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Abstract. The transfer of radionuclides in the terrestrial en-
vironment have been investigated. The thesis is divided into
two parts. Part I; Dynamic model for the transfer of radionu-
clides in the terrestrial environment. The study comprises the
development of a compartment model, that simulates the dynamic
transport of radioactive pollution in the terrestrial environ-
ment. The dynamic processes include, dry and wet deposition,
soil resuspension, plant growth, root uptake, foliar intercep-
tion, animal metabolism, agricultural practice, and production
of bread. The ingested amount of radioactivity, by man, is
multiplied by a dose conversion factor to yield a dose es-
timate. The dynamic properties and the predictive accuracy of
the model have been tested. The results support the dynamics
very well and predictions within a factor of three, of a
hypothetical accident, are likely. Part II; Influence of plant
variety on the root transfer of radiocaesium. Studies of
genetic differences, in plant uptake of radiocaesium, were
concluded with a pot experiment. Four varieties of spring
barley and three varieties of rye-grass have beer tested in
two types of soil. The results for barley showed a significant
difference between the four varieties. Analyses of variance
confirmed a high root uptake of radiocaesium in the variety
Sila and a significantly lower root uptake in the variety Apex
in each type of soil. The pattern between the varieties was
identical in 1988, 1989 and 1990. Similarly for the grass
varieties, one variety, the Italian rye grass, was identified
as having the relatively highest uptake of radiocaesium.
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PART |

Dynamic Mode! for the Transfer of Radionuclides
in the Terrestrial Environment



1.0 INTRODUCTION

The development of nuclear weapons, nuclear energy and the
applications of nuclides in medicine and industry result in a
release of radioactive material into the environment.

To make an assessment of the radiological impact or consequen-
ces of such releases of radionuclides, mathematical models,
vhich incorporate the many factors, that cause or affect the
movement of radionuclides, have been widely used. Furthermore
modelling is the only tool available to predict consequences
of hypothetical accidental situations.

The experiences from the investigations of the fallout, origi-
nated from nuclear weapons tests in the fifties and sixties,
formed the background for the development of the steady state
models. These models were based on a continuous fallout, and
one of the applications has been to predict the concentrations
of radionuclides in the environment close to the nuclear power
plants with routine discharges of radionuclides.

Steady state models can only be applied, if the rates of move-
ment of the radionuclides and the integration periods over
which results are required, are such, that the situation can
be regarded as in quasi-equilibrium, i.e. the time variations
can be ignored without introducing significant errors.

When discharges to the environment are discontinuous or when
the release is acute, a different type of environmental models
is required. Under these circumstances the changes, that occur
with time, need to be represented and models must therefore be
dynamic. The experience learned from the Chernobyl accident
clearly demonstrated, that a more detailed modelling, inclu-
ding time dependent processes, is necessary.

The present study compriscs the development of a compartment
model, that can simulate the dynamic transport of radionucli-



des in the terrestrial environment, after a discrete release
to the atmosphere. The model is intended to be used for
predictions of the radionuclide concentrations in the main
elements of the terrestrial foodchain, and subsequeatly
estimate the dose to man.

The structure of the model is described in details in chapter
2. Following a validation in chapter 3, the aspects of a
single hypothetical deposition are investigated and discussed
in the chapters 4, 5, and 6. The results of several sensitivi-
ty analyses, and a discussion of the overall uncertainty of
the model predictions, are presented in chapter 7.

Currently, the model contains data necessary for a simulation
of the dynamic transport of the radionuclides Wes, cs and
®sr within a Danish agricultural system.



2.0 GENERAL DESCRIPTION
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Schematic structure of the compartmentsystes.

The modelling system consists of a series of interconnected
compartaents, each representing different parts of the ter-
restrial environment. The structure of the model for caesium
isotopes is shown in FPigure 1.a.

The pathways between the different compartaents are indicated.
Each compartment is represented by a state variable, ¥, ,
j=1,...,n. These represent the quantity of the radionuclides



10

in specific compartments. The rate of change for a given
radionuclide in a compartment, is given by a system of linear
differential equations:

dy.
—5’=Elal’a-21ﬁ’3'lf§*?j

1] ivj

j is the compartment of reference and i designates all other
compartments. A;; and \;; represents the transfer coefficient
between the compartments in units of reciprocal time. The
first term on the right represents the flow entering compart-
ment j; the second term represents the flow leaving compart-
ment j. The term P; represents the input into compartment j
from outside the system, in units of activity per unit time.
The constant A, accounts for the physical decay of the activity

in compartment j.

The resulting set of linear coupled differential equations is
solved numerically, using a Runge-Kutta algorithm of order
four (Kirchner 1989). Inventories are calculated in steps of
one day and converted to concentration units. The air, soil
and pla.nt compartments all refer to a surface area of 1 ».

The model is implemented as a Fortran code and simulates the
dynamic transport of several radionuclides through the Danish
agricultural ecosystem. The code was made using a modelling
development system for personal computers, TIME-ZERO /Kirchner
1989). The final code made for the modelling development
system is listed in the appendix, including a description of
the state variables and parameters.

2.1 DEPOSITION

The description of deposition of radionuclides includes the
concentration X (Bg -”) , of a given radionuclide, at the
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height of 1 meter above ground.

Based on the basic definition of the dry deposition velocity
Vq (NCRP 1984), the dry deposition flux F, to the surface is:

Fg= v X Bgals"

A similar expression for the wet deposition flux F, to the
surface (NCRP 1984) is:

F, = v-p-X Bqmnls'

vhere v is the washout ratio (Bq 1'/Bq nd), which is defined
as the ratio between the concentrations of a given radionu-
clide in precipitation and in air (NCRP 1984), and p is the
precipitation rate ‘m a').

Many atmospheric and surface processes influence the dry and
vet deposition, and hence a wide range of values for v, and w
have been reported for several scenarios (Nielsen 1981), (NCRP
1984) (Whicker and Schultz 1982). The values v, = 172.8 m 4"’
(2mm s') and v = 10° (Bg 1') are used in the present model.
These are based on Danish data from the weapons fallout period
(Aarkrog 1979). Caesium and strontium are both attached to at-
mospheric particles when deposited, and an average particle
size of 1 um is assumed in the present model.

2:2 SOIL COMPARTNENTS

To account for the intensive cultivation of the Danish agri-
cultural soil, three soil compartments are introduced: an
upper soil compartment, a root zone compartment, and a sub
s0il compartment. For each crop a soil system containing these
three compartments determines the soil to plant transfer.

The upper soil compartsent, with a thickness of 1 cm, is
introduced to account for the resuspension from the surface
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of the soil and the soil ingestion by the 1livestock. The
resuspension process and soil ingestion are described in
details in chapter 2.3 and chapter 2.8.1, respectively.

For ploughing and root uptake, an effective root zone of 25
cm is introduced. Rotation of crops, including pasture grass,
is normally used in Denmark. To include ploughing, the inven-
tory in the upper soil layer, the inventory of the root 2zone
and what is left of the crops after harvest are mixed once a
year in October in the model simulation. Ploughing provides a
uniform mixing of the radionuclide contamination in this zone.

The soil compartments, accounting for the resuspension, in-
clude both the upper soil and the root zone. This reflects
that the resuspended material also originates from uncultiva-
ted areas with an undisturbed soil surface.

The construction of the model makes it possible to leave
ploughing out of the simulations, and simulate a scenario with
undisturbed pasture instead of a w~ll grown pasture.

