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Abstract

Within the Co-ordinated Research Programme on "Validation of Models for
the transfer of Radionuclides in Terrestrial, Urban and Aquatic Environments
and the Acquisition of Data for that Purpose", organised by IAEA/CEC, one
group compared models, considering all relevant pathways leading to
exposure to man against independent data sets. One scenario used data from
southern Finland regarding contamination of various media due to the fallout
of Cs-137 from the Chernobyl accident. The scenario was concerned with
food products composed of natural and seminatural products in addition to
those from agriculture. In this study, a time dependent multiple exposure
pathway model was constructed based on compartment theory. Uncertainties
in model responses due to uncertainties in input parameter values were
studied. The initial predictions for body burden were good, within a factor of
2 of the observed while the time dynamics of levels in milk and meat did not
agree satisfactorily. Some results, nevertheless, showed good agreement with
observations due to compensatory effects. After disclosure of additional
observational data, major reasons for mispredictions were identified as lack
of consideration of time dependence of fixation of Cs-137 in soils, and the
selection of parameter values. When correction of this was made, a close
agreement between predictions and observations was obtained. This study
shows that the dose contribution due to Cs-137 in food products from the
seminatural environment is important for long-term exposure to man. The
evaluation provided a basis for improvements of crucial parts in the model.
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1 Introduction

Within the IAEA/CEC CRP programme on "VAlidation of Model Pre-
dictions" (VAMP) studied one working group the precision in dose
assessment models when calculating body burden of Cs-137 as a result of
exposure through multiple exposure pathways. This evaluation utilised the
blind test principle, in which a detailed scenario description was given to
each participants, who was requested to calculate concentrations in
different food stuffs up to body burden of man and dose to man. One
scenario, called CB, has been completed. It was based upon measure-
ments in the central Bohemia region of the Czech Republic (IAEA; I).
Another, called S, was concered with the southern part of Finland (IAEA,
II). This report describes our model developed for the S-scenario, model
results, the comparison of observed and calculated values, and points out
the main differences to discrepancies between calculated and observed
values. Revised model predictions were carried out after disclosure of the
scenario. The main contributions to model uncertainty from varying input
parameters were identified by uncertainty analysis. The scenario is
carefully described in IAEA II, 1995, where a detailed description of ths
environmental conditions is given as well as yield values, consumption
values and deposited amount as average values over subareas.

This study was only addressing the mathematical modelling for obtaining
the total intake and exposure to man from the turnover of Cs-137 in
terrestrial and aquatic environments. It addresses not in any detail the
complicated processes involved within the different components of the
biosphere. Furthermore it was beyond the scope of this study to include
detailed literature rewiews about processes and parameters.

Eleven participants from different countries produced varying amounts of
results for this S-scenario.
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2 Scenario description

For detailed description of the scenario see IAEA, 1995, II. The
assessments tasks were divided into two groups. One for which there were
observation data for comparison of model results, such as concentrations in
different compartments up to body burden of man. The other consisted of
quantities which can only be predicted but not tested, such as radiation
doses. They were included because they are the most common endpoints in
radiological assessments. For all quantities a 95 % confidence interval was
to be given. The validation test was performed against observations of
Cs-137 in various foodstuff, fodder and humans for a period of 5 years
following the deposition. One main challenge with the scenario was the
inclusion of natural and seminatural environments leading to exposure from
consumption offish, berries, mushrooms and game. All the requested
endpoints are given in Appendix A. According to the requested responses
the arithmetic mean value of body burden of Cs-137 to adult men, women
and children were to be calculated. The ages were 20 and 10 years,
respectively. In addition the distribution of the body burden was to be
calculated for two time points. This was not performed within this study,
however.
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3 Model description

A conceptual model was constructed based upon the scenario description
and analysis of the given information. The model utilised compartment
theory and was run in combination with a statistical error propagation
method (PRISM, Gardner et al. 1983). It considered exposure from
deposition on terrestrial area as well as deposition on lakes, starting with
deposited amounts. The model was intended to be generic for application
to other sites by simple changing input parameter values. It was based upon
an earlier model (Bergström och Nordlinder, 1991) for calculating relations
between released amount of radioactivity and doses to critical groups, used
for Swedish regulations concerning annual reports of released radioactivity
from routine operation of Swedish nuclear power plants.

The model was intended to yield best estimate, however somewhat con-
servatively biased, in order not to underestimate the exposure. The used
codes (BIOPATH and PRISM) were verified in an international model
comparison study (PSAG, 1993).

