium-137 was responsible for 50% of the collective dose equivalent commitment in
Deninark, for 658 in the Faroes and for 55% in Greenland.
The total radioecological sensitivity of the Faroese and Greenlandi~ populations was approx.
308 higher than that of the Danish (Paroes:

—4.24
2,08x1,62

= 1,263 Greealand:

—2a57 ..
o Teres = 1-79 .

'a)also called per caput effective dose equivalent conmitment.

b)

comnitment (D.4.7.7).

here identical with coliective effective dose equivalent
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The integrated air concentrations of 106Ru and 144Ce were taken

from table 1.2.5. The dose factors: 27 and 22 mrad, respectively,

. . =3
to lung tissue per pCi m y were those estimated by UNSCEAR
(Un77) . ’

. 239 0
The tissue doses from r24 Pu were estimated in 1.7.2. The

weighted wholebody dose was calculated by means of the ICRP
weighting factors (Ic77) (gonads: 0,25, breast: 0.15, red bone
marrow: 0.12, lung: 0.12, thyroid: 0.03, bone surfaces: 0.03,
remainder: 0.30 (distributed on five organs, each attributed a
weighting factor of 0.06)). (cf. also D.4.7.7).

The integral deposits of 95Zr, 103Ru, 106Ru, 141Ce and 144Ce
were estimated from the integral air concentrations of these
radionuclides (table 1.2.5.) assumirg a wash=-out factcr of

90Sr (1.3.2.), and
a rainfall of 628 mm y-1 in Denmark. Hence the integral Danish

dep>sits became: 1005 mCi 952r km-z, 440 mCi l03Ru km-z, 628

- 1 - -
mCi lOGRu km 2, 276 mCi l"*Ce km 2 and 1,444 mCi 144Ce km 2.

The dose conversion factors for the five radionuclides were

0.087, 0.011, 0.060, 0.0014 and 0.0045 mrad per mCi km-z,

respectively (Un77), as in the case of 137Cs a shielding factor

1 pCi 171 per fci m3, i.e. equal to that of

of 0.32 was furthermore applied. Danish data on 140Ba was not
available, therefore the UNSCEAR estimate for the northern
temperate zone was applied instead. The Faroese and Greenlandic
doses were obtained from the Danish ones by multiplying by 2.08
and 0.75, respectively, i.e¢. the ratios between 90Sr fallout in
the respective areas'and in Denmark.

The doses from 3H and ¢ were those estimated by UNSCEAR (Un77)
for the northern temperate zone. The doses from 14C were
transformed into wholebody doses by means of the ICRP weighting
factors., Contributions from other radionuclides were not taken
into account as their doses were considered to be less than 1%
of the total dose from the nuclides considered above.

The tissue-weighted wholebody dose equivalent was calculated
from the ICRP weighting factors assuming the quality factor

to be 20 for the plutonium dose and 1 for the other nuclides in
toble 4.7.7.
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4.7.8., Concluding remarks on radioecological sensitivity and
variability

Radioecological sensitivity and variability were applied to
quantify the response of environmental samples to radioactive
contamination from nuclear weapons debris. Three areas were
studied: Denmark, the Faroe Islands and Greenland. As appears
from table 4.7.8, the radioecological sensitivities found in
various types of sample from these areas displayed a wide range
of values; thus, for the same nuclide and sample type, the
radioecological sensitivity varied between two locations by,

137

e.g., a factor of 20 for Cs in Faroese and Danish grass.

Between nuclides in the same type cf sample, e.g., Faroese
mutton, the sensitivities to 137Cs and 90Sr contamination
differed by a factor of 70. Becween different species of sample,
Greenland lichen showed, e.g., nearly 14000 times higher

‘o 137 . . , .
sensitivity to Cs contamination than did Danish cabbage.

Table 4.7.8 may also be used to estimate the transfer factcrs
from air to the various environmental samples; e.g. if the

. . . 13
annual mean air concentration at steady state was 1 fCi 1 7Cs

kg-l, then the Greenland lichen 137Cs concentration would
be 14 nCi kg-l, Faroese milk 0.1 nCi kg_l and Danish cabbage

1 pCi kg T.

In this study radioecological sensitivity has been defined as
the transfer factor from deposition to the environmental sample,
However, on various occasions the environmental radioactivity
levels indicated some independence of the activity deposited
with rainfall, i.e. radioecological sensitivity depended upon
precipitation in such a way that increased rainfall was tant-
amount to a lower sensitivity of the vegetation sample due to
wash-off of the adsorbed debris. In earlier studies (Aa6é6a,
Aa66c, X) prediction models applying air concentrations instead
of deposition with rainfall have been suggested. In the case

of prevailing direct contamination, such models were generally
successful, Radioecological sensitivity could thus have been
based on air concentrations instead of deposition.4However, as
precipitation measurements are necessary to assess the indirect
contamination from accumulated deposits, the present method of



Table 4.7.8. Infinite time intagral concentrations in various environmental samples resulting from a

deposition of 1 mCi km

~2 of %% or 1370-, respectively.

Denmark The Farces West Greenland
eci Psr.y pci 1¥cs.y pct ¥%ry ect 1cs.y pct 9%y pcr cay
kel (g ! k"l @ x7? kg™ (g cm? k! (gm? kg™l (g cay”? x37! g wm7?

ar® 1.3x1073 - 1,3<1073 - 0.6x10"3 - 0.6x10"3 - 1.3x107° - 131072 -
Rain®’ 1.6 - 1.6 - 0.7 - 0.7 - 1.6 - 1,6 -
sa11® 4 17 46 3 152 - 152 g0 0 - 60 3
Sea water 0,35 1.9 0.23 1.4 0.03 0,08 0.0} 0.08 0,23 0,7 0.23 0.8
Drinking water® 7 x«107? 9x107? - - 0.1 - - - 0.5 - - -
Rye 2 . 79 46 11 - - - - - - - -
Wheat a4 58 28 ] - - - - - - ~ -
Grass 38 1 24 S 250 200 500 75 550 450 3150 a0
Cabbage ) 17 1.3 0,5 - - - - - - - -
Potato 2.6 s2 j.e 1.0 2.8 100 a4 14 - - - -
Lichen - - - - - - - - 1.6x103 - 18103 -
Sea plants 110 11 - - 12 1.2 - - 60 € - -
Rye bread® 23 ] i 1 1 4 12 4 - - - -
White bread® 4 2 10 7 2 2 4 3 - - - -
Milk 3.9 3.3 5.9 3.4 10 S 60 as - - - -
wear®! 1.4 14 28 8 ) 10 200 80 5 %0 135 150
Cod 0.09 0.9 20 6 0.0€ 0.6 1.7 0.5 - - 10 3
Total diet k) 5.1 5 4.4 2.1 S.4 14 13 3.3 7 11 10
Human boned:N? 300 c.8 - - - (0.9} - - - (1.2 - -
Human body™ - - 2 1.5 - - - {40) - - - (30)
Human milk™ 0.3 1 3 s - a,p - (18 - (1. 4) - Qe
a) Estimated from the rainwater concentrations assuming a scavenging factor of 0.99 pCi 1'1 rain

per £Ci m™? air and a specific air density of 1.23 kg m™ 7.
b) Estimated from an annual mean precipitation of 628 mm in Denmark, 1500 mm in the Faroes, and

630 mm in West Greenland,
c) Estimated from an effective half-1ife of °sr and !37cs ia the 0-50 cr soil layer of 22.5 y (1.6.1)

The mean volume waight of soll was 1.4 g au‘] in Denmark (RRD 75}, 0.43 g cm'] in the Farcea, and

1.1 g cm 3 in West Greenland {(ct. Table D.1.6.1.2).
d} The figures used for Denmark were those calculated for ground water,
e} The radicecological sensitivities of Farcese bread were derived from the sensitivities calculated

in Table C.2.3.1. divided by 2.08 (cf. 4.2.4.).
£) Beef in Denmark, and mucton in the Faroes and Greenland,
g) Adult human bone.

The Farocese and Greenlandic figures were estimated from the respective diet levels and from the

n

Danish transfer factors,

Lo¢
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estimating the radioecological sensitivity was preferred. It
should, however, be recalled that the radioecological sensi-
tivity may not be althogether independent of precipitation,
(cf. also D.4.7.8).