The sub soil compartment accounts for the radionuclides no
longer available to the crops. This is due to fixation and
leaching to deeper soil layers (Nielsen and Strandberg 1988).
The rate of penetration for the radionuclides from the root
zone to the sub soil compartment, depends on the radionuciide
and the soil type.

Due to differences in retention to clay minerals and leaching
to deeper soil layers, different transfer coefticients have
been introduced for Ycs and "sr (Russell 1966), (Rogowski and
Tamura 15970 a) (Livens and Baxter 1988), (Squire and Middelton
1966a, 1966b). Furthermore different transfer factors have
been introduced for caesium dQue to differences in retention in
various soil types, Table 2.2.I. The transfer factors for
caesium in sandy loam and organic soil are based on results
from the studies described in part I11I.
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Table 2.2.1

Transfer coefficients providing for fixation tc minerals and

leaching to deeper scil layers for a given isotope and a given type
of soil.

Sandy loam Oorganic soil
a’’ a’ a
Strontium Caesiunm Caesium
7.10° 1-1073 7-107*
1E07
Rise
]
oo ' Bomhoim
E N
Ei“”' =
2 2.08 |- ‘\\EL\ Lo
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g’f°' -\11\\:5
§““ - Py ADAB
2€.09 I
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'E-“ 1 [l L
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Time (Days after 1 January 1986)

Pigure 2.3.a

Measured values for the resuspsnsion factor in Denmark after the
Cherncbyl accident. Data fitted with the approximation

RP(t) = 1.45.10 7 .¢ 1-2% g7
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2.3 RESUSPENSION

Experience from the Chernobyl accident (Aarkrog et al. 1989)
show that radionuclides deposited on the ground, may again be
"resuspended" by wind into the air, and subsequently deposited
on the ground or vegetative sul faces. Resuspended material can
thus become a significant contributor to the doses to persons
via the food chain, long time after the source term has ceased
to exist.

To account for this resuspension, a pathway from the upper
soil compartment to the air compartment is introduced (Figure
1.a) L]

The resuspension factor RF (m") for a given radionuclide is
defined as the ratio of the concentration in the air, at a
reference height above the ground (usually one meter), to the
concentration per unit surface area. Based on earlier studies,
the resuspension factor RF(t) used in the present model is a
function of the time t measured from the time of deposition
(0.J. Nielsen 1981), (H.H6tzl et al 1989), (NCRP 1984). In
agre:ment with Danish experience after the Chernobyl accident,
the following formula for the time dependence of the resuspen-
sion factor is used:

RF(t) = 1.4-107.¢ "% m’

for the first 2000 days after a release of radionuclides,
Figure 2.3.a (S.P. Nielsen 1990), (A.Aarkrog et al 1989).
Based on the assumption that the resuspension factor will not
decrease to less than 10 (NCRP 1984), this value is used as
the resuspension factor, for the rest of the simulation peri-
od,

The amount of radionuclides resuspended into the air compart-
ment AIR, at time t, after the deposition, will then be:

AIR (t) = (RF(t)-y,) Bg m
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where y; is the concentration of radionuclides in the upper
soil compartment.

£:4 PLANT GROWTH

2.4.1. Root uptake

The plant uptake via the roots from the inventory in the root
zone compartment, Y , is estimated as

-2 31
Rl’ = Yr-(dB/dt) +CR/ (Dr°Sb) Bgqm“d
where,
Y, s the inventory of the root zone compartment, (Bq m'z)
dB/at : the growth rate of the plant considered, (kg m2 d)
CR : the concentration ratio of the plant considered,
(Bg/g plant per Bg/soil, dw.)
D, : the depth of the root zone, (m)
s, : the soil bulk density of the soil type considered, (kg m's)

This equation is similar to the one used in the Pathway model
(Whicker and Kirchner, 1987).

The values used for CR depend on plant species, soil type and
the radionuclide considered. The CR values used in the simula-
tions are primarily based on the experiments carried out with
several crops grown in different sorts of Danish of soil (Part
II, chapter 3.1 and 3.2). Concentration ratios for crops and
isotopes, which are not considered in part II, have been
chosen based on earlier studies. (Andersen 1967), (Steffens et
al. 1988), (IUR 1989). Typical values are shown in Table
2.4.1.1.

The plant growth rate dB/dt is implemented in the model with
time steps of one day. The values estimated for dB/dt depend
on plant species and are further described in chapter 2.5.
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Table 2.4.1.1.

Typical values for the concentration ratio CR and the soil density for
strontium and caesium isotopes in different types of soil.

Concentration ratio, CR

Bg kg™! plant per Bg kg'' soil.

grass leafy coarse cereals
vegetables vegetables

Caesium:

Sandy loam 3 0.3 0.5 0.3 0.03
S, :11460 kg m’

organic soil,k 2.4 5.0 3.0 0.5
S, :550 kg m”>

Strontium:

sandy loam 4 3.0 3.0 0.3

:'(Russel 1966),
(Yhlenschleger and Gissel Nielsen 1989)

2.4.2. Foliar sdsorption

The deposition is distributed between the soil and plant
surfaces, using the foliar interception factor p introduced
by A.C. Chamberlain (Chamberlain 1970),

P=1- exp(-m-d)

where m is the mass interception factor in units m’ kg’ and 4
is the density of the plants.
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Various experiments, with different radionuclides, particle
sizes, and varying intensity of rain, have been conducted in
order to investigate the range of the interception factor
(Hoffman et al. 1989), (U. Greitz et al 1974). Based on the
results obtained from these studies, the value of the inter-
ception, factor used in the present model, is 0.3 for pasture
grass, with an average density of 0.15 ka m? dw, and a mass
interception factor of 2.3 m® kg''. The initial washoff, genera-
ted by the rainfall, that provides the wet deposition, is
included in this value. The wet deposition is dominant, and
depending of the amount and .ntensity of rainfall, the washoff
from the surface of the plants to the soil can be substantial,
and must be taken into account.

The interception factor is assumed to be the same for all
nuclides transported attached to particles. The value of the
interception factor included for dry deposition is the same
as for wet deposition. Due to the minor importance of dry
deposition no distinction has been made.

The use of p = 0.3 as the interception factor other than for
pasture grass may yield erroneous results, and can only be
considered on a case by case basis, depending on the type of
crop. Assuming that p for vegetable crops cultivated in rows
is smaller than the one for pasture grass, due to the extra
s0il surface exposed between rows, an intercep*ion factor p =
0.25 has been used for leafy vegetables and beet leaves (NCRP
1984).

Plant tissue incorporate the radionuclides from the foliar
surfaces by absorption. It appears that the fraction of depo-
sited material translocated into the internal parts of plants
is usually small. According to Nielsen (Nielsen 1981) <the
average v>lue lies between 5 and 10%.
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To calculate the foliar transfer coefficient K , the following
expression is used

-1
Koy = Fy°Ky/ (1-F)) d
where,
F, ¢ the absorbed fraction of the surface deposit
K, : the weathering constant, (&)

(Chapter 2.6)

The erpression is similar to the one introduced by J.R. Sim-
morids (Simmonds et al. 1979) and Whicker and Kirchner {Whicker
and Kirchner 1987).

2.3 VEGETATION
18
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Pigure 2.5.1.a
Plant growth rate, (dB/dt), for pasture grass based on experiments made

by The National Institute of Animal Science (Kristensen 1987).
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2.5.1 Pasture grass

Pasture grass is the main part of the cows’ diet in the sum-
mer, when they are outdoors. When kept indoors, which is
becoming more common in Denmark, they are fed mainly with
pasture grass harvested outdoors. The plant growth rate used
in the model, is calculated from experiments made by the
National Institute of Animal Science, Denmark (Kristensen
1987) . It provides for the growth of the above-ground biomass
and the subsequent dilution of the radionuclide concentra-
tions, Figure 2.5.1.a.