Uncertainties in the model results due to uncertainty in model parameter
values were determined by Latin Hypercube sampling from predescribed
distributions of the model parameters (Gardner et al, 1983). Correlation
and regression methods were used to identify which parameters that yielded
dominant contribution to the uncertainties in model results. In this study
Chebychevs theorem was used for obtaining confidence limits of the mean
values. The averages obtained are the arithmetic means from the generated
distributions. The distribution of model parameters used represented the
total expected distribution for the conditions representative for this region.
We therefor consider the total distributions of the results to be
representative for the total distributions and not only for the averages. It
could be worth pointing out that we should have used our wider ranges in a
real assessment as was done in Bergström et al, 1991.

Schematic descriptions of the dynamic parts of the model used are given
below. The model is run on a monthly basis. All results for seminatural
foodstuffs were only calculated by using aggregated transfer factors, which
should include all processes implicitly. The only process affecting the
amount of radioactivity in the forest ecosystem was assumed to be
radioactive decay. The agricultural part of the model is shown below in
Figure 1. The arrows represent the considered flows of activity such as
weathering from the surfaces of vegetation, migration in soil and build-up
in the muscle of cattle. Deposition occurs to vegetation as well as the soil.
The meet pathway is the only one considered dynamically while the others
are obtained from the content of Cs-137 in the soil and vegetation using
concentration and distribution factors.

c:\wimvord\stur95\es95-3 la.doc ea



STUDSVIK ECO & SAFETY AB STUDSVIK/ES-95/31

1995-05-15

SourceW^Vegetation Cattle Man

Souro

Figure 1.
Schematic description of the agricultural part of the model.

The aquatic part of the model is shown in Figure 2 below. Processes of
importance for redistribution of activity in the system were considered such
as turnover of water, transfer to and from the sediments and leakage from
the drainage area to the water body. The lake was chosen to be an
"average" lake according to the scenario description. The uptake to fish
was also considered dynamically by using rate constants based upon a
"typical" bioaccumulation factor in combination with a biological turnover
time of Cs-137 in the fish species.

Outflow

Drain area Lake water Fish

Sediment

Figure 2.
Schematic description of the aquatic part of the model.

Detailed descriptions of equations and parameters used in the nonbiotic
components of the model are given in Appendix B. Descriptions of how the
uptake in biota and man of Cs-137 was considered are given below.
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3.1 Total deposition

Total deposition was calculated from deposition data given in the scenario
description. As a result of this we obtained a weighted average deposition
of 20 kBq/m2, varying from 18 to 22 kBq/m2. The weighting considered
actual deposition and fraction of the production in the subareas.

3.2 Milk

The considered initial paths of intake of activity to cattle were by grazing
and consumption of soil when grazing. Earlier experience has shown low
impact from inhalation of contaminated air compared to the food pathway
(BIOMOVS TR13). In addition this model did not include atmospheric
dispersion explicitly. Grazing occurs during the summer period and food is
harvested during the same period. A simplification in the model was that
intake of other components then grass are neglected. Pasturage is initially
contaminated by retention of the deposited material on the vegetation
surface, from which it is object to weathering processes. Thereafter it is
only contaminated by root-uptake. It was assumed that cows were let out
for grazing in the middle of May and that harvest of grass for winter feed
was made at the end of June. Transfer to milk was modelled by a simple
distribution coefficient, i e steady state was assumed to be reached
immediately. The following parameters and values were used

Table 1
Parameters and values for the milk pathway.

Parameter

One cow's consumption of pasturage, hay
etc (kg d w1 /day)

One cow's consumption of soil when
grazing (kg /day)

Milk distribution coefficient (day/1)

Wheathering half-time (days)

Root uptake factor (kg d w1 /kg d w1 soil)

1 dry weight
2 geometric standard deviation

Best estimate

14

0.3

0.004

10 (first month)
30 thereafter,

0.5

Ranges

12-16

0.2 - 0.4

lognormally distributed
gsd2 1.8

lognormally distributed
gsd2 1.3

LN distributed gsd2 2.5
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3.3 Beef

The only path of intake for beef cattle was assumed to be via their
consumption of food (6.5 kg d w per day) as they are mostly kept indoors
according to the scenario description. The food pathway is treated similarly
as for dairy animals, however with due account of their different con-
sumption values. Because of the longer build up of Cs-137 in muscle as
compared to milk, beef muscle was considered as one compartment. A
biological turnover time of 100 days as best estimate, varying between 90
to 120 days, was used. To obtain the rate constant, the distribution factor
to meat was also applied which a best estimate of 0.03 (day/kg) log-
normally distributed with a gsd of 2.1 (Bergström and Nordlinder, 1990)

3.4 Cereals

Requests for calculations for three different species were made. However
no distinction was made in our model for the different species. Swedish
observations were used (Eriksson, 1991) for a regression analysis which
gave the following expression

C c =Dep-A-e~ B N r m

where

Cc = concentration in cereals (Bq/kg)
Dep = Initial deposition (kBq/m2)
A = 0.0004, varying from 0.0003 to 0.01
B = 0.05, varying from 0.003 to 0.08 .
Nrm = number of months after deposition

This expression is only valid for the Chernobyl fallout.