The variability with time of the concentration of a radio-
nuclide in an environmental sample is a useful way to assess

the route of contamination of the sample. A low variability
among years jenerally suggested strong dependence upon root
uptake (indirect contamination), or of a long residence time

of the debxr s in a directly contaminated sample such as

observed in, e.g., lichen, while a high variability was indicative
of prevailing direct contamination combined with a short
residence time of the debris in the sample. In the case of
nearly counstant fallout rate, the annual variabilities of direct
and indirect contamination approach each other. Hence it should
be recalled that the interpretation of variability with regard
to routes of contamination is linked to the variability of
fallout rate and accumulated deposit.

The local v=ariability of radionuclide levels is a measure of
environmental inhomogenity with respect to radioactive con-
tamination. The local variability depends upon fallout and on
the radioecological sensitivity of the area considered. A low
local variability is tantamount to the area being relatively
homogeneous to radioactive contamination, implying that the
number of sample locations in such an area can be relatively low.
The local variability may vary with time. This could arise
from variations in the relative contributions from direct and
indirect contamination, from alterations in agricultural
practice, or from the transfer of foodstuffs from other areas
into the area in question., Such variations of the local
variability imply current revisions of the environmental
surveillance programmes.,

"In conclusion, radioecological sensitivity and variability have
shown to be useful quantities for characterizing the radio-
ecological properties of environmental samples contaminated by
global fallout from nuclear weapons testing.
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S. GENERAL DISCUSSION

5.1. Introduction

The preceding four chapters have been a presentation of data,
and we have seen how proper treatment of the data could charac-

terize the radioecological properties of various environments,

Chapter five aims to show various applications of the results
obtained. The chapter is more speculative and less substantial
than the previous ones as the intention is also to raise problems
and provoke discussion.

In the first section we calculate the steady state inventories
90 137
of

sume a constant annual fallout rate of 1 mCi km™

Cs in the Danish terrestrial environment; we as-

2 of each of the
£ 90

Sr and

two radionuclides. We further assess the transfers o Sr and

137Cs between important parts of the terrestrial ecosystem.

The next section discusses the toxicity concept; it appears that
toxicity of a substance is not an absolute but depends essential-
ly on the context in which the toxic substance is considered.

Some practical applications of radioecological sensitivity and
variability are shown in connection with siting evaluation and
in relation to remedial measures in case of a major environmen-
tal radioactive contamination. Finally in the conclusion further
environmental radioactivity studies are proposed.
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. 90 137 .

5.2, Inventorje: n ana 13 _the Danish
terrestrijal ecosystem
"Trer I, det ax hele Venden!"sagde "Po you snppose thi. is the whole wonild?™
Modeven; dex strakker 3i9 langt pd sasd their mothex, "Why, it gces a long
den anden Side Haven, Cige ind & way pasl the othex side o4 the ganden,
Pazstens Mark: men der kar jeg atl- Right into the parsom’s (dield; but I've
drig vavet! never been as far a3 thet.

DER GRINNE £LLING THE UGLY DUCLING

An inherent difficulty when dealing with ecosystems is its con-
finement. All ecosystems have some connectiorn with the surround-
ing world. In this respect tle Danish terrestrial ecosystem is
no exception. However, in theory agricultural production in Den-
mark is sufficient for the Danish food and fodder supply.

The aim of this section is for steady state theory to estimate
the inventories and annual transfer rates of 90Sr and 137Cs in
the terrestrial ecosystem, which just covers Denmark. For the
purpose the ecosystem is divided into four major parts: the soil,
the vegetable agricultural products, the animal agricultural

products and the human population.

5.2.1. Definjtions

The "soil" comprises the total Danish abiotic terrestrial en-
vironment; furthermore it includes all living organisms not dealt
with under agricultural products in the present context. We

shall thus not consider transport and inventories of radionucli-
des in wild flora and fauna, nor in microorganisms. Although

such a study may be essential it is not pertinent to the pre-
sent context where our main objective is the important sources

to tke human diet of 90Sr and 137Cs. The "soil"” also comprises
those parts of the cultivated crops which neither are grazed
nor harvested but which remain in the fields. The dried weight
of the upper 20 cm of the Danish soil - the ploughing layer -
is estimated as the mean weight of the layer at the ten Danish
experimental farms: 2.55 x loskg )m ™2 (RRD 75).

The "vegetable agricultural products” are the vegetable products

4 2

grazed or harvested at the 3 x 10  km“ used for agricultural

purpcse in Denmark.
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The "animal agricultural products" are composed of the stocks
of cattle, pigs and poultry and of their produce. Other domestic

animals e.g. sheep and horses are neglected because they are
very few in comparison to the above mentioned categories.

We assume the Danish "human population” at equilibrium to be five
million and the death rate (and birth rate) to equal 65,000 per
year. We shall neglect immigration as well as emigration.

5.2.2, CTalculations
To accomplish the calculations of inventories and transfer rates

of %sr ana }37cs in the Danish ecosystem we suppose a constant

fallout rate of 1 mCi km 2 y_l of the radionuclide considered,
and we assume the fallout distributed throughout the year to be
the global 9OSr fallout (cf. fig. 1.3.1). At steady state the
situation has persisted so long that the annual total removal
from radioactive decay, run off, etc. equals the annual supply
of activity from fallout. If the mean residence time of the
radionuclide considered in the Danish terrestrial ecosystem is

T, Years the equilibrium level is Tm mCi km'z.

According to D.1.4.2. the %0
137Cs we estimate the run-off as 1/5 of the
Sr run-off (Ya63,Voi7l1), i.e. to 1.8 X of the total 137Cs

deposit. Wind erosion is neglected because the Danish soil is

Sr run-off in Denmark is 9.3% of the

total deposit. For
20

not wind eroded to any large extent; furthermore the main part
of the wind-eroded soil remains in the terrestrial ecosystem,
In case of 90Sr the annual removal rate due to run-off is
0.093 mCi km™2
consequently 1-0.093 = 0,907 mCi km'2 corresponding to a terres-
trial steady state deposit of 0.907 (1- exp (-1n2/28))'1 =

37.1 mci %r km™2. 1In the case of 137
becomes 0.98z (1- e::p(-ln2/30))"1 = 43 mCi
a total 137

neglected export and import of activity from agricultural and

at steady state and the radioactive decay is

Cs the steady state level
1370 km™2 assuming

Cs run-off of 1.8 %¥. In this calculation we have

fishery products to the system, because these sources - as we
shall see in the following - are immaterial in this context.
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The production of Danish vegetable agricultural produce in 1975
is given in table D.5.2.1. in the appendix. We have assumed that
1975 represented a steady state situation. The standing crop of
grass during summertime, which was used as reference time of the

year for the calculations of the inventories, was estimated to be

9 Tg (~ 1 kg grass m—2 (RRD63, RRD77).

Table 5.2.2.1. The annual steady state production and
consumption levels of 9oSr and 137Cs in Curies from
Danish vegetable agricultural produce for an anaual de-

position rate of 1 aCi kn 2 y ! (of %0sr or 137cs
respectively)
Production Fodder Human diet
Product sn
9osr 137cs 3%g, 137Cs 905r 137cs

Grain etc. 0,18 0.21 0.18 0.20 0.0043 0.0079

Straw 1,38 0.33 0.43 0.104 - -
Roots 0.168 0.0099 0.14 0.008 0.0010 0.0014
Tops 0.44 0.046 0.38 0,039 - -
Grass etc. 1.26 0.54 1.10 0.47 - -
Vegetables 0.0016 0.0003 - - 0.0021 0.0004
Fruits 0.0002 0,0006 - - 0.0004 0.0010
Total 3.43 1.14 2,2) 0.82 0.0078 0,.0107

It was assumed that there was neither import nor export
of vegetable agricultural products. The grain actually
exported was supposed used as fodder instead of imported
concentrates. Keeping this in mind, the figures were
calculated from the data in table D,5.2.1. and from the
radioecological sensitivities calculated in appendix C.
In the calculation of "Grain etc.” the last column of
table 2.2.2.1. was applied together with table C,2.3.1.
for flour and grits,. Straw, root crops and grass were
_estimated from tables C.2.4.3. (Nos, 4 and 5), C,2.4.4.
(No. 4), C.2.4.1. (Nos., 1, 2 and 3) and C.2.4.2. (Nos.
7 and 8) respectively. Tables C,.2,5.,1. and C.2.5.3.
were applied for vegetables and fruits.