2.5.2. Fodder beets

During winter, beets and beetsilage are major components of
the cows’ diet in Denmark. The plant growth rate for beets is
based on results obtained by Aslyng and Hansen, 1982 (Aslyng
and Hansen 1982). It is possible to specify the time of har-
vest of the'beets in the model. After the harvest and the
silage production, the products are stored until use.

2.5.3 Root crops and green vegetables.

To simulate the concentration of radionuclides in coarse
vegetables like potatoes, the model structure used, is the
same as for fodder beets. The CR values for coarse vegetables
as well as harvest time, and growth dilution were included.

For green vegetables like cabbage, spinach and lettuce, a
model is used that provides for root uptake and direct deposi-
tion. The growth of the green vegetables is assumed to be
similar to the growth of the green parts of the fodder beets.

Depending on the species simulated in the model, the period
of growth, and the density of above ground biomass can be
changed to obtain the best predictions for each type of crop.

2.5.4 8ilage
The main constituents of silage are beet leaves and grass. In
an average winter diet, the silage is made up of 2/3 feed unit
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(f.e.) beet leaves silage and 1/3 feed unit grass silage. This
composition of silage is used in the model. One feed unit
(f.e.) is the nutritional value of 1 kg of barley grain.

As the concentration o radionuclides in silage made from
grass is sensitive to it’s harvest time, it has been made
possible to specify the actual harvest time of grass used for
silage in the model.

2.5.5 Cereals

Based on experimental studies at Rise, a model for barley
grain has been developed. This model provides for the uptake
and translocation of different isotopes after a direct con-
tamination of barley grain, and takes the time of contamina-~
tion into consideration (A.Aarkrog 1983).

Assuming no radioactive decay, the two following expressions
were developed:

Caesium B (t) = 0.098-exp(-0.0013(t-34)%) (1)
Strontium  pg (t) = 0.045-exp(-0.00095(t-2)?) (2)

where p(t) is the activity in Bg kg’ in the mature grain at
harvest and t is the time in days before harvest when the crop
has received 1 Bg per'nfzbarley field of strontium or caesium,
Figure 2.5.5.a and Figure 2.5.5.b.

We know from earlier experiments, that there is only slight
difference in the retention, and the translocation, of radio-
nuclides between barley, rye, wheat and ocats (A. Aarkrog 1969-
). Hence the expression developed for barley grain has been
used, in the present model, for all four species to account
for the contamination level at harvest time. Furthermore, no
distinction has been made between winter and spring varieties,
apart from the possibility to specify the different times of
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harvest for the different varieties.

Testing (1) with caesium data from Rise, obtained after the
Chernobyl accident in 1986, showed that it overestimated the
measured radiocaesium concentrations by a factor 2 to 3 ( Aar-
krog et al. 1988). It is obvious that the contributions from
July-August 1986 play an important role in the models. This
contribution may, however not be so important in reality,

HCs %

Ll 1 1 l Ll I g 'R S S B ’ i

102t~ :
0 50 100 0 50 100
DAYS BEFORE HARVEST DAYS BEFORE HARVEST

Figure 2.5.5.a

Percentage of radiocaesium, applied
at various dates to 1 m® of barley
field, recovered per kg of grain at
harvest, assuming no radiocactive
decay (Aarkrog 1983).

Figure 2.5.5.b

Percentage of radiostrontium, ap-
plied at various dates to 1 m“ of
barley field, recovered per kg of
grain at harvest, assuming no radio-~
active decay (Aarkrog 1983).
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since the fallout in July-August was mostly due to local
resuspension. This implies that the radiocaesium was attached
to soil particles, which may have retained it so efficiently,
that the plants cannot get hold of it. To include this effect
in the present model, the uptake of direct deposited radiocae-
sium pu, (t) is reduced with a factor of 3 for resuspended
radionuclides. Additional physical decay has been included.

£:6 WEATHERING

Weathering denotes the loss of radioactive material from the
plant surface to the soil surface. The mechanisms are precipi-
tation and wind. For periods longer than one month after the
deposition, earlier experiments show, that it is necessary to
include at least two weathering halflives (Krieger and Burmann
1969), (Nielsen 1981), because the absorption of the radionu-
clides, into the plant tissue from the foliar surface, will
reduce the effect of weathering with time. The same authors
report no significant differences between the wheatering
halflife for caesium and strontium in grass grown in an ex-
posed area.

Concentrations of “'Cs measured in the grass at Ris¢ in the
year after the Chernobyl accident strongly support the use of
two wheatering halflives (Aarkrog et al. 1988). Based on these
data, an effective halflife of 7 days has been chosen in the
model for the first 20 days after a deposition and a halflife
of 30 days for the rest of the simulation period.

2.7 ANIMAL METADOLISM

2.7.1 Dairy cows and beef cattle

The structure of the cow model simulating the transport of
caesium and strontium to milk and beef is based on a model
previously published (Crick and Simmonds, 1984; Simmonds,
1985). A breathing rate of 90 1 air per minute has been in-
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Pigure 2.7.1.a

Structure of the cow model for the metabolisa of the caesium isotopes.
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cluded (Russell 1966). The inhaled amount of radionuclides is
divided between the circulating fluid and the stomach ac-
cording to ICRP (ICRP 30, 1979), assuming similarities between
cattle and man. According to ICRP, 25 % of the inhalated
radionuclides, attached to particles, is distributed to the
circulating fluids and 15 & to the stomach, the remaining

60 § is exhaled.

The model structure for the metabolic modules developed for
caesium and strontium is the same, except for the organs which
are considered depend on the particular radionuclide. Caesium
and strontium are both readily transferred to milk, whereas
only caesium is concentrated, in substantial amounts, in the
meat. ¥sr is thus relatively unimportant as doner to the total
dose via consumption of beef. Animal bones are, however,
useful indicators for a ®sr contamination of the terrestriai
environment. For caesium, there are two compartments, that
represent the soft tissues in the animal, with different
effective bioclogical halflives. For strontium, there are
compartments, that represent bone surface and bone volume. The
structure of the two parts of the model is shown in Figure
2.7.1.a and Pigure 2.7.1.b.

Finally, the model representing the cow has been adjusted to
Danish agricultural practice, which essentially means a high
milk and beef production rate. To simplify the model, no
distinction has been made between beef cattle and dairy cows.

Periodic slaughter is represented by losses from all compart-
ments. The average lifetime for the cows is assumed to be 5.8
years which gives the value of a transfer coefficient ol
4.7-10* a".

There has been some discussion (KShler at al. 1991) whether
models, with a multi-compartmental description of cow metabo-
lism, are significantly better than steady-state models, using
F, and F,, as the simple transfer coefficients to milk and beef
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(IAEA 1982). The performance of the more complex models is not
significantly better than the one of the simple ones, if we
only regard the time integrated concentration of radionulides
in milk and beef, (KShler et al. 1391), (Chrick and Simmonds
1984) . However a more complex model is required, if a time
trend for the transfer of radioisotopes to milk and beef,
especially during the first weeks after a given contamination
is to be adequately predicted. There is a recycling of the
radioisotopes between organs and body fluids and this has
particular implications for the time dependence of the trans-
fer to milk and beef.

2.7.2 Pigs

Approximately 80 % of the meat consumed in Denmark is pork,
Table 2.10.1. Pork can thus be an important contributor to the
B7cs contamination of the Danish diet after an accident.