3.5 Leafy vegetables

Vegetables were mostly grown in greenhouses. Therefore, a source value
of 10 % of the deposition outside was assumed. This was an estimate
representing the "filter effect" of the greenhouse. As was the case for
pasturage, retention on the surfaces as well as root uptake was considered.
A root uptake factor of 0.04 (kg fresh weight/kg dry weight soil), log-
normally distributed was used.
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3.6 Pork

The major path of intake of activity to pigs was considered to be by their
consumption of cereals. Transfer to muscles was simply modelled using a
distribution factor (best estimate 0.3 (day/kg)varying videly from 0.03 up to
2). The concentration in cereals was calculated as shown above.

3.7 Fish

Concentration of Cs-137 in fish was obtained from a simplified model for
the biouptake in fish not taking into account the food web implicitly.
Judgement was used when selecting values for the bioaccumulation factor
which is strongly correlated to the eutrophic level of lakes and the con-
centration of potassium. Information was given in the scenario description
about the fraction of lake types and amount of catches. In addition to
values of bioaccumulation factors, the biological turnover time (BHT1/2) is
crucial when prognosticating levels in fish (IAEA, 1995 III). BHT1/2 is
among other things dependent on water temperature and size of the fish.
However, the former varies over the year. An average value reflecting this
variability and the fact that most fish for consumption are quite large was
used. The following relations were used to compute the uptake of Cs-137
to fish (kw>f) and loss from fish (kfiW).

B r l n 2 M f
w>f"~ BHT1/2 ' Mw

where

Bf

BHTi/2

Mf

Mw

= bioaccumulation factor, best estimate 3000 varying from
1 000 to 10 000

= biological half-time in fish, best estimate 15 months,
varying from 10 up to 20 months

= mass offish (not of importance in this model)

= mass of water

kf,w =
In 2

BHT,1/2
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3.8 Seminatural products

Concentrations of Cs-137 in seminatural foodstuffs foodstuffs were simply
calculated by aggregated transfer factors relating the activity in the
foodstuff of interest direcly to the deposition values. No loss of Cs-137
except for radiological decay was taken into account for the natural
ecosystem. Data used are given below in Table 2.

Table 2
Aggregated transfer factors for seminatural products.

Game Mushrooms Berries
(m 2 /kgfw) (m 2 /kgdw) (m 2 / kgdw)

Best estimate 0.021 I2 0.P
Ranges 0.01-0.03 0.5-2 0.01-2

1: Bergmanetal, 1991
2: Johansson, 1994
3: Johanssonetal, 1991

3.9 Human intake

All the foodstuffs contribute to the body burden to man according to their
levels of Cs-137 and their respective amount of consumption. These were
prescribed in the scenario description. As the model was based upon
compartment theory the intake rates were calculated from rate constants,
which are added in the model to obtain the total contribution from all
foodstuffs.

3.10 Whole-body concentrations

Man was considered as compartment in this model, implying that the body
burdens were based on the concentrations in each food stuff as shown
below. No loss by food processing was considered.

K f ' m U TMf

where

Kf>m transfer rate for foodstuff f

U uptake through gastrointestinal, best estimate 0.9 varying
from 0.8 to 1.0
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Mf monthly consumption of foodstuff f (kg/month)

TMf total amount of foodstuff f, produced per km2 (kg)

The loss of Cs-137 from man is simply considered to be the metabolism of
Cs-137 in man described by the In 2 divided by a biological half-time, see
Table 3 below. Best estimate values were taken from ICRP (ICRP 56,
1989). The loss occurs by two components with different time scale. The
short component of the excretion was, however, not considered since the
major fraction of Cs-137 is lost by the longer component.

The calculated amounts of radioactivity are divided by the weight, for male,
female and child, respectively.

Table 3
Biological half-time in male, female and child (days), triangularly
distributed.