Table 5.2.2.1 shows the production and division of 90Sr and137c

in Danish vegetable agricultural products. The inventories at
midyear are equal to the production figures except for grass
which contains 9/23 of the production levels because the weight
ratio between standing crop and annual production of grass is
9:23. Hence the inventories in vegetable agricultural products

become 2.7 Ci 905r and 0.81 Ci 137Cs.
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The Danish livestock in 1975 consisted of 3.1 x 106 cattle,
7.7 x 106 pigs and 13.4 x 106 hens; the living weights - esti-
mated from the numbers and weights of the various age groups
{(Da 57-77, Da 68) - were 1 Tg, 0.5 Tg and 0,02 Tg respectively.
The annual production of animal agricultural produce appears in
the appendix in tables D.5.2.2 and D.5.2.3 (milk products).

Table 5.2.2.2. The annual steady state production, consumption and export levels
of “"Sr and 37Cs in millicuries from Danish animal agricultural produce for an

annual deposition rate of 1 mci km 2 y ! (of *%sr or 137cs respecticely)

Production Fodder Human diet Export
905: 137cS 905r 137Cs 905r 137cs 905! 137Cs
Cattle 116 14.9 (76) (2,5) 0.12 2.5 35 4.6
Piqs 145 36 (49) (3.1) 0.19 7.4 82 21
Poultry + eggs 7.6%) 0.9 - - 0,01 0.34 2.4 0.43
Bone and meat
meal 117 5.6 125 5.6 - - - -
Whole milk, cream 2.8 3.9 0.49 0,69 2.2 3.1 0.13 0.17
Skimmed milk etc. 6.2 8.7 5.3 7.5 0.75 1.0 - -
Dried milk 4.8 6.8 0.94 1.31 - - 3.9 5.5
Whey 1.33 7.2 1.33 7.2 - - - -
Cheese 4.1 0.62 - - 1.36 0.21 2.7 0.41
Butter 0.07 0.10 - - 0.03 0.03 0.03 0.07
All milk products I 19.3 27 © 8.1 16.7 4.3 4.3 6.8 6.2
Total 288 79 133 22 4.7 14.5 126 32
a) 3 mCi 9°Sr were from eggs and 4,6 mCi from poultry.
b) 0.1 mCi 137C3 were from eggs and 0.8 mCi from poultry.

The figures in the table were calculated from the production figures in tables
D.5.2.2. and D.5.2.3, and from the radioecological sensitivities in appendix C.
Tables C.3.4.1. and C.3.4,2, were applied for beef and pork (recalling that

1 kg meat contains 0.1 g Ca and 3.2 g KX). As the observed ratio between pCi

908: (g Cal)-1 in poultry bone and diet equals the ratio between eggs and diet
of the hen (Co66a), the radioecological sensitivity of poultry equaled that of
eggs (= 2.5 pCi 905 (g ca)”l y per mcs ?%r km™2 cf. table C.3.6.1). The radio-
ecological sensitivity of poultry was for 137c. estimated at 3.5 times that of
eggs (cf. 3.6.2), i.e. of 6.3 pca 137ce xg™! y per mcs 137ce km™? (cf. table
Cc.3.6.2) or 2 pCi 1374 (g x)™ y per mc1 1374 xm™2, The radioscological sensi-

tivities used for the variocus milk products were from tables C.3.2.1, and

c.3.2.2,
90 137
The production and division of Sr and Cs in Danish animal
agriculture are shown in table 5.2.2.2. The inventories in the
90 137

livestock become 0,31 Ci sr and 0.049 Ci Cs.
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The aqe-ueightgd weight f the Danish human populatio=n is 0.3 Tg.
The potassium content is 0.6 Gg assuming 2 ok kq'l living weight
(RRDS57-76) and the Ca content is 4.6 Gg, calculated from the Ca
content of the various age groups as estimated by MITCHELL et.
al. (Mi45). Assuming the mean radioecological sensitivities in
humans to be equal to 0.82 pCi Osr (gca) ! y per mci 305 xm~2
(4.3.2) and to 2.85 x 4.4 = 12.5 pCi 13-’Cs (qK).l Y per mCi 137C
km™ 2 (4.5.2 and 4.2.2), the inventories of the Danish population
become 3.8 mCi 20Sr and 7.5 mci 137
annual faliout rate of 1 mCi k-°2 of each of the two radicnuclides.

Cs at steady state for an

5.2.3. Discussjon of the models

The circulation of 905: and 137Cs in the Danish terrestrial eco-

system at steady state is shown in figs. 5.2.3.1 and 5.2.3.2
respectively. Table 5.2.3 summarizes the relative inventories
and concentrations of 903: and 13765 together with those of the

twc chemical congeners: Ca and K.

It has sometimes been discussed whether 9oSr or 137Cs show bio-

magnification in the food chain. It is evident froe table 5.2.3.,

that the concentration of 905: is approx. three times higher in
animals than in the vegetable fodder. In the case of 137Cs we
notice an increase in the animals by approx. 60%. However in

humans the 903r concentration is 4 times lower than in vegetation
and 14 times lower than in domestic animals. The 137Cs concen-
tration in humans is betveen the concentrations found in vege-
table and animal prcducts. As compared to Ca the 9°Sr level in
humans is approx. 30 times lower than in vegetable products and
13 times lower than in animals. The 137Cs/k ratio on the other
hand shows a tendency to increase along the human food chain. We

may conclude that herbivores are more subceptible to ccntami-

905: than omnivores (and carnivores), whereas in

Cs the situation is reversed. The 137Cs concentri.tions are

nation with
137

lower in omnivorous man than in herbivorous lifestock, because
the vegetable fodder of the animals show higher 137C3 concer -
trations than the human vegetable diet,

The pyramid of numbers of 9°Sr is different from that of Ca
indicating that nature discriminates against Sr relative to Ca.

The potassium pyramid is similar to that of the 137Cs pyramid.
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137

90Sr, K and Cs

Table 5.2.3. Pyramids of numbers for the inventories of Ca,
in the Danish terrestrial ecosystem

— .

Relative units

30 : 137 90Sr/Ca 137Cs/l(
Ca Sr X Cs
Soil: Plouching layer 106 lo6 lo6 106 1 1
0-20 wm (1) (1) (1) ()
3 3 3 2
Vegetation: Standing crops 1.4x10 1,7x10 l.1x10 4x10 1.2 0.4
{cf. table D.5.2.1 and
5.2.2) (0.4) (0.5) (0.3) {(0.12)
3 2 1 1
Animals: Lifestock 0.9x10 2,0x10 Ix10 Ix10 0,2 0.8
(cf. table D.5.2.2 and
5.2.2) (6) (1.4) (0.24) (0.19)
Man: 1.6x10%  2.4x10°  4x10°  4x10° 0.015 1.1
(6) (0.1) (0.14) (0.15)

The Ca content of the 0-20 cm ploughing layer of the Danish soil was 30 Tg (2.7 g
Ca kgnl (cf. 4.2.3) and the K content was 161! Tg (l4.7 g K kq-l (RRD75)). The
calcium and potassium concentrations in the various products were estimated from

appendix C.

The Ca, 905:, K and 137Cs levels in the table were relative to those in soil,
6

which were fixed at 10" .

The figures in brackets were the relative concentrations,

In figs 5.2.3.1 and 5.2.3.2 the divisions between direct and in-
direct ccntamination of vegetable products were estimated from
the pertinent prediction models in Appendix C. In case of 9OSr
60% came from direct and 40% from indirect contamination; for
137 90Sr the

root uptake from the soil compare to the amounts returning to

Cs the figures were 85% and 15% respectively. For

the soil as unused vegetable material, or in other words the

905r transferred from vegetable products to animal products and

to humans nearly equals the direct contamination of 90Sr.

The transfer of 9OSr from vegetable products to animal produce
137Cs due to the
908r than to 137Cs

(table 5.2.2.1). From animal products to humans however, the
137

is nearly 3 times higher than the transfer of
higher radioecological sensitivity of crops to

Cs transfer is 3 times the 90Sr transfer because the bones

of the lifestock retain most of the 9oSr.
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The transfer of 137Cs from vegetable products to humans is also
higher that of 90Sr. because grain products (white bread) as well
as potatoes show higher radioecological sensitivity to 137Cs than
to 90Sr. The total transfer of 137

90Sr. This is a little higher than the ratio found in table 4.2.2,

Cs to humans is twice that of

because the diet composition apprlied in the present estimate was

that from 1975, whereas table 4.2.2 used the 1962 composition

(cf. D.4.2.1).