Similar to keef, pork does not contain substantial amounts of
®sr and pork is thus relatively unimportant as ®sr doner in
the total diet (Aarkrog 1979). Therefore, only a model con-
cerning the metabolisam of caesium has beer included.

As for the cow model, a metabolic structure has peen chosen
that makes a realistic simulation of the time trend for the
transfer of caesium to pork. The general structure of the
model is shown in Figure 2.7.2.a. The structure of the respi-
ratory tract is the same as for cows (chapter 2.7.1). A breat-
hing rate of 6 1 air per minute is used for pigs (Russell
1966) . The transfer coefficients between the different com-
parteents are partly based on a model previously published
(Kliment 1991).

Periodic slaughter is represented by losses from all compart-
ments. The average lifetime for the pigs is assumed to be five
months which gives a transfer coefficient of 6.7-10> a'. The
average lifetime is actually some weeks longer, but five
months have been chosen because of a different feeding habit
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Figure 2.7.2.a
Structure of the model for the metabolism of caesium isotopes in pigs.

for younger pigs.

While the models for cattle and pigs are able to account for
important metabolic processes, it should be emphasized that
they have been developed for the assessment of the radiologi-
cal significance of releases, and not for the purpose of
providing a detailed description of element metabolism.

2.8 FYODDER PLANS

2.8.1 Cows’ diet

The cows’ diet is the main determinant for the levels of
contamination in milk and beef. The diet specified in the
present model, is based on common Danish agricultural practice
(@stergaard et al.1983), (HAndbog for Driftsplanlagning 1990),
(Pedersen 1988). A typical diet is shown in Figure 2.8.1.a.

Several optiocns regarding agisicultural practice, described in
the tollowing, have been included in the model.
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Pigure 2.8.1.a
Diet used in the model for Danish cows.

During the summer period, it is possible to specify the period
that the cows are on pasture and the fraction of concentrate
given in addition to pasture grass. It is also possible to
introduce a period in which the cows are on stable eating
uncontaminated fodder. This to simulate the possible counter-
measures taken, to reduce the uptake of radionuclides after an
accidental release.

Contrary to feeding practice in other European countries, hay
is not very common in the cows winter diet in Denmark. Instead
fodder beets and beetsilage are the major components. It is
possible to spe:ify the different fractions of beets, silage
and concentrate in the winterdiet.

According to G.F. Fries (Fries et al. 1982) the average soil
intake by dairy cattle is about 2-3% of their dry matter
intake, when the cows are kept on well grown pastures and fed
with supplementary concentrates. The radionuclides ingested
with soil may not, however, be in the same chemical form as
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the radionuclides in the fodder. As for caesium, it may be
firmly fixed to the clay minerals in the soil and thereby less
available for transfer through the gastrointestinal tract to
the milk, and thus of minor importance compared to the con-
tamination of milk and beef by other pathways.

For cows pasturing on land with poor plant growth, like in
areas with extensive farming, the intake of surface soil
during the pasture season may be up to 14 § of the dry matter
intake, and this pathway has therefore to be taken into sne-
cial account (Healy 1968).

The plant growth rate, described in chapter 2.5.1, provides a
well grown Danish pasture. Consequently a soil ingestion of
2%, of the cows dry matter intake, is included.

The Danish cows are supplied with uncontaminated ground water,
consequently the supply of drinking water is not included in
the model (H. Hansen and A. Aarkrog 1990).

2.8.2 Pigs” diet.

The fodder for pigs mainly consists of barley, rye, wheat and
crushed soya. Normal practice for feeding pigs (FAF 1991)
makes 60 % of their fodder intake cereals. The amount of
fodder increases during the period of feeding. The total
intake during 5 months of feeding is about 240 kg. This gives
an average of 1 kg cereals per day, which is included in the
model.

The cereals used for feeding include grain from the previous
harvest, and this will continue until harvest the following
year, when the newly harvested grain will be included in the
fodder. The crushed soya is imported and considered not con-
taminated.

A constant ratio of whey, 10 $ of the total diet, was included
in the fodderplan used in the calculations. The structure of
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the model makes it possible to include a fraction of whey,
where the concentration of a given radionuclide is given by
the concentration of the radionuclide in milk, assuming a whey
production time of one month.

£.9 BREAD

The contamination levels in bread depend on the contamination
in grain. Danish experience from nuclear weapons fallout, show

ratios between bread and grain to be 0.74 for Be

s in rye bread
and 0.37 for “cs in white bread. Similarly, the ratios for
sr are 0.74 in rye bread and 0.15 in white bread (Aarkrog

1979).

It has been fcund (Aarkrog et al. 1963), that the atmospheric
fallout during a calendar year in Denmark, clearly affects the
grain levels at harvest, but does not affect the levels in
bread until the last part of the year. For that reason, the
production of bread, in the model, starts 1 December with
flour from the previous harvest, and continues until 1 Decem-
" ber the following year, when a new harvest is included in the
production. It is assumed, that no bread is prepared from
grain older, than from the last harvest.

2:10 DOSES

The consumption by man of the various food types contaminated
with radionuclides will give rise to an individual dose. To
estimate the effective dose equivalent commitment to man,
based on the amount of consumed radioactivity, typical Danish -
food habits have been introduced in the model.

The composition of the human diet; used in the present model
is based on results from a nationwide dietary survey, made by
the National Food Agency, and on statistical information on
the consumption of food (Haraldsdéttir et al. 1986), (Danmarks
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Table 2.10.1 Statistik 1987). The ave-
h 1 intak i .
In.p:::\:if annurl intake of food per capita rage annual intake of

food used in the model is
given in Table 2.10.I.

Type of food Annual Oonly foodproducts of ter-
qu?:t)ity restrial origin, that are
g

of significant importance
for the total dose, are

Milk products 174
P included.
Rye bread 39
White bread 9
2 The model may be extended
Potatoes and to incorporate specific
coarse vegetables 82 . .
information about sex,
Leafy vegetables 16 age and food habits, in
Fruit 56 order to get a more pre-
cise Adose assessment for
Beef 9 ..
Pork : 35 a specific group of peo-

ple, but it is considered
to be beyond the scope of

this project.

The time-integrated amount of radioactivity consumed is calcu-
lated, and converted to effective dose equivalent commitment
by multiplication with the relevant dose factor, reported by
the UNSCEAR committee (UNSCEAR 1988).

The effective dose equivalent per unit of ingested activity
(nSv Bq'') is shown in Table 2.10.II.

While caesium is assumed to be uniformly distributed through-
out all organs and tissues of the body, strontium is assumed
to be distributed mainly to bone marrow and bone surfaces. The
doses calculated for "sr, can be converted to organ doses by
dividing with w;,, the ICRP (ICRP 1979) weighing factor: 0.12
for bone marrow and 0.03 for bone surfaces.

Due to the chemical similarity, the transfer of strontium
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Table 2.10.1I within the body is largely
Dose factors from UNSCEAR 1988. det ined by the quantity of
calcium present. Earlier stu-

dies show, that a decrease in

R
nsv Bq the intake of czlcium, and no
adults correspondingly reduce in the
intake of strontium, will
Ysr 21* increase the uptake of stron-
tium and subsequently give a
Boes 20 higher dose (Russel 1966).
Wes 14 From 1958 to 1986 CaCO, was

added to the Danish flour,
according to a Government

* The dose factor for ®sr is based . L. .
on Danish data (Aarkrog 1979). Notice, giving an annual in-

g‘ltil 19861:I’Eclse_1fmiasfar take of 0.62 kg Ca ! (Aar-
Sr 15.6 nSv Bq .
krog et al. 1989). The annual
intake of Calcium with Danish diet is estimated to 0.47 kg y
! after 1986 (Aarkrog et al. 1989). According to this, the dose
factor for *sr was 15.6 nSv Bq' until 1986 and raised to 21
nSv Bq ' from 1986 and on.