Male

Female

Child

Best estimate

108

60

48

Min

81

45

36

Max

135

75

60

3.10 Dose calculations

Calculations of the dose due to external radiation were based on the
average radioactivity deposited and exposure time from hours spent outside
and inside, respectively. The following data were used:

External dose conversion factor 1.3 10"12 (Svensson, 1979)
(Sv per m2 and hour)

Hours outdoors (hours per month) 200, varying triangularly from 100
to 300

Shielding factor for houses 0.1, varying from 0.01 to 0.5

The internal doses were calculated based on the intake rates of Cs-137
multiplied with the dose conversion factor from ICRP (weighted committed
dose equivalent), which is 1.4 10'8 Sv per Bq. Inhalation was not explicitly
considered.
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4 Results and discussion

Some results are presented in detail while others are just brefly mentioned.
For a detailed description of all responses compared to observed data, see
IAEA 1995. However it could be pointed out that all our results are
calculated at the end of each quarter, instead as an average over the period.
This is especially notable for milk during the first part of 1987.

4.1 Total deposition

The calculated average deposition of 20 kBq/m2 coincides well with the
observed given in the scenario which was 20. The observed levels of
confidence were wider (6 kBq/m2) than the value of 2 we estimated,
however.

4.2 Milk

As pasturage was the main intake path of intake of activity it is convenient
to start the comparison with this. In doing so, we discovered that our
results were given in dry weight while they should have been given in fresh
weight. These results are shown in IAEA, 11, 1995. This reduces the initial
discrepancies, see Figure 3, where the observations are given with their
estimates of uncertainty:

10000
5000

1000
500

100
50

10
5

1
0.5

0.1

Bq/kgfw

1 1 1

4

r i i

• <

— Observed range
• Observed average

— Calculated average

1985 1986 1987 1988 1989 1990 1991
Time

Figure 3
Initial predictions and observations for the concentrations of Cs-137 in
pasturage.
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However, it is clearly seen that the dynamics are in bad agreement. The
model did not consider any fixation of Cs-137 in soil with time, which
probably is necessary for not overestimating the levels in pasturage.

Results for milk are presented in Figure 4. In contrast to pasturage which is
overestimated, the levels in milk are underestimated. This figure differs
somewhat from the results presented earlier (IAEA II, 1995) because of
differences in calculated time points. The results reflect the levels after each
quarter etc and not as it should be the average value during the quarter.
This will only give rise to differences during the first year, however. There
are uncertainties about the reasons for underestimation as the uncertainties
about pasturage are rather large. One explanation could naturally be that
the value used for the milk distribution coefficient is too low. However, in
similarity to pasturage the dynamics are in bad agreement, because of the
lack of consideration of the time dependence of the uptake in pasturage
due to fixation of Cs-137 in soil.

— Observed range
• Observed mean

— Calculated average

1986 1987 1988 1989 1990 1991 1992
Time

Figure 4
Observed and predicted levels of Cs-137 in milk.

4.3 Beef

In similarity to the case for milk, the model underestimated the levels in
beef. However, when using the 95 % confidence interval of the generated
distributions as estimates of uncertainty these ranges will cover the
observations, see Figure 5 below. On the other hand it does not seem
realistic to obtain an average value of 1 Bq/kg in beef for an average
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deposition of 20 kBq/m2. The agreement increases with time also in
similarity to milk

1000

500

100

50

10

5

1

0.5

0.1

Bq/kg

• <

- •

i i

• -

1

4

• «

4

•„
• •

• «

4
4

4
4

4

1

4 4
<

1 4

i • t t t i t

— Observed range
» Observed average
* Calculated average

1986 1987 1988 1989 1990 1991 1992
Time

Figure 5
Predicted and observed Cs-137 concentrations in beef.

4.4 Cereals

The model overestimated the levels in cereals. Predicted to observed (P/O)
ratios are shown in Table 4 below. The observed values are averages of
wheat and rye, because we lumped them together. When only comparing
with rye the agreement improves. Further the expression used or simply the
values of coefficients need to be changed in order to simulate the level
satisfactorily.

Table 4
Predicted to observed ratios of Cs-137-levels in cereals.

Year P/O rye P/O, mixed

1986
1987
1988
1989
1990

0.92
6
3.7
9
7

1.6

10.8

6.5

14

12
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4.5 Vegetables

Most calculated values are within the ranges of the observed, see IAEA; II.
As for the other types of vegetation the dynamics are in bad agreement to
the observed, however.

4.6 Pork

There was quite good agreement between observed and calculated values,
however with a tendency for underestimation; most P/O values are within a
factor of two. However, as the main pathway to pork considered was by
their consumption of cereals, which were overestimated, the agreement was
unfortunately due to compensating factors.