With the export of animal agricultural products 126 mCi 90Sr and
. 137

32 mCi

and 0.07% of the annual input of the two radionuclides and imma-

Cs are leaving the ecosystem; these amounts are 0.3%

terial as compared to radioactive decay and run-off to the sea.
The net uptake of 90Sr and 137Cs in the animal agricultural
system was,respectively, 12.4% and 7.8% of the inputs to the
systems; in humans the corresponding figures were 1.2%X and 1.1X%,
The turnover rates in the animal agricultural system are thus
approx. ten times higher than in the human system for 908r and

seven times higher for 137

Cs. The production rate of the animal
system was 1.05 x lifestock per year while the human "production"”
was only 0,013 x population per year. Hence the relative pro-
ductivity of the animal sytem was nearly 80 times that of the
human system, which explains the lower turnover rate of radio-

nuclides in the latter system.

In the models for the Danish terrestrial ecosystem we have neg-
lected input from the marine environment, because it is difficult
to delimit the marine ecosystem. However, for the total human
90Sr from fish is nil and for 137Cs it

is in the order of 2-3%. The animal agriculture also receives

diet the contribution of

marine products through its use of fish meal; however compared

90 137

to the vegetable fodder the contributions of Sr and Cs from

fish meal were less than 1%.

We have also neglected the drinking water in our system. The
drinking water supply to the Danish livestock is approx. 1011
1 y—l. The annual contribution of ~OSr will be between 0.7-30
mCi y-l, depending upon whether the water is ground water or
stream water (table C.1.4.1),i.e. probably less than 1% of the
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intake from vegetable products. For 137Cs the contribution will

be even lower (1.4),

If all vegetable products for human consumption were imported
from 2 contamination-free area the 908r intake by humans would
be reduced by a factor of 2.7 and the 13-',C's intake by a factor
of 1.7. The effective dose equivalent commitment (D.4.7.7} from
diet intake of 9oSr and 137Cs could be reduced by a factor of
two. The same reduction could be obtained if instead the animal
agricultural products for Danish human consumption were imported.
But animal products are much more expensive than vegetable prod-

ucts.

5.3. Physiological and environmental radiotoxicity

ravde Dynene ikke varetl giftige 14 the creatures hadn't been polsonous
0g kyssede a4 Hexen, da vare de and kissed by the witch, they would
bleune forvandlede tif nede Rosen, have been turned {ntc red roses; though,
men BLymaten blev de dog, ved at mind you, they did change into §lowenrs,
hvite pd fhendes Hoved og ved hen- just grom nesting on her head and at
des Hierte; her heant.

DE VILDE SVANER THE WILD SWANS

Exposure of humans to radiation may lead to the incidence of
stochastic and non-stochastic health effects. Non-stochastic
effects occur only if certain levels of dose are exceecded; these
levels are several orders of magnitude in excess ¢f doses typi-
cally received from radicactive contamination of the environment
under normal peaceful conditions. The important stochastic
effects are carcinogenesis in the exposed population and her-
editary effects in its progeny. The probability of occurrence
of stochastic effects is assumed proportional to dose, without
threshcla.

The toxicity of a substance or agent may be given by the so
called LD50(30) value, expressing the dose (e.g. in grams or
Joules pr. kg living weight of the exposed organism) which
within 30 days kills 50% of a population exposed to the dose.
LD50(3O) may be applied for non-stochastic effects of ionizing
radiation, but for stochastic effects the effective doseequiv-~
alent commitment is preferable (cf. D.4.7.7).
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The physiological radiotoxicity deals with the toxicity of radio-
nuclides in the human diet ingested and in the air breathed by
humans.

The environmental radiotccicity is about the toxicity of radio-
nuclides deposited on the Earth's surface (cf. the UNSCEAR model
in 1.1).

5.3.1. Physiological radiotoxicity
We shall define the physiological radiotoxicity of a given sub-

stance as the per caput effective dose-equivalent commitment to
an adult "standard man” received from the intake of one unit of
radioactivity of the substance. This intake couvld either be per-
oral or by inhalation. As we have seen (1.7.2) the relative
toxicity of radionuclides depends upon the route of intake.
239’240Pu if the intake

is peroral, while plutonium becomes the more toxic if inhalation

Strontium-90 is thus more hazardous than
is the route of entry.

The physiological radiotoxicity from oral intake of a radio-

nuclide is:

KxP,, xP X W (Eq 5.3.1)

34 45 T

where K is a constant which convertes the diet intake to the
prober unit of activity

P is the transfer factor from diet to tissue of the radionuclide

34

P is the transfer factor from activity content in tissue to

45
dose to tissue of the radionuclide

W is ICRP's weighting factor (Ic77) for the tissue T.

If the radionuclide enters more than one tissue type the various
contributions to tlr2 whole-body dose should be added in order to
calculate the physiological radiotocicity of the radionuclide.

In case of inhalation the expression becomes:

P., XxP,. xw (Eq 5.3.2)

14 45 T
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where P14 is the transfer factor from atmosphere to tissue. Ana-
logous with veroral intake the dose contributions to various
tissues should be added in order to calculate the toxicity.
Let us calculate the physiological toxicity of 903r and 13-’Cs
in the Danish diet. In this calculation we will use Bq as the
unit of activity and assume intakes of 1 Bq of each of the two
radionuclides. We will calculate the effective dose equivalent
commitment from these intakes and consider the results as ex-
pressions for the physiological toxicity (as to transfer factors
and weighting factors cf. 4.7.7):

90 4

Sr: 0.0433[0.16 °~ 1.4 ° 0.12 + 0.16 * 1.9 °~ 0.,03] * 10" =

15.6 nsv (Bq) 1

137 4

Cs: 0.0211 ° 2.85 * 1.8 * 10~2 . 10% = 10.8 nsv(Bq) ™}

90 90

The transfer factors for

Sr are based upon the pCi “~Sr (gCa)'1

137 137

ratios and for Cs on the pCi Cs(gx)_l ratios.

The annual intakes with Danish diet of Ca and K is 623 g and
1281 g respectively (table D.4.2.1.a).

One Becquerel equals 27 pCi. Hence the K factor for 90Sr becomes

- i 2
2. = o.o:sa pCi Bq i ¥ (gca} ™} and for 137cs: 73z = 0.0211
pCi °~ Bq ~ " y (gK) .

The calculation shows that the physiological radiotoxicity of
905r in the Danish diet is 1.44 times that of 137Cs. If the
Faroese diet is considered the Ca and K amounts are 415 g and

1174 g, respectively (Table 4.2.4). The physiological toxicities
623 90

t on increase to 55 . 15.6 = 23 nSv (Bq)'l for Sr and to
1281 415 -1 137
=£== _ 10,8 = 11.8 nSv (Bq) for Cs

1174

The physiological radiotoxicity may thus be influenced by other
substances in the diet that the radionuclide itself, as seen
above, e.g. by the chemical congeners to the radionuclides.



- 222 -

5.3.2. Environmental radiotoxicity

Recurring to the environmental radiotoxicity it becomes even
more evident that this quantity depends upon the interaction of
numerous factors, where the physiological toxicity of the radio-

nuclide is only one - and not necessarily the most important.

In analogy with the physiological radiotocicity the per caput

environmental radiotoxicity is calculated as:

q x Pyy X Pyy X Pyg X Wy (Eq 5.3.3)

where q is a constant which converts the deposition of activity
to the proper unit for the tdxicity calculation

st is the transfer factor from Earth surface to human diet, in
other words the radioecological sensitivity of human diet for
the given radionuclide in the given environment.