2:.31 RADIOECOLOGICAL SEMSITIVITY

Infinite time-integrated concentrations per unit deposit,
distributed like global fallout throughout the year in a given
item of *he food chain is defined as the radioecological
sensitivity (Aarkrog 1979). In the present work, the term
radioecological sensitivity has been widened to include in-
finite time-integrated concentrations per unit deposit from a
single event, in a given item of the food chain. Four years
have been used as integration period for the infinite time-
integrated concentrations, because this period accounts for
more than 95 § of the infinite time-integration values.

The radioecological sensitivity is a very useful tool, when
comparing the response to a unit deposition for different
scenarios.
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3.0 VALIDATION

2212 CHERNOBYL

The observations of the dynamics of several radionuclides
after the accident at Chernobyl in the USSR, in 1986, provided
a rare opportunity to test models that sinulates the dynamic
transport of radioactive materials in the terrestrial envi-
ronment after a discrete release of radioactive material.

The present model was validated and discussed with regard to
Danish data and the result is presented in the following
chapters.

3.1.1 Grass, milk and beef.

The Chernobyl accident was characterized by its release of
radiocaesium. It has been estimated that approximately 100 PBg
of "cs and about 50 PBg of i3%0s were released (Aarkrog 1990),
two thirds of the release were deposited outside the European
part of the USSR. The boiling point for caesium is 671 °C and
thus caesium is very volatile, at the temperatures that were
reached in the reactor, at the accident. A substantial part
was thus transported over long distances, before it was depo-
sited on the ground. During 1986, the average concentration of
Wes in the air over Denmark increased by a factor of nearly
2000, compared to 1985 (Aarkrog et al. 1988).

The model input were the s concentrations (Bgq m>) in the
air, measured at Risp, in the weeks after the accident (Aar-
krog et al., 1988). The daily precipitation rates, measured at
Riso from April 1986 up to and including 1989, provided for
the rainfall in the simulations.

In Figure 3.1.1.a the, actual measurements of the '“'Cs con-
centrations in the grass, and the concentrations predicted by
the model, from 1986 up to and including 1989, are shown.
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Figure 3.1.1.a

Calculated and measured concentrations of >'Cs in grass at Riso after
the Chernobyl accident -in 1986 (Bg kq").

The time trend and the predictions of the actual concentra-
tions of "cs in the grass, are fairly consistent with the

measured levels, during the first years after the contamina-
tion.

Calculating the P/0 ratio, i.e. dividing each Prediction by
the corresponding Observed value, provides another measure of

the uncertainty, and a possible adverse bias, of the predic-
tions.

The geometric mean GM and the geometric standard deviation GSD
have been calculated for the P/O ratios. GM = 1.1 and GSD =
2.5 which emphasize the agreement between predictions and
observations shown in Figure 3.1.1.a, vhere no general tenden-

cy, of either overestimate or underestimate the concentra-
tions, is seen.

In order to prevent high concentrations of Iodine in the milk
after the accident, the Danish authorities ordered the farmers
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Figure 3.1.1.b
Calculated and measured concentrations of
Chernobyl accident in 1986 (Bg 1.

e in milk after the

to keep their cows stabled until the 11 of May. The found

¥es in milk and the concentrations predicted

by the model are shown in Figure 3.1.1.b. The period, the cows

concentrations of

were kept on stable, during the normal pasturing period in
1986, is simulated by feeding the cows uncontaminated fodder.

A private farmer, who delivered fresh milk samples in 198s,
has been interviewed. Feeding habits for his livestock, as
well as information on the actual period, he kept his cows on
stable, and fed them uncontaminated fodder, are included in
the model simulations. This gave an opportunity to simulate a
well described scenario in the pasture-cow-milk pathway. A
later interview with the farmer revealed that during the
period of stabeling the cows had been partly fed with fodder,
wvhich has been stored outdoors and consequently slightly
contaminated. However this extra contribution from supplemen-
tary fodder had no effect, on the concentrations of Wes in the
milk, during the first days after the accident. Measurable
concentrations was first seen after the 11 May, when the cows
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went to pasture.

In addition to the concentration of cs in samples, delivered
by the farmer, concentrations of ¥es measured in dried milk
samples, collected monthly from a dairy at Ringsted, Zealand,
are shown. These milk samples are bulked samples and reflect
differences in agricultural practice based on size of farm,
feeding habits etc.

The time trend of the predicted levels in milk fits the ob-
served levels reasonably well. There is a tendency to under-
estimate the concentrations of caesium in milk through the
years following a contamination. The actual concentrations of
caesium in milk in 1988 - 1989 are however so small, that even
minor additions of concentrate in the fodder, imported from
. areas with a higher level of contamination, will have an
effect on the concentrations of s in the milk.

400 000 800 1,000 1,200 1,400
Time (days after 1 January 1986)

Pigure 3.1.1.c
Calculated and measured concentrations of 137(:0 in beef from Zealand
after the Chernobyl accident in 1986 (Bq xg'l).
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There is a wide variation in the caesium concentrations measu-
red in beef during the summer 1986, and this blurs the ex-
pected time trend. This is because the beef samples represents
animals from all over Z2Zealand, and just as the milk samples
they also reflect differences in agricultural practice. The
tendency is again to underpredict the concentrations of caesi-
um in beef in the years following an accident. Due to the
strong correlation between milk and beef, given in the struc-
ture of the model, this was to be expected, (chapter 2.7.1).

Table 3.1.1.1
The geometric mean and geometric standard deviation calculated for the
P/O ratios for the 37cs concentrations in milk and beef.

Geometric mean Geometric standard
F/O deviation
milk 0.3 2.8
beef 0.7 2.1

The geometric mean, GM, and the geometric standard deviation,
GSD, for the P/0O ratios have been calculated for the caesium
concentrations in milk and beef, and the results are shown in
Table 3.1.1.I. The concentrations of '*'Cs in milk are predicted
within a factor of three and the ccncentrations of *'cs in beef
within a factor of 1.5 and these results emphasize the tenden-
cy of the model to underpredict the concentrations, in the
years following the accident.

Because of the meteorological conditions, the deposition in
Denmark from the Chernobyl accident was low. For this par-
ticular contamination, keeping the cows on stable had a minor
effect, but for a more serious accident, such a countermeasure
can be of considerable importance. The aspects of keeping the
cows on stable, for a certain period of time after a given
contamination, are discussed in chapter 6.0.
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Figure 3.1.2.a
Calculated and measured concentraticns of '37Cl in pork after the
Chernobyl accident in 1986 (Bq kg'').

The contamination of Danish pork after the Chernobyl accident
was only of minor importance. This because the release of
caesium into the Danish environment took place at a very early
stage of the growing season. The major part of pigs’ diet is
cereals. If the accident had occurred about a month before the
harvest of barley, the situation would have been different,
due to the translocation of caesium to grain described in
chapter 2.5.5. Aspects of a contamination that happens later
in the growing season are discussed in chapter 4.0.