4.7 Seminatural products

With the exception of mushrooms the agreement is good, mostly within a
factor of two when comparing the best estimates to the observed mean
values. However, improvement for mushrooms could be achieved simply by
lowering the value of the aggregated transfer factor.

4.8 Fish

The model results are in good agreement to the observations, the highest
discrepancy being about 25 %.

4.9 Human intake, man

Initially the model overestimated the intake rates, while from the last
quarter of 1986 to the end of 1989 there was an underestimation of the
values. At the end of the period there was good agreement with the
observed values. All best estimate predictions are within a factor of two of
those observed.

4.10 Whole body concentrations

All model results were within a factor of two from the measured values.
Initially, it is an overestimation followed by an underestimation. Later the
results show good agreement.

c:\wimvord\stur95\es95-3 la.doc ea



STUDSVIK ECO & SAFETY AB STUDSVIK/ES-95/31 14

1995-05-15

4.11 Doses

Initial results for individual average doses (Sv) integral sd to different times
are given in Table 5.

Table 5
Total and per each exposure pathway integrated doses to April 1987,
April 1990 and lifetime, respectively.

Exposure
pathway

Milk

Beef

Pork

Game

F-Fish

S-Fish

Cer

Root

Veg

Fruit

Ben-

Mush

Toting

Exter

Total

April 1987
(Sv)

6.7 10-5

7.8 10-6

2.0 10-6

7.6 10-7

5.8 10-5

8.3 I C 6

1.6 10-5

1.7 10-6

1.4 I C 7

1.3 10-7

4.2 10-6

1.6 10-5

1.8 10-4

9.6 10-5

2.8-10-4

April 1990
(Sv)

1.2 10-4

2.5 10-5

8.8 10*6

5.2 10-6

1.9 10-4

4.1 10-5

6.9 10-5

1.2 10-5

2.5 IO-7

8.8 10-7

2.0-10-5

1.1-10-4

6.0-10-4

4.2-10-4

1.0-10-3

Lifetime (50 years)
(Sv)

4.4 10-4

1.1-10-4

1.6-10-5

3.2-10-5

3.1-10-4

2.3-10-4

1.1-10-4

7.1-10-5

8.6-10-7

5.4-10-6

1.2-10-4

6.7-10-4

2.1-10-3

2.4-10-3

4.5-10-3

Dominating exposure pathways are given below. From these initial results
we were suprised by the large contribution from mushrooms, which later
showed up to be due to use of a too high aggregated transfer factor. In
addition, we expected contribution from the beef pathway. The percentual
contribution from the external exposure increases with time. However the
resulting doses show good agreements to the ones estimated from STUK
which are 2.9-10"4, 0.92-10"3 and 2.3-10-4 Sv, respectively. There are of
corse differences in the contributions from the different exposure pathways.
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Table 6
Dominating exposure pathways at different times of integration.

1987

Milk

Freshwater

Cereals

4.12

1990

Freshwater fish

fish Milk

Mushrooms

Uncertainties

Lifetime

Mushrooms

Milk

Freshwater fish

The major reasons for uncertainty in the results were identified using the
regression methods in the PRISM program. These were obtained as
functions. Some results are presented in this section. All figures below will
show the main contributions to the uncertainty and there may be several
others, each one, however, with low signinficance. Sometimes there is also
a lower rate of explanation due to non-linearities in the model.

• Df-milk
• Weathering
• • Retention
W/A Bv-pasture

maj-86 jul-86 sep-86 mar-87
jun-86 aug-86 dec-86

sep-87 mar-88
jun-87 dec-87

Figure 6
Relative contribution to the uncertainty of levels of Cs-137 in milk versus
time. Observe the varying time-scale.

Results for milk are presented above. Initially the initial retention and
weathering from the surfaces of vegetation are the processes dominating
the uncertainty. This is also reflected for the levels during the first winter
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season as most of the hay is harvested during June and July. Thereafter the
analysis shows that the uncertainty is still dominated by the root-uptake
factor (Bv -pasture) and the distribution factor to milk (Dp-milk) the
following years until the end of the calculation period, i.e. 1990.

100

75

50

25
• Df-beef
• Weathering
• I Retention
^ Bv-pasture

jun-86 dec-86 dec-87 dec-88 dec-89 dec-90
aug-86 jun-87 jun-88 jun-89 jun-90

Figure 7
Parameters dominating the uncertainty as a function of time for Cs-137
levels in meat. Observe the varying time-scale.

Results for meat are similar to those for milk because of the likeness in the
structure of the model parts.