In 4.7.7 the effective dose equivalent -ommitment has been
calculated for depositions of 73 mCi 9OSr km™2 and of 117 mCi
13704 km-z. In Denmafk the dose from 2’sr became 10.08 + 3.42 =

137Cs (from diet) 26 mrem. If we normalize to

13.5 mrem and for
1 Bqg m'2 of each of the two radionuclides we find the per caput

environmental radiotoxicity to be

13‘57;038 —27 _ 59 nsv (qu_z)—1 for Osr
and
26 - 1o% - 27 . 60 nSv (qu'z)'l for 137¢cs
117000 ’
i.e. the environmental radiotoxicity of 137Cs in Denmark is

20 per cent higher than that of 9OSr. If we calculate the

radiotoxicities of the two radionuclides for the Faroese en-

vironment we find 53 nSv(qu"z)'1 for 90Sr and 181'nSv(qu'2)-1
for 137Cs, i.e. in the Faroes Islands 137Cs is 3.4 times more

toxic than 90Sr. In the Greenland environment l37Cs is twice

as toxic as 90Sr.
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We have seen that the per caput environmental radiotoxicity
depends upon the radiocecological sensitivity (P23 in Eq.

5.3.3). The collective environmental radiotoxicity further-
more depends upon the diet yield per unit area. Although the

137Cs in Faroese milk thus

radioecological sensitivity of e.g.
is ten times higher than in Danish milk the collective dose

from milk per unit area in the Faroe Islands is lower than the
collective dose of milk produced per unit area in Denmark be-
cause the Danish milk production per unit area is nearly fifty

times higher than the Faroese.

In order to calculate the collective environmental radiotoxi-
city the per caput radiotoxicity is multiplied by the number
of people which may be supplied by the food production in a

uni+ area of the environment considered. Denmark is self-sup-

Plying with human diet and we furthermore export milk and meat-

90 137CS

products. We may estimate the exportation of Sr and

for human consumption from the information given in Tables

D.5.2.2, D.5.2.3 and 4.2.2. We find that Danish export of 90Sr

£ 137

is 50% of our consumption while the export o Cs is twice

our consumption. In other words 1 km? of Denmark supply
5 °* 106 * 1.5 = 174 people with ugosr di t"
43000 peop ie
and
5°10°° 2 "137 :
43000 = 233 people with Cs diet

We may now calculate the collective environmental radiotoxicity

of 9OSr and 137Cs of 1 km2 of Denmark:

90cr: 174 * 50 * 1073 = 8.7 uman Sv (Bqm~2) "} xm~2

and
-3 -2

13705, 233 * 60 * 10™3 = 14 pman Sv (Bqm~2)km

137

9°Sr and 94% of the Cs is

In the Faroe Islands 68% of the
of local origin (cf. table 4.2.4).
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Hence the Faroese environment can supply

0.68 - 4 10%

1400

2 with “905r diet"

= 19.4 people km~

and

0.94 - 4 - 10?

1400

"137

27 people km™2 with Cs diet

The collective environmental radiotoxicity of 1 km'2 of the
Faroe Islands becomes

-3

53 © 19.4 ° 10”3 = 1.03 uman Sv (Bqm~ -2 90

2)'1 km for Sr

and

3

27 * 181 ° 10~ = 4.9 yman Sv (Bgm~2)~1

-2 137

km for Cs

The environmental radiotoxicity of the Faroese environment is

thus lower than of the Danish environment if collective doses
90 137
of

er in the Faroe Islands with regard to per caput doses.

Sr and Cs are considered, while the toxicity was high-

5.3.3. Comparison of radiotoxicities

Table 5.3.3. summarizes the various diet-derived radiotoxi-

905r and 137Cs in Denmark and the Faroe Island. It

cities of
should be noted that the units of the figures in the three rows
differ; but the table demonstrates that toxicity is not an ab-
solute, but strongly dependent upon the context in which we use
the concept. For a given contamination an inhabitant in the

Faroes will show higher individual doses than a Dane exposed

to the same contamination. The collective dose however will be
considerably higher in the Danish environment due to the higher
food production per unit area in Denmark. The environmental

toxicity of 90Sr is lover than that of 137
between the two radionuclides is most pronounced for the collec-

Cs and the difference

tive doses.

The calculations of the collective radiotoxicities in Table
5.3.3. are based on the average foodproduction per unit area
for the total areas of Denmark and the Faroe Islands, which is
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137

Table 5.3.3. Radjiotoxicities of 9OSr and Cs in Denmark and the

Faroe 1slands

Denmark Faroe 1slands
Radiotoxicity
9OSr 137CS 905r 137cS
Physiological: nSv per Bq ingested 15.6 10.8 23 11.8
Per caput
nSv per Bg m-z deposited 50 60 53 181
Environmental
Collective
umanSv km 2
per By m 2 deposited 8.7 14 1.03 4.9

the pertinent approach in case of global fallout. However, if
the contamination has a local nature, as e.g. in the case of
the releases from a nuclear installation, the results may
change. 1If, e.g., pure agricultural areas in the Faroe Islands
and in Denmark are compared the collective radiotoxicities is
not necessarily still higher in Denmark, because the lower pro-
ductivity of Faroese agricultural areas may be more than com-
pensated for by the higher radioecological sensitivities of the

Paroese agricultural products.

We have seen that a high radioecological sensitivity is not
necessarily tantamount to a high collective environmental radio-
toxicity. There may even be a tendency to an inverse relation-
ship between the radioecological sensitivity and the collective
environmental radiotoxicity, because a high radioecological
sensitivity often is found in agricultural areas with low pro-
ductivity (Cham 70, Aa72a). In Jutland, where the mean yield

of wheat in a wheatfield is 485 tons km 2 (Da57-77) the radio-
ecological sensitivity is 1.33 times higher than in a wheat-
field in the Islands, where the yield is 519 tons km'z, where-
as the ratio between the collective environmental radiotoxi-
cities is only 1.24.
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The present definition of radiotoxicity infers that only fatal
cancers (apart from those of the skin) and the hereditary effect
in the first two generations are included in the health detri-
ment (cf. D.4.7.7). If the total radiotoxicity of a radioac-
tive substance should be evaluated one might furthermore in-
clude fatal cancers of the skin, nor-fatal cancers and subse-
quent hereditary effects. This has not been done bhecause a com-
mon measure of the health detriment for these various effects

is not available. The total radiotoxicity of a substance as
1311, which may give rise to non-fatal cancers of the thyroid

is thus underestimated as long as it is based on effective dose-
equivalent commitment only, and the same would be the case for

85Kr, which irradiates the skin.

Although the effective dose-equivalent commitment may thus not
be a perfect description of the health detriment and hence of
the toxicity of a radioactive substance, we are, regarding the
definition of toxicity, in a far better position for radio-

active substances than for most other toxic materials.

5.4, Applications

"Snik snak!” sagde Soldaten,
"vif du strax sige mig, hvad
du vit med dct, ellenr jeg
trakker min Sabel ud og huggen
dit Hoved afl”

FYRTOIET

"Rubbish! said the aclddien,
"Tell me at once what you
want to do with it - or 1'L2
have out my sword and cut
your head off".

THE TINDER-BOX

In the evaluation of the suitability of a potential nuclear
site numerous factors are taken into account. One of these -
but not necessarily the most weighty - are the factors which
influence the dose to humans from ingestion of radionuclides
released during the operation of the nuclear plant. These doses
may, as we have discussed in the preceeding section, be indi-
vidual or collective; both types should be considered.
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5.4.1. Other radionuclides compared with 90Sr and 137Cs

90 137Cs. Together

The present study has concentratecd on Sr and
these nuclides have delivered nearly 90X of the internal effec-

tive dose equivalent to humans as the result of ingestion of food
contaminated with the fallout radionuclides from nuclear weapons

testing.

We have seen that the environmental behaviour of the two nu-
clides differs markedly. In the Danish environment 908r may thus

represent a radionuclide entering the foodchain by indirect as

137

well as direct contamination, whereas Cs may be character-

istic for a contaminant that preferentially is incorporated
through direct contamination. Most radionuclides will be like

137Cs‘in this respect.

We have furthermore seen that the direct contamination of crops
with various radionuclides strongly depends upon their ability

to translocate within the plants. Cesium-137 is a nuclide which
is highly translocated (VIII), and thus likely to be relatively
more abundant in seeds and fruits than most other radionuclides.

Throughout the study fallout radionuclides other than 908r and
137Cs have also been considered. In grain we have thus examined

54 89 239,240P

Mn, Sr and u. The transfer factors of these radio-

nuclides from deposition to cereals did not exceed those of

137Cs (2.2.3, 2.2.4 and IX) and we have found that the local

89 239,240

variabilities of 54Mn, Sr and Pu were within the same

90 137CS (cf.

range as the corresponding variabilities of Sr and

Table B.2.2.9).