The concentrations of '“'cs, the time trend in pork predicted
by the model for 1986 and 1987, and the actual measured con-
centrations, are shown in Figure 3.1.2.a. The model predicts
the observations reasonable well. A more detailed study, on
the radiocaesium content in pigs, must however be done to
further validate this part of the model.
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Figure 3.1.3.a
Calculated concentrations of 137(:. in cereal, rye-bread and white bread
after the Chernobyl accident in 1986 (Bg kg" }-

The concentrations of '”CS, and the time trend in cereals and
bread predicted by the model, from 1986 up to and including
1989, are shown in Figure 3.1.3.a. Comparisons between the
predicted concentrations, and the actually measured values are
shown in Table 3.1.3.I. The harvest time for winter rye has
been set as July 24 (Day no. 205) whereas the harvest time for
spring barley, representing all the spring varieties has been
set as August 8 (Day no. 220). Bearing in mind, that the
cereals are very sensitive to the time span between the time
of contamination and the time of harvest (Chapter 2.5.5). The
difference between predicted and observed concentrations is
within a factor of two. Although the modelling for production
of bread is fairly rough (Chapter 2.10) the discrepancy bet-
ween predicted and observed concentrations are within a factor
of two. A more specific distinction between the different
varieties of cereals and a more detailed modelling of the
production of bread might give a better agreement between
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Table 3.1.3.1
Calculated and msasured concentrations of mcn in ceresls and bread
after the Chernobyl accident (Bq kg'').

1986 1987 1988 1989

Winter rye

P 11.3 0.05 0.04 0.03

o 9.9 0.07 0.07 0.03

P/O 1.1 0.7 0.6 1.0
Rye bread

P 7.8 7.8 0.3 0.3

o 6.3 4.8 0.3 0.3

P/O 1.2 1.6 1.0 1.0
sprisg barley

P 0.4 0.05 0.04 0.03

o 0.2 0.08 0.05 0.03

P/O 2.0 0.6 0.8 1.0
White bread

P 0.2 0.2 0.02 0.02

(o} 0.3 0.4 0.05 0.03

P/O 0.7 0.5 0.4 0.7

predicted and observed values. The significant effect of a
variation in the time of harvest would, on the other hand,
indeed suppress gain of such a detailed modelling.

3.1.4 Vegetables

The calculated and measured concentrations of “'Cs in leafy
vegetables and potatoes are shown in Table 3.1.4.1. The dif-
ferences betveen the predicted and measured concentrations are
within a factor of two except for the potatoes from 1986. This
indicates, that there is a translocation of caesium from the
leaves to the potato tubes, which dominates the root uptake
in the first year after a direcc contamination. This trans-
location has to be further investigated in field experiments
to include the proper transfer coefficient providing for this
process in tne .odel.
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Table 3.1.4.1
Calculated and measured concentrations of Bcg in leafy vegetables and
potatoes after the Chernobyl accident in 1986 (Bq kgq).

1986 1987 1988 1989
Leafy vegetab.es
Density: 1.5kg m™>
P 0.13 0.10 0.08 0.07
o 0.19 0.08 * *
P/O 0.7 1.3
Potatoes
Density: 3.5kg m™>
P 0.003 0.06 0.05 0.05
0 0.03 0.05 0.03 0.03
P/O 0.1 1.2 1.7 1.7
* No samples.

3.1.5 Doses.

Using the calculations described in the previous paragraphs,
an estimate was made of the contribution from s to the
individual dose after the first year and to the total effec-
tive dose equivalent commitment from the Chernobyl accident.

The daily intake of "7cs, per individual, during the period
from 1986 up to and including 1990, estimated from observed
concentrations in various Danish food products, is shown in
Figure 3.1.5.a. Based on this daily intake the time-integrated
amount of '“'Cs consumed was calculated and converted to effec-
tive dose equivalent commitment, as described in chapter 2.10.
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Pigure 3.1.5.a 137
The daily intake of Cs, per individual, estimated from observed
concentrations in various Danish food products.

The results, of these two ways of predicting the individual
dose from 1:"'Cs, agree within a factor of two. The calculated
doses are shown in Table 3.1.5.I.

The time-integration, based on the measurements in food pro-
ducts, was made assuming no change :In the decline pattern of
B7cs from 1990 and on. This might underestimate the individual
effective dose equivalent commitment, because a decrease in
the "cs concentrations towards a constant value may be more
realistic.

The agreement between model simulations and predictions, based
on observed values, seems to be a very good support of the
structure and dynamics of the model as well as of its ability
to give a realistic estimate of the consequences of a possible
future accident involving Wesg,
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Table 3.1.5.1I

Individual doses from the Chernobyl accident to the Danish population,
based on the deposition of Beg.

dose effective
first year dose equivalent
commitment
BSv BSVv
model
predictions 22 36
predictions,
based on
measurements in
foodproducts 13 29
12
.
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Relative contribution to the total dose

Pigure 3.1.5.b
Time course of the relative importance of different foodproducts to the
total dose from >'Cs.
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The time trend of the relative contributions to the total dose
are shown in Figure 3.1.5.b for the most important foodpro-
ducts. Meat is the sum of beef and pork, and bread is the sum
of rye bread and white bread.

3.1.6 8r-%0

Due to the minor importance in Denmark of %sr from the Cher-
nobyl accident, only a few simulations of the "sr dynamics
were made. The “sr activity, in the air over Denmark, in-
creased two orders of magnitude after 1985. The total release
of ®sr was 8 PBgq, a factor of 12 lower than for Wes (Aarkrog
1990). The boiling point for strontium is 1377 °C and this
makes *°Sr less volatile than caesium, and it will deposit on
the ground close to the source.

Already by September 1986 the Ysr levels were again back to
the values seen in 1985. (Aarkrog et al. 1988)

The *'sr inventory, still present from the weapons fallout, in
the upper 25 cm soil layers were approximately 1 Bqg kg'1 soil
in 1978. (Aarkrog et al. 1981). Corrected for fixation due to
ageing and physical decay, the concentration of strontium,
that is still available for root uptake in the soil, was added
to the soil compartments, and provided part of the initial
conditions. Strontium is, unlike caesium, not strongly fixed
to soil particles, and therefore available for root uptake
when present in the soil layers (Russel 1966).

The concentrations of "Sr in the air at Rise¢ were measured
only during a few days after the accident in 1986. These
concentrations were used, in addition to the concentration of
®sr in the soil, as input to the present model for simulating
the dynamics of YsSr after the Chernobyl accident.

The results of the predictions, made by the model, of the
concentrations and the time trend of the %sr contamination in
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Pigure 3.1.6
Calculated and measured concentrations of *sr in grass after the
Chernobyl accident in 1986 (Bq kg ', dry weight).

grass are shown in Figure 3.1.6.

Similar to the results for '“'cs, the time trend in the deposi-
tion pattern is very well predicted, as well as the concentra-
tions of "sr in the grass. The concentrations in the grass
were however so low, that an increase of Ysr in the foodpro-
ducts hardly was detectable (Aarkrog et al. 1988). Because of
this, no further effort has been done to simulate the stron-
tium dynamics after the Chernobyl accident.

The predictions of the time trend and the concentrations of
Yeg and "sr in the Danish environment, and the predictions
of the "'cs contribution to the total dose after the Chernobyl
accident, made by the present model, agree with the observa-
tions within a factor of two. The results are considered
supporting the structure and dynamics of the model to a very
high degree. Furthermore its ability to give a realistic
estimate of the consequences of a possible future accident
involving radioactive materials, is considered very fine.
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Another way of validating the present dynamic model is to use
it predicting the effect of the heavy fallout from the at-
mospheric nuclear tests in the early sixties.