The parameters dominating the uncertainty for fish are presented in
Figure 8. Initially the bioaccumulation factor to fish (Bv-fish) gives the
major contribution while later on the turnover of Cs-137 in the aquatic
ecosystem is dominant (given in the figure as sed rate and resuspension,
respectively). This is in agreement with the results of VAMP's aquatic
group (IAEA, III).
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100

75

50

25
Bv-fish
Kd susp matter
Sed rate
Resuspension

1986 1987 1988 1989 1990

Figure 8
Parameters dominating the uncertainty for the levels of Cs-137 in fish.

For all the foodstuffs from the natural ecosystem the uncertainties are
totally dominated by the aggregated transfer factor as our estimate of
uncertainty in the deposition value was only about 10 %.

4.13 Major sources of mispredictions

One major reason for misprediction is that fixation of Cs-137 with time in
soil was not considered except for cereals. The dynamics concerning milk
and meat, therefore, showed bad agreement. All the observations confirm
this judged from the decline in the concentrations of Cs-137 in foodstuffs,
see chapter 5 below. The observed pasture data show a considerable range
of uncertainty, however. Our values for pasturage corrected for fresh
weight were still higher than the observed, while our values for milk and
meat were found to be lower. On the other hand, our model simplified the
paths of intake of activity to the cows by only considering grass as the
intake by foodstuff. It is also obvious from the results that mispredictions
occurred for cereals because the expression used overestimated the levels
considerably. Mushrooms were overestimated due to the use of a too high
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aggregated transfer factor. The mispredictions of radioactivity in milk and
meat during the first year after deposition explains the slight under-
estimation of daily intake rates of Cs-137. It is interesting that the model
gave too low values for the daily intake while the bodyburdens were
overestimated. We have not found any satisfactory explanation for that.
Lowering the biological half-time could, of course, reduce the body
burdens considerably, but we have not found any information supporting
this.
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5 Ecological half-times

Some of the observation data for which the time series were comprehensive
and the number of observations sufficient, were analysed. The selection was
based upon the importance for that exposure pathway from the dose point
of view. An exponential fit was adopted for the concentrations of Cs-137 in
milk, beef, pork and fish. If the fit correlates well to this exponential decline
an ecological half-life in the foodstuffs can be determined. Ecological half-
life, as a concept describes the resultant decrease in a component of a
pollutant resulting from all ingoing processes. It is a good tool for making
rough estimates of the development of accidental contamination. Results
are shown in Figures 9 and 10.

Bq/I or Bq/kg

Figure 9
Exponential fits of the observed declines of the levels of Cs-137 in beef,
milk and pig.

As can be seen the decline of Cs-137 in milk and beef shows similar
variations with time, however in practice with a time delay according to
that maximim levels in milk were obtained directly, while maximum levels
observed in beef appeared after about 9 months. Dairy cows consume twice
as much as beef cows. Unfortunately, data were lacking to make the same
analysis of pasturage in order to detemine the major path of intake of
Cs-137 to cows. Observed levels in grains show an uneven pattern with
higher levels 1989 compared to the former two years.
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For pork, on the other hand, the decline is much lower, surely dependent on
the much more differentiated feed chain for pig, i.e. milk products, food
scraps and grains.

Bq/kg

1000

100
1 2

Time (years)

Figure 10
Exponential fit of observed decline of Cs-137 concentrations in fish.

The decline of Cs-137 in fish is much slower than for agricultural animal
food products, with the exception of pork. This is partly due to the
accumulation of Cs-137 along the aquatic feed chains. Furthermore, several
studies have shown large importance from the secondary load, such as
leakage from the drainage area and resuspension from bottom sediments,
for maintaining increased levels of Cs-137 in water and consequently in
fish. In addition, the biological half-lives for Cs-137 in fish are quite long
and depend on several factors, for example fish size and water temperature.
Our calculated half-live is longer than reported in Brittain et al, 1995, but in
contrast to that study, which handles specific lakes, these observations are
averages over large drainage areas.
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6 Improved calculations

After disclosure of the scenario each participant obtained the observed
values. After identifying the major reasons to discrepancies in the model
results, recalculations were carried out in order to improve the model
results. Emphasis was put to how milk, meat and cereals were modelled
becaues of their large importance for the exposure during the first year after
the deposition. Thereafter, exposure from consumption offish and
seminatural products increases in importance and, the latter were,
according to the structure of the model, only dependent on the values of the
aggregated transfer factors. Improvements concerning the time fixation of
Cs-137 in soil was therefore the main area of concern, together with a
better description of the uptake of Cs-137 to cereals.