In a recent study of lead in Danish cereal grain (So 78) we ob-
served that stable Pb also shows a local variability in Danish

grain which is within the range of the various fallout radio-
nuclides studied.

89 131

In the case of milk Sr and I have been determined in

countrywide collectéd samples when possible, Neither of these
radionuclides have shown higher transfer factors than those of
90 137CS (3.2.3). The local variability of 898r in milk

was between that of 905r and 137Cs. In the case of 1311 the

Sr and
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local variability was determined from a countrywide sampling
performed in the last 3 weeks of September 1962 (RRD62) of fresh
milk (Fig. A.1.4.2.1), dried milk (Fig. A.l1.3.2) and untreated
mi1k3{Fig; A.1.1.3.1). From this study the local variability

of 1

to that of

I in Danish milk was estimated at 0.3-0.4, i.e. similar
137Cs in milk (Table B.3.2.3).

5.4.2. A hypothesis
Several radionuclides may be released from nuclear installations

under normal operations as well as in case of accidents. Some
of these radionuclides have hitherto not been present in quan-
tities such that studies of their radioecological behaviour in
various environments have been feasible. However, it is poss-
ible to evaluate a terrestrial environment radioecologically by
applying the radioecological sensitivities and variabilities of

90 137Cs only.

Sr and
In the environmental terrestrial studies of other radionuclides
we have found no indications of transfer factors higher than

those found for 90Sr and 137

Cs. We have not seen examples either
of local variabilities exceeding those observed for these two
radionuclides, and the local pattern in Denmark of the various

90

radionuclides - and of lead, too - follows that of Sr and

137Cs. The levels in the western part of the country is at most
2-3 times higher than those in eastern Denmark. The radioeco-
logical sensitivities of agricultural products from Jutland are
seldom more than two times those from the Islands; the mean
ratios between the two halves of the country for grain, veg-
etables and milk are 1.6 for 908r and 1.3 for 137Cs.

We may therefore conclude, that from a terrestrial radioecologi-

cal point of view Jutland is less suited than the Islands for
nuclear installations, because the individual doses through the

terrestrial foodchains on the average are higher than those
received from the same releases in the Islands.

'In the preceeding section (5.3) we discussed the importance of
the agricultural production at the site. This production would
determine the collective dose along with the radicecological

sensitivity. The yields per unit area of arable.land are usual-
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ly 5-10% higher in the Islands than in Jutland®*). Hence the dif-
ference between collective doses at the two sites will be less
than the difference between individual doses, but Jutland will
still be the most sensitive area to radioactive contamination

of terrestrial foodchains.

However, nuclear installations also release radionuclides to
the marine environuent. In this case it is not sufficient to

consider radioecologicael sensitivities of 90Sr and 137

Cs only.
Neither of these radionuclides show especially high concen-
tration factors in marine organisms (2.7.2, 3.5.2 and 3.6).
Whereas many activation products released with waste water from
nuclear reactors, e.g. 51Cr, 54Mn, 59Fe, 6oco and 65Zn may show
a substantial biomagnification in marine organisms, e.g. in
brown algae and in mussels (RRD77). Alsu fission products (952r,

106 239'240Pu, 241Am) may show

Ru) and transuranic elements (
concentrations in the marine biota which are orders of magnitude

higher than those in the surrounding seawater.

For some radionuclides e.g. radiocesium low salinities are tan-
tamount to higher biomagnification than high salinities. As the
waters around Jutland on the average show higher mear salinities
than the waters around the Islands, the radioecological sensi-
tivity of the marine environment in the western part of the
country may be lower than that of the eastern, assuming the
effective mean life of a given radionuclide to be the same in
the two environments. The per caput doses from consumption of

marine products would thus be higher in the Islands than in
Jutland. The catch of fish around the Islands is, however, an
order of magnitude less than the catch in the waters around
Jutland. Hence the collective dose from radionuclides with
waterborne releases may be higher for a nuclear plant in Jut-
land than for a similar plant in the Islands. UNSCEAR (Un77)

has calculated that for present days nuclear reactors approx.
3.5% of the total effective dose equivalent commitment come from
the terrestrial foodchains, and approx. 4% from water path ways.

*)

In Jutland 68% of the total area are arable area of farms in
the Islands 66% are arable.
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. . jd
During the normal operation of a nuclear power reactor only
minor releases of radionuclides take place. For light water
reactors (BWR and PWR) the airborne releases mostly consist of
13333. ’er and of 1311. The vaterborne
releases are the activation productsmentioned above (5.4.2)

and radiocesium. The doses through the radiocecological pathways

noble gases such as

are genera’ly an order of magnitude lower than the doses from
inhalation and from external radiation from the air or from the
ground (Un77). Hence for dose assessments the population den-
sities around nuclear sites are usually more important than the
agricultural production,_

In the case of a very serious accident, where the fuel elements
in the reactor core melt and where the reactor containment is

ruptured, substantial amounts of %0 13-'Cs

Sr and especially of
may be released to the environment along with many other radio-
nuclides, principally radicactive noble gasses and radioiodine.
The long term doses and the contamination of land from such an
accident will largely depend upon the amounts of the longlived
and medium-longlived radionuclides released from the accident.
Strontium-90 and 137Cs are the most important in this group of

radionuclides.

The time of the year influences the doses from the foodchain
(cf. D.4.7.8). In Denmark 137Cs is not taxen up by the roots

to any large extent. If the acciden: happens during the winter
the diet will therefore contain relative low concentrations of
137Cs as compared to a summer accident. In the case of 9°Sr
the difference will be less prcnounced because the indirect
con*amination of crops with 90Sr 18 of the same order as the
direct. In any event the 137Cs levels will decrease more rapid-
ly than the 905: levels. The doses from the food could be sub-

stantially reduced by discarding the first year's harvest.

To elucidate this a little further the radioecological sensi-
tivity may be divided into an instant and a delayed sensitivity.
The instant radioecological sensitivity is the contribution to
the total radioecolcgical sensitivity which, according to the
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pr2diction models, is delivered within the same year as the
contamination has occurred; the delayed radioecological sensi-

tivity is the remainder.

As a high time variability among years (Cvp(years)) is tanta-
mount to primary dependence on direct (instant) fallout, it is
obvious to express instant radioecological sensitivity as a

function of the annual variability as shown in Fig. 5.4.3.
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Figs 5.4.3, The instant radiocecological sensitivity (cf. the text) as a
function of the timevariability (CVp (Y!l")) determined 1962-19 1, The
tables in appendix B were used for the varabilities and appendix ¢ de-
livered the prediction models for the calculation of the instant radio-
ecological sensitivities.

The equation in Fig. 5.4.3, establish connection between varia-
bility and radioecological sensitivity. From this equation, it
is possible after an accident to estimate the effect of dis-
carding the first years harvest of a given crop grown in the
area contaminated by the accident. Let e.g. the crop be rye
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90

from Jutland. In that case CV Sr (table

B.2.2.7) and the dose commitment from Sr in rye would then

be reduced to approx 40X of the dose received if no remedial

measures had been taken (cf. also D.4.7.8).

If the equation in Fig. 5.4.3 is applied to animal agricultural

products one should keep in mind that the fodder to the animals

)

x
delivering the products shou.d be from the same year as the

products themselves. As this is only approximately the case the
observed instant radioecological sensitivity fo: the animal
produce in fig. 5.4.3 is generally lower than that calculated

from the time varisbilities of the samples.

Fig. 5.4.3 shows that a substantial reduction in the doses

from 137Cs in Danish diet components could be obtained by dis-

carding the first years harvest. In the case of 908r the effect

is more modest. It would, e.g., have nearly no effect on the

905r doses if the first years harvest of vegetables (cahbage,

carrots and potatoes) were discarded. In the Faroe Islands

90

the effect of discarding first years harvest on Sr as well

as on 137Cs doses would generally be less than in Denmark.

The longtime dose from an accident will however only to minor

degree come from the foodchain. The main contributor to the

137

dose will be the external radiation from the Cs deposited.