3.2.1 Grass, milk and beef.

The input were the daily Yeos and ®sr concentrations in the
air measured at Ris¢ during the years 1963, 1964, 1965, and
1966, (Aarkrog and Lippert, 1964, 1965, 1966 and 1967). In
addition, a daily precipitation rate, based on the average
rainfall from the same area, was included.

Due to fallout from years prior to 1963, strontium and caesium
were present in the upper soil layers in 1963. The amount of
strontium in the root zone in 1963 was assumed to be 1350 Bq
(Aarkrog et al. 1964). The strontium was considered to be
*fresh® fallout, available for root uptake. Opposed to stron-
tium, the fraction of caesium in the soil from fallout prior
to 1963 was not included, due to the minor importance of root
uptake compared to the direct deposition of caesium.

Calculated and measured concentrations of *sr in grass are
shown in Figure 3.2.1.a. The calculated and measured concen-
trations are of the same order of magnitude. However the model
fails to predict the time trend for the period. This is proba-
bly partly due to the growth rate of the grass (chapter
2.5.1), which might overestimate the concentration in pasture
grass during the winter period. Only three measurements of
caesium in grass have been done during a four years period, so
no comme.ats can be made on the prediction of the time trend.
Nevertheless, the few calculated and measured caesium values
were within a factor of three.
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rigure 3.2.1.a
Calculated and measured concentrations of 'OSr in grass during the
fallout period 1963 -~ 1966 (Bq kg ', dry weight)

The cows  diet has been adjusted to agricultural practice in
the early sixties. Thirty years ago, the dairy cows produced
only half as much milk per day as now in the nineties. This
due to the now more intensive feeding and the Lreeding met-
hods. A change in feeding habits essentially means that grass
now is only a minor part of the total fodder intake by cattle.
Averaged over a year, grass was about 50% of the fodder in the
early sixties, while in the nineties, it is only about 30% of
the total fodder intake (Aarkrog 1979), (Ostergaard et al.
1983).

The results of the simulation compared with the actual mea-
sured concentrations of cs and ®sr in milk and beef in the
years 1963, 1964, 1965 and 1966 are shown in Figure 3.2.1.b
and Pigure 3.2.1.c. The failure in the prediction of the
deposition pattern (Fig 3.2.1.a) is recognized especially in
the model predictions of the time trend for the milk samples.
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Figure 3.2.1.b
Calculated and measured concentrations of B7ce in milk and beef during
the fallout period 1963-1966 (Bg 1°' and Bq kg .
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Pigure 3.2.1.c
Calculated and measured concontrnti?m of Psr in milk and besef during
the fallout period 1963-1966 (Bg 1°' and Bq kg'').
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Table 3.2.1.1
The geometric mean and geometric standard deviation calculated for the
P/O ratios for the 7ce and Psr concentrations in milk and beef.

Geometric mean Geometric standard
P/0 deviation

370

milk 0.59 1.4

beef 0.71 1.4
Ysr

milk 0.70 1.7

beef 0.97 1.4

The predictions and the observations are slightly staggered.
Nevert! _.ess calculations of the geometric mean and geometric
standard deviation for the P/O ratios, Table 3.2.1.1, show
that the predicted and measured concentrations are within a
factor of twvo.

3.2.2. Cereals

The concentrations of "cs and "sr in cereals, predicted by
the present model, for the fallout period 1963 - 1966 are
shown in Table 3.2.2.I. In addition, comparisons between the
predicted concentrations and the observed concentrations are
shown.

Generally speaking the model seems to handle the fallout
situation fairly well, although it was made solely for single
events. The results seem to support the dynamics of the model
very well.
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Table 3.2.2.1
Calculated and measured concentrations of 3
the fallout period 1963-1966 (Bg kg ').

Tcs and sr in cereals during

1963 1964 1965 1966
p 29 17 6.7 2.5
o 43 24 4.6 3.8
p/O 1.5 1.4 0.7 1.5
gy

P 6.1 5.1 2.4 2.0
0 5.4 4.3 3.2 3.0
P/O 0.9 0.8 1.3 1.5

Simulating the fallout situation revealed the importance of
including a realistic rainfall in the model. Including an
average daily amount of rainfall, calculated from the monthly
averages during the period from 1963 up to and including 1966,
failed to simulate the dynamics. The actual rainfall for the
period had to be used, including days without any rain as well
as rainy periods. Due to the structure of the wet deposition
(chapter 2.1), a daily amount of an average rainfall made too
few radionuclides, from the air compartment, to deposit on to
the surface compared to the actual deposition pattern.

Especially, the prediction of radioruclide concentrations in
cereals, was sensitive to the "correct" amount of rain. Using
an average daily amount of rain, the concentrations were
underpredicted up to a factor of ten.

A more realistic rainfall pattern, including days without any
rain as well as rainy periods, based on measurements of rain
in the period from 1986 up to and including 1989, was per-
manently included in the general structure of the model.



50

4.0 DIFFERENCES IN THE EFFECT OF ACCIDENTS HAPPENING
AT VARIOUS TIMES OF THE YEAR

The transfer of radionuclides through the terrestrial environ-
ment, following an accidental release, will vary markedly,
depending on the season of the year at which the release
occurs.

As described in chapter 2.0 a considerable effort has been
made to make this model include all the aspects of a seasonal
variation: weather conditions, plant growth, and agricultural
practice. This enables the model to make realistic predictions
of the consequences of an accident happening at any time of
the year.

3704 deposited h

The year was divided in four seasons and the effect of a
single deposition of 1 Bg m2 ¥es in each of the four seasons

has been investigated.

The scenario for the deposition was assumed to be the typical
Danish environment described in chapter 2.0, and the isotope
considered was *'cs. The precise times of the depositions were
chosen to be January 15, April 15, July 15 and October 15, in
an arbitrary year. The cows were on pasture from May 1 to
October 27. Cereals were harvested August 8, vegetables August
28, fruit September 1 and beets October 27.

The concentration of "'cs in milk and milk products depends
very much on the time of year of a given contamination as
shown in Pigure 4.1.a. As expected, due to pasturing season,
the highest concentrations in the milk will occur after an
accident happening in the summer period. This of course if no
countermeasures are taken. Furthermore, the radioecological
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Figure 4.1.a
Seasonal variation in the '37c|: concentration in milk due to a single
deposition of 1 Bq m2 at various times of the year.

sensitivity of milk, appeared to be higher for a single depo-
sition in October than for a single deposition in July, Table
4.1.1III. This is due to the harvest time for beets twelve days
after the deposition in October, which gives a contribution of
contaminated beet leaves used in the silage production. Simi-
lar patterns are seen for the Wes concentrations in beef , due

£ 137

to the strong correlation between the concentration o Cs in

milk and beef as described in chapter 2.7.1.

The maximum concentrations of 'Cs in cereals are shown in
Table 4.1.I. As expected from the expression for the uptake
and translocation of 'cs in cereals described in chapter
2.5.5, the contamination of cereals will be substantial only
if the contamination takes place in the summer, and less than
a month before harvest. The timing of a given contamination,
will influence the concentrations of "“Cs in flour and bread
following the same pattern.

The main part of pigs diet consists of cereals, described in
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Table 4.1.1
Maximum concentration of /Cs in cersals, due to a single deposition of
1B8q m? at various times of the year.

Time of

deposition: January April July October
10°® Bq per kg

first

harvest 1.0 1.3 4463 3.7

second

harvest 4.3 3.8 4.5 3.0

Table 4.1.1I1
Calculated doses to adults from a single deposition of 1 Bg m?
at various times of the year.