Revised model calculations were carried out regarding time-dependent
fixation of Cs-137 in soil. In addition, the model for cereals was improved
and changed values for the aggregated transfer factor for mushrooms were
used. These calculations show a better agreement concerning the dynamics,
but on the other hand initial values are slightly higher than the observed.
However, this is satisfactory for our model, because the intention is to have
a conservatively biased model. On the other hand the observations show the
great importance of the initial retention on the surfaces causing the
increased concentrations during the first year. This is in agreement with the
results from the uncertainty anlyses.

Results for milk are shown below, see Figure 11, in the results of which
there is included timedependence of the root uptake due to the fixation of
Cs-137 in the soil. As can be seen the dynamics are in much better
agreement while the peak values are somewhat overestimated.
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— Observed range
• Observed average

— Calculated average

1986 1987 1988 1989 1990 1991 1992
Time

Figure H
Revised calculation results for the concentration of Cs-137 in milk.

As was the case for milk, results for beef was considerably improved when
considering the time dependence by plant uptake in combination with
decreasing the best estimate for the distribution factor with a factor of two.

Bq/kg

— Observed range
• Observed average

— Calculated average

1986 1987 1988 1989 1990 1991
Time

Figure 12
Revised calculation results of the concentrations of Cs-137 in beef.
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Results for mushrooms were simply improved by changing value of the
aggregated transfer factor, see Figure 13 below. The method used does not
apply for any change of the levels in time as only physical decay is con-
sidered for decreasing the radioactive amounts. On the other hand the
ecological half-time of Cs-137 in seminatural ecosystem seems to coincide
with the physical one.

10000
5000

Bq/kg

— Observed range
• Observed mean

— Calculated mean

1986 1987 1988 1989 1990

Figure 13
Results from revised calculations for the concentrations of Cs-137 in
mushrooms.

As a result of these improvements of the parameter values as well as the
dynamics of the model the revised calculations showed, as expected, a close
agreement with the observed values for the body burden of of Cs-137 in
man, see Figure 14.
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Dec 1986 Dec 1987 Dec 1988 Dec 1989 Dec 1990

Figure 14
Results from revised calculations of body burden of Cs-137 to man. The
lines correspond to calculated averages and 95 % confidence interval and
the dots with staples are the observed values.

These recalculations lead also till important changes of the contributions
from the respective pathways, see Figure 15. The figure shows integrated
doses for two timeperiods considered.
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Milk
Beef
Pork

Game
F-fish
S-fish

Cereals
Root veg

Leafy veg
Berries

Mushrooms
Fruits

Tot ing
Extern

Total dose
Total estimated

30 April 1987
31 Dec 1990

0.0

Sv10

0.5 1.0 1.5
-3

Figure 15
Total integrated dose as result from the improved model from the different
exposure pathways compared to the estimated dose from observations.

6.1 Uncertainties

The dominating sources to the uncertainties for the revised predictions are
presented as a function of time for intake, body burden and integrated dose
to man in Figures 16 to 18.
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CD Bv-fish
ED Kd susp matter
• Df-milk
• Wheathering
d l Retention
^ Bv-pasture

June 86 June 87 June 88 June 89 June 90
Dec 86 Dec 87 Dec 88 Dec 89 Dec 90

Figure 16
Major parameters contributing to the uncertainty of intake rates of Cs-137

A summary of the parameter annotations to Figures 16 -18 is given below

Bv-fish = bioaccumulation factor to fish

Kd susp matter = distribution factor for suspended matter

Df-milk = distribution factor to milk

Weathering = the resulting decrease of activity on vegetation due
to all reducing processes including growth

Retention = initial retention of deposited amount on surfaces of

vegetation

Bv = root-uptake factor for pasturage

BHT = biological half-time of Cs-137 inman
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BHT
CD Bv-fish
EH3 Kd susp matter
• Df-milk

Wheathering
Retention
BV-pasture

June 86 June 87 June 88 June 89 June 90
Dec 86 Dec 87 Dec 88 Dec 89 Dec 90

Figure 17
Major parameters contributing to the uncertainties in body burden of
Cs-137 to man.