*
)In case of milk and meat the products from May(i) to April(i+l)
should be from fodder produced in the year ;, (cf. 3.2.1 and 3.4.1),
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5.5. Conclusions

5,5.1. General

The public concern of pollution ih general and of radioactivi-
ty in particular has made radioactive contamination of the en-
vironment a controversial issue. It is not easy to inform the
population in order to improve the understanding of these often
very complicated problems. The task is even harder because mis-
comprehensions are by no means limited to laymen's circles. The
treatment of the toxicity concept in public debate is an ex-
cellent example of present misunderstandings of pollution prob-
lems. A large proportion of the public is reluctant to accept
nuclear energy as one way of energy production among several
others; to a considerable degree this may be due to three in-
herent properties of ionizing radiation:-1) It cannot be de-
tected directly with any of the human senses, 2) The equipment
used to measure radiocactivity is extremely sensitive, which
means that even very low - and from a health point of view in-
significant - amounts are measurable, and 3) It is - contrary
to most other pollutants -~ relatively easy to quantify the
health detriment of a given dose of ionizing radiation to the

population.

In this final chapter we have especially dealt with the appli-
cation of radioecological sensitivity and variability in the
evaluation of health detriment from environmental radioactive
contamination. We have furthermore demonstrated how the radio-
ecological sensitivity can pe applied for the calculation of

inventories and transfers of radionuclides in cn ecosystem.

5,.5.2. Inventories and transfers

905r and 137

The annual transfers of Cs from vegetable agricul-
tural produce to animal produce are 80% and 100%, respectively,
of the inventories of the standing crop at summer. From animals
to man the corresponding figures are 1.5% and 30% of the ani-

mal inventories, and from vegetable produce to humans 0.3% and

1.3% of the vegetable inventories.
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The inventories of 90Sr were 3 times that of 137Cs for "veg-

etation", 6 times for "animals" and 0.5 times for humans, as-

suming steady state and equal fallout rates of the two radio-

nuclides.
The producers are thus in general more sensitive to 905r than
to 137Cs contaminaticn, and so are the consumers if they are

herbivorous. For humans as omnivores sensitivity to environ-

137

mental Cs contamination is greater than that of a 903r con-

tamination.

The agricultural statistic of the Faroe Islands is less compre-
hensive than the Danish statistics, and significant amounts of
human diet and animal fodder are imported to the Faroe Islands.
Hence it is not possible to calculate detailed models for the

Faroese ecosystem as we have done for the Danish. However, we

may estimate that the 905r inventories of Faroese vegetation

are Lalf the 137Cs inventories, and that the domestic animals

in tk: Faroe Islands contain approx. 3 times more 905r than

137C-s for the same environmental contamination of the two nu-

clides.

The 137Cs invent sry of the Faroese population is estimated to

be approx. 6 times the 905r inventory. This shows that the
Faroese terrestrical ecosystem behaves differently from the

90 137

Danish with regard to Sr and Cs contamination.

5¢5.3. Radiotoxicities

We have considered physiological and environmental radiotoxi-

90

city. We have shown that the first mentioned for Sr in Den-
Cs. In the Faroes the phy-

mark is 50% higher than that of 137
siological toxicity of 9OSr is two timeg that of 137Cs, if the
two radionuclides are ingested with Faroese diet. The environ-

13/Cs is highcr than that of 90Sr. In

137Cs

mental radiotoxicity of
the Faroes the per caput environmental radiotoxicity of
is 3 times that in Denmark: but the collective environmental
radiotoxicity of 137Cs is 3 times higher in Denmark than in
the Faroes due to the higher agricultural production pr unit

area in Denmark.
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The examples show that it is confusing or even misleading to
state that ore substance is more toxic than another without
specifying the circumstances under which the two toxicities

are compared.

5.5.4. Applications

The radioecological sensitivities of 9OSr and 137Cs can be
used to classify an environment radioecologically. If the ter-
restrial environmental samples from one environment show high-
er radioecological sensitivities for both radionuclides than
the samples from another environment, our conclusion would be
that the former environment may result into higher individual
doses from ingestion of local food than the latter, also for

908r and 137Cs.

releases of radionuclides other than
As the collective doses pr unit area are proportional to the
foodproduction pr unit area and as the radioecological sensi-
tivity often is inverse proporticnal to the crop yield, high
individual doses in an area are not necessarily tantamount to

high collective doses.

The so-called instant radioecological sensitivity may be re-

90 137CS in

lated to the time variability observed for Sr and
the various environmental samples collected since the beginning
at the sixties. The two quantities are proportional and the

time variability of a sample may thus be used for the estimation
of the instant radioecological sensitivity, which again is a
relative measure of the dose received within the same year

as the activity release. The time variabilities may thus be
applied to estimaté the effect of discarding the first years
harvest or of changing the agricultural production in a con-

taminated area.

5.5.,5, Further studies

Because of its many relations to nearly all diciplines of sci-
ence an environmental study will inevitably inspire further
studies. First of all it raises a number of basic problems
which should be dealt with in well-defined experimental studies.
This final section will, however, emphasize further environ-
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mental studies, which the present ones are related to.

We have in Appendix C shortly mentioned dynamic modelling of
the environmental behaviour of radionuclides. Such models have
until now been of limited usefulness because the basic data,
e.g., on transfer coefficients between the various compart-
ments, often have been poor. The present study has estimated a

30 137Cs in the Danish

number of transfer coefficient for Sr and
environment. It may be worthwhile to apply these data in a dy-
namic model for the behaviour of these radionuclides in the
Danish environment. Sensitivity analyses are an important ap-
plication of dynamic models. By such analyses one may identify
which data are of special importance and thus where future

research is waranted.

90 137

Although Sr and

the terrestrial environment for tlle last 20 years there still

Cs have been studied comprehensively in

exist some uncertainty in assessing the long term transfer of
these radionuclides to humans and their diet; especially be-
cause the migration down through the soil and any physical or
biochemical processes, which modify the availability of the
radionuclides for uptake into plants with time, have not been
finely settled. Hence it is important still to follow the be-

90 q 137

haviour of Sr an Cs in soil as well as in terrestrial

produce and in humans.

In the very long term perspective other radionuclides might
dominate the environmental contamination arising from present
day's use of nuclear fission. Technetium-99 with a half-life

1291 with 1.57 x 107 years half-life and
239,240 241

of 2.14 x 105 years,

the transuianic elements (e.g. Pu and Am) are such
nuclides. Our understanding of the environmental behaviour of
the transuranic elements in these years are rapidly improving,

99Tc and 129

whereas radioecological studies of I have only just
begun, None of these two radionuclides are especially hazardous,
but they seem to be transferred quite easily through foodchains
and research efforts ave warranted for a better understanding

of their long-term behaviour in the environment.

Oour knowledge of the behaviour of radionuclides in the terres-



- 237 -

trial environment is generally better than that of the marine
environment, especially the oceans. Wz can point out problems

such as the relatively high marine levels along the Greenland
eastcoast, and the future fate of the 0.8 MCi 13/Cs hitherto (1979)
released to the sea Irom the reprbcessing plant of Windscale.

The behaviour of radionuclides released into the deep sea, e.g.
from waste disposal, will also require further studies in the
coming years. Marine studies are expensive and internat.onal

cooperation is therefore a must for this research.

With a rapidly increasing world population other methods of
foodproduction than those at present in use are foreseen. Sea vegetation
may thus be an important part of the future diet of the world.
This should be taken into account in marine radioecological
studies, because sea plants show high concentration factors
for many environmental pollutants. Generally, in future radio-
ecological studies one should be vigilant to new path-ways to

humans.

A special applica:ion of the environmental contamination with
radionuclides is the use of the nuclides for identification
and dating purposes. Lake sediments may thus be age-determined

from their contents of 137cs or 239:240

Pu. From 908r analysis
of, e.g., a bone sample one may make out whether the sample
originates from before "the nuclear age”. However, one should

be careful not to jump to conclusions., We have thus recently
seen that a human bone sample, which had been laying in a spruce
forest for 10 years contained considerly more 905r than ex-
pected from its age, presumably because the bone material had
accumulated 905r from the surroundings. Isotope ratios are

often useful for identification of sources of contamination.
Studies of 238Pu/239,240 134CS/137

thus show whether a given contamination arises from nuclear

Pu ratios or of Cs ratios may
power installations or from weapons testing. Measurements of
such ratios do not require quantitative analyses where the
chemical yields are known because we assume that isotopes of
the same element found in the enviromuwent at some distance from

the sources are of the same chemical form.