137c.

Time of
deposition: January April July October

nsv

dose
first year 10 19 327 37

effective dose
equivalent
commitment 21 28 493 48

chapter 2.8.2. Consequently only a deposition happening in
July will give rise to a substantial contamination of pork,
Table 4.1.I1I1II.

The variations in doses to adults, after a single deposition
of 1 Bq m’' at different times of the year, are shown in Table
4.1.1I. The doses to an individual after one years intake of
contaninated food, and the effective dose equivalent commit-
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ment based on several years intake of contaminated food have
been calculated . Four years were used as the integration
period for the effective dose equivalent commitment, because
this period of time accounts for more than 95 t of the in-
finite time integration values.

The predictions made by the model are in agreement with ear-
lier studies (Simmonds 1985). An accident, that gives a depo-
sition of YCs in the middle of the summer, at the height of
the growing season, will result in the highest dose; the
effective dose equivalent commitment will be a factor of ten
higher than for a deposition in January. The dose from a
deposition in the fall will be slightly higher than the dose
from a deposition in the vinter or in the early spring. This
difference will only occur, if the cows are still on pasture
in Octcber, cr if the harvest of beets, for the wvinter diet,
is not finished at the time of the deposition.

Hoht!voeontrlb;montotgo total dzou
Tj
gl thls

"" -~
’ rean.

————

8
L

1 ¢ ' FOPYL Lol 1 '] i L
°o 200 a0 0 000 1,000 1200 1400
Time (Days afer 1 January)
Pigure 4.1.>

Time ccurse of the relative importance for different_foodproducts to the
total oose from a sirgle deposition of 1 Bg »n? of '”c- in January.
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Figure 4.1.c
Time course of the relative importance for different foodproducts to
the total dose from a deposition of 1 Bg m? of 370s in April.

The time courses of the relative importance for different
foodproducts to the total dose, calculated for different times
of a single deposition, are shown in Figure 4.1.1 b, Figure
4.1.c, Figure 4.1.d and figure 4.1.e respectively. Meat is the
sum of beef and pork products and bread is the sum of rye
bread and white bread.

The predictions follow what was to be expected from the agri-
cultural practice in the different seasons. Milk is the main
contributor to the dose, from a.. accident happening in the
winter or in the early spring. Although the total dose is low,
the relative contribution from milk, contaminated via the
cows® inhalation of contaminated air, is dominating. Vegetab-
les and cereals have not yet emerged and will only contribute
via root uptake to the total dose. The contribution from fruit
seems to be rather high. A translocation of 'Ycs from the tree
and the early buds has been assumed, based in the experience
from the Chernobyl accident.
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Pigure 4.1.d

Time course of the relative importance for_ different foodproducts to
the total dose from a deposition of 1 Bq m “ of
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Figure 4.1.e

Time course of the relative !mportance for different foodproducts to
the total dose from a deposition of 1 Bgq m’
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After an accident in the summer, at the height of the growing
season, milk will be the dominating contributor to the total
dose, in the first months after the deposition, due to the
cows® pasturing. The contribution from vegetables will domi-
nate in a period after harvest, until the contaminated cereals
is used in the production of bread.

As for the winter and early spring, the animal products domi-
nate the contribution to the total dose from an accident
happening in October. The small contribution from vegetables
and cereals originate from root uptake the following year.

The radioecological sensitivities for B

s in milk, beef, pork
and grass have been calculated for each of the four different
times of the deposition. The results are shown in Table

4.1.ITI. Results from other studies have been included for

comparison.

The calculations made by A. Aarkrog (Aarkrog 1979), assume a
deposition of 1 Bqg m?, distributed like global fallout thro-
ughout the year, whereas calculations made by the present
model, Pathway (Whicker and Kirchner 1987) and Simmonds (J.
Simmonds 1985) assume a unit deposit at various times of the
year.

The radioecological sensitivity, predicted by the model, sup-
ports the results shown earlier in this chapter. The surpris-
ingly high values for milk and beef in October are due to the
fact that the cows are still on pasture, and that the harvest
of beets is not finished when the deposition occurs. The
radioecological sensitivity of grass is highest in the winter
due to the lack of growth dilution.

The model predictions for milk and beef are in the same order
of magnitude as the ones calculated in the Pathway model. On
the other hand, the calculations made by Simmonds are more
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Table 4.1.1.11I
137,

Radioecological sensitivity for ~'Cs. Milk (Bq y 1! per Bg m'zg,
beef and pork (Bg y kg per Bgq m?), grass (Bg ¥ kgq per Bq m°, dw).

Milk Beef Pork Grass
1073
Nodel
predictions
January 0.29 1.5 0.03 130
April 0.5 2.5 0.03 78
July 0.86 4.4 7.1 53
October 1.0 5.3 0.03 41
Pathway'
July 2.5 4.4 68
g8immonds™
January 2.5 13
April 16 75
July 18 74
October 2.5 13
Aarkreg
fallout 4.3 27 34 178
* (Whicker and Kirchner 1987), *+ (J Simmonds 1985),
%% (Aarkrog 1979).

than an order of magnitude higher than the present model
predictions and on average nearly the same as for the fallout
situation.

This discrepancy is assumed to be due to differences in the
agricultural practice used in the two models. The fodder plan,
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used by Simmonds, include hay and grass silage in the winter
time. The present model uses fodder beets and beetsilage with
a lower concentration of radionuclides per feed unit, than
grass. Furthermore, the milk and beef production rate, used by
Simmonds, is less than for Danish cows.

Due to the difference between the deposition pattern for a
single event and the continuous fallout situation, one should
expect a higher radioecological sensitivity for the weapons
fallout.

In summary, one can state that the worst time of a deposition
of s will be in the middle of the summer, at the height of
the growing season, when cattle are grazing pasture. In addi-
tion the results presented in this chapter, can be used to
identify the most effective countermeasures, able to reduce
the dose given to man in case of a future accident. This is
further discussed in chapter 6.0.
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5.0 APPLICATIONS OF THE MODEL IN A SCENAR!IO REPRESENTING
THE FAROE ISLANDS

In the previous chapters, the scenarios used in the wmodel
simulations have been limited to the area around Rise, charac-
terized by the rainfall, a sandy loam soil and an average diet
for the livestock stated by the local farmers.

Previous studies (Aarkrog 1979) showed shown that the averages
of the radiological sensitivities for “cs and ®sr are 1.3

Yes and ”Sr, respectively, in

times and 1.6 times higher, for
the western part relative to the eastern part of Denmark; the
averages were calculated for grain, vegetables and milk. This
reflects differences in weather conditions, soil type and,

agricultural practice for the two regions.

The present model is able to simulate any combination of
rainfall, soil type and agricultural practice. This makes it
possible to investigate differences in radioecological sen-
sitivity for different regions. To illustrate the possibili-
ties of the model, an area known to show very different radio-
ecological sensitivities from the area arourd Rise¢ (Denmark)
has been selected for further investigations. The Faroe Is-
lands has been selected for this purpose.

Parameters characterizing average rainfall, types of soil, and
agricultural practice for the Faroe Islands are used according
to previous studies (Aarkrog 1979), to simulate the dynamic
transport of B7cs in the terrestrial environment of the Faroe
Islands.

The average precipitation is high, approximately 1500 mm yr,
about twice the average precipitation in Denmark. The mineral
content of the soil is relatively low and the organic matter
content is high. Consequantly, the soil is as3umed to be a
typical organic soil, and characterized by the parameters









































































































































































