• Bv-fish
Enn Kd susp matter
• i Df-milk
• Wheathering
• Retention
M Bv-pasture

June 86 June 87 June 88 June 89 June 90
Dec 86 Dec 87 Dec 88 Dec 89 Dec 90

Figure 18
Major parameters contributing to the uncertainties in integrated doses of
Cs-137.

c:\winword\stur95\es95-3 la.doc ea



STUDS VIK ECO & SAFETY AB STUDSVIK/ES-95/31 28

1995-05-15

These figures illustrate clearly the large importance of the foodstuffs milk
and meat as major exposure pathways initially after the deposition, because
the initial retention and weathering from the surfaces of vegetation gives
such a large contribution to body burden and doses.
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7 Summary and conclusions

A general dynamic exposure pathway model was developed including
terrestrial as well as aquatic parts. The terrestrial model was based upon an
earlier designed steady state model, and the aquatic from earlier experience
of modelling Cs-137 turnover in lake ecosystems. The model was tested
according to the blind test principle. Initial results of the body burden and
concentrations in foodstuffs were mostly within a factor of two from the
observations. Major reasons for mispredictions were due to modelling the
behaviour of Cs-137 in soil and uptake to plants and due to selections of
parameter values. Some revised calculations were made taking into account
a fixation of Cs-137 in soil with time.

The observed data showed that exposure through the semi-natural eco-
systems increases with time and gives important contributions to the
integrated doses.

From the development, evaluation and observations the following
conclusion can be drawn:

• The model did not predict the dynamics satisfactory for the
two major pathways milk and meat.

• It is important to consider the fixation of Cs-137 in soils more
explicitly.

• Using a simple milk distribution factor seems appropriate
when modelling Cs-137 transfer to milk.

• The semi-natural environment is very important for long term
exposures.

• Appropriate values of aggregated transfer factors give good
agreements to the observations.

• By using large ranges of uncertainties all model results would
cover the observations.

• The simplified approach for uptake of cesium in fish seems to
give satisfactory results.

• Compensating effects may give apparently good agreements.

• Participation in earlier scenarios would maybe improve the
modelling especially of milk, meat and cereals.
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• The ecological half-lives for Cs-137 beef and milk are the
same.

• The observations clearly show this ordering of ecological half-
lives agricultural < fresh water< semi-natural environment

• Our knowledge about modelling multiple exposure pathways
have improved considerably for Cs-137.

In addition some general comments from participation in model evaluation
like this can be mentioned. Such participation is efficient for model
evaluation as well as for identifying crucial components of the model.
Besides, discussions in the forum of experts help to improve the models.
The most important things is the better understanding of important
processes going on in order to design a robust model for other circum-
stances. Of course it would be awkward to evaluate against other scenarios
and other radionuclides. It should maybe also be pointed out that the results
in many cases also are dependent upon the time to put in such calculations.
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1 Calculations for model testing

The calculations in the model testing part should be performed for three
average representatives of the population of S, i.e. and adult woman (age
20 in 1986), an adult man (age 20 in 1986), and a child (age 10 in 1986).
The term "test persons" refers to these three categories.

Total deposition

Estimate the average Cs-137 deposition (wet and dry) over the entire
region S (Bq m"2). Estimate the total Cs-137 and Cs-134 inventory of the
test region due to the Chernobyl accident after the passage of the
contaminated air (Bq).

Cs-137 concentration in food products

Estimate the mean contamination of food products produced in S for the
time-periods specified. The concentrations should be given for products
prior to preparation for human consumption, averaged over the time
periods given and over the S region.

Leafy vegetables. Estimate the mean Cs-137 concentrations in leafy
vegetables (Bq kg"1 f w) for the months May to September 1986, and the
main harvests of 1987 to 1990.

Cereals. Estimate the mean Cs-137 concentrations in wheat and rye
(Bq kg'1 f w) for the harvests 1986, 1987, 1988, 1989 and 1990 averaged
over the S region.

Milk. Estimate the mean Cs-137 concentration in milk (Bq I'1) for the
months May to September 1986, and the quarters* IV 1986 to IV 1990
averaged over the S region.

Beef Estimate the mean Cs-137 concentrations in pork (Bq kg-1) for the
months May to September 1986, and the quarters IV 1986 to IV 1990,
averaged over the S region.

Game. Estimate the mean Cs-137 concentrations in small game and big
game (Bq kg"1) for the hunting season 1986, 1987, 1988, 1989 and 1990,
averaged over the S region.

Mushrooms. Estimate the mean Cs-137 concentrations in wild, edible
mushrooms {boletus and chantarelhis type) (Bq kg"1) f w) for the picking
season 1986 to 1990, averaged over the S region.
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Wild berries. Estimate the mean Cs-137 concentrations in wild edible
berries (Vaccinium type) (Bq kg"1) f w) for the picking season 1986 to
1990, averaged over the S region.

Fresh-water fish. Estimate the mean Cs-137 concentrations in fresh-water
fish (averaged of predatory, non-predatory and intermediate feeding type
species) (Bq