Although our knowledge ©of radioactive contamination of the en-
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vironment in many respects is incomplete, it is nevertheless
considerably more comprehensive than our knowledge of non-radio-
active pollutants. Primarily because the sensitivity to detec-
tion and assessment of radioactive substances is generally far
superior to that of other pollutants. The many possible sources
of non-radioactive pollutants (local, regional and global) com-
bined with no easy method to determine the age of a non-radio-
active substance contribute to the difficulties in assessing
pathways to man. Reliable transfer factors between the various
environmental compartments are thus not easily available. It
should however be possible to improve the situation by using
more systematic and comprehensive sampling programs, e.g. simi-
lar to those used for radioactive contamination in the present
study. By analysis of variance one could then get a better
understanding of the various mechanisms determining the non-
radioactive environmental contamination. As an example of such
a procedure we have recently carried out a study of the lead
contamination of Danish cereal grain collected since 1962 at
the Danish State Experimental Farms (So78). We shall in future
studies include other previous collected environmental samples,
and we intend also to examine other metals than lead. We ex-
pect that such a study, among other thin.ais,could show whether
the concept of radiocecological sensitivity and variability

also could be applied to non-radioactive pollutants.
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DANSK RESUME

Det foreliggende arbejde har hait til hensigt at kvantificere

de radiogkologiske egenskaber af miljgprgver. Til dette formil

er benyttet "den radiogkologiske sensitivitet" og "variabilite-
ten". Den fgrstnavnte stgrrelse er identisk med overfgrings-
faktoren fra deponeret radioaktivt globalt nedfald til den pagel-
dende miljepreve, medens variabiliteten er den sakaldte partielle

variationskoefficient beregnet pi grundlag af en variansanalyse.

De atmosfxzriske karnevabenforsg¢gg har siden sprangningen af cet
fgrste nukleare vaben i 1945 kontamineret omgivelserne med en
ra@kke forskellige radionukleider. Til de l®&ngere levende stof-
fer blandt disse hgrer 908r og 137Cs, der pa grund af deres
kemiske slagtskab med henholdsvis calcium og kalium forholdsvis
let overfgres fra det abiotiske miljg til levende organismer,
Milingerne af 905r og 137Cs koncentrationerne i luft, vand og
jord, som er beskrevet i kapitel 1, har dannet basis for be-
regningen af overfgringsfaktorerne fra det radioaktive nedfald
via fg¢gdekaden frem til mennesket, og de abiotiske miljgpre¢vers
variabilitet er benyttet ved vurderingen af de biologiske

prgvers kontaminationsveje.

Miljgfaktorer som klima, jordbundsforhold og landbrugspraksis
pavirker, som det omtales i kapitel 2, den radiogkologiske
sensitivitet sdvel som variabiliteten af radionukleid koncen-
trationerne i vegetabilske prgver. Afgrgder med et stort over-
flade til vagtforhold og en langsom vakst udviser almindeligvis
stgrre direkte kontamination end planter med de modsvarende
egenskaber. For Danmarks vedkommende spiller kornprodukterne
en s2rlig rolle, fordi rugbrgd, hvori hele karnen anvendes,
indgdr som en vasentlig bestanddel af kosten. Den direkte kon-
tamination af kornet er i dette tilfalde af speciel betydning,
hvorfor der er udfgrt en razkke eksperimentelle kontaminations-
forsgg af kornplanter til belysning af forholdene. Indirekte
kontamination (rodoptagelse af radioaktive stoffer) er en
vigtig transportvej for specielt 9oSr til f.eks. grgntsager.
P4 Fargerne er jordbundsforholdene &rsag til at ogséa 137Cs
optages i betydelig grad via r¢dderne, hvilket resulterer i en
h¢j radiogkologisk sensitivitet af fergske afgrgder med hensyn
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til 137Cs. Lav indtager en s@rstilling pd& grund af sin exceptio-

nelt h¢je radiogkologiske sensitivitet.

Kapitel 3 omhandler den radiocaktive forurening af dyrene og
deres produkter fgrst og fremmest komazlken. Et h¢jt indhold

af gres i kvagfoderet resulterer i hgjere 137Cs niveauer i
melken, end hvis foderet fortrinsvis er baseret pa roer;
derimod er 0Sr niveauerne i malken kun lidt pavirkelige af en
s8dan endring i fodersammensatningen . Den hgje indirekte 137Cs
kontamination af det f®rgske gras betyder, at den radiogkologiske
sensitivitet af fergsk malk med hensyn til 137Cs er vasentlig
stprre end af dansk ma®lk. De terrestriske dyr, som indgar i

den humane f¢dekade udgg@res pfimart af herbivorer, hvorfor
niveauerne i k@det er afhaengige af plantefoderets radio-
aktivitetsindhold; de extreme niveauer, som findes i lav af-
spejles sdledes i en hgj radiopkologisk sensitivitet af rens-
dyrk¢d. De marine dyr i fgdekaden er hovedsageligt carnivorer;
men selv om der sker en opkoncentrering af et nukleid som 137Cs
gennem de marine f¢dekader giver dette sig ikke udslag i
specielt hg¢je niveauer i marine dyr, da radioaktivitetskoncen-
trationerne i havet er relativt lave og fordi havvandets for-
holdsvis hg¢je saltkoncentrationer begranser 137Cs optagelsen

i havets organismer. Den radiogkologiske sensitivitet med hensyn
til 137Cs kan under danske forhold for visse marine fisk narme
sig sensitiviteten af danske husdyr, dels fordi radioaktivitets-
niveauerne i danske farvande aftager relativt langsomt, og dels
fordi danske husdyr hovedsageligt kun modtager 137Cs via direkte

kontamination af vegetationen.

I det fjerde kapitel omtales den radioaktive forurening af men-
nesket, dets kost og af modermalk. De vegetabilske produkter

i menneskets kost er almindeligvis de vigtigste 90Sr kilder,
mens 137Cs primzrt kommer fra de animalske produkter. Dog er
melk og kornprodukter uanset deres oprindelse begge vigtige

kilder til savel 905r som 137Cs i kosten., I dansk kost stammer

siledes ca. 70 % af kostens 905r og ca. 55 % af dens 137Cs fra
disse to kostgrupper. Ferosk og grenlandsk kost er karakterise-
ret ved deres relativt heje radioekologiske sensitivitet med

hensyn til 137Cs, hovedsageligt stammerde fra de lokale terre-

stiske animalske produkter. Den danske, fzroske og grenlandske
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kost udviser nasten den samme radiookologiske sensitivitet med
hensyn til 9oSr. De effektive dosis ekvivalent commitmenter fra
radioaktivt nedfald fra karnevabenforseg er beregnet til 1.6 mSv

for en dansker, 4.2 mSv for en faring og 1.6 mSv for en gren-

lznder. Cesium-137 bidrog med godt og vel halvdelen til disse
dosisekvivalenter. Den hajefe dosis til faringer skyldes den
storre nedbersmzngde og dermed storre nedfaldshastighed pa Far-
perne; men det skyldes tillige den sterre radioekologiske sen-

sitivitet af det fe@roske milje.

Det samlede maksimale antal alvorlige sundhedsskader i den dan-
ske, faroske og grenlandske befolkning, som felge af den radio-
aktive forurening fra hidtidige atmosfariske karnevabenforsegq,

skennes at ligge i sterrelsesordenen et hundrede fatale cancer-

tilfelde og et tilsvarende antal alvorlige genetiske skader.

I femte og sidste kapitel vises hvorledes resultaterne i det

foregdaende kan benyttes til at opstille en model for 9OSr og

137Cs omsatningen i det danske terrestriske okosystem under
ligevagtsbetingelser. Begrebet radiotoxicitet defiieres, og

der opstilles kvantitative udtryk for en fysiologisk og en mil-
jobetinget radiotoxicitet. Det vises, at et stofs (radio)toxi-
citet er et relativt begreb, som afhanger af den sammenhang,
hvori begrebet anvendes. Endelig demonstreres, at radioekolo-
gisk sensitivitet kan benyttes ved bedemmelsen af et miljes eg-
nethed som recipient for radioaktive udslip, samt at virkningen
af modforholdsregler i form af kassation af afgroder eller om-
lagning af landbrugsproduktionen kan estimeres udfra afgredernes
tidsvariabilitet.
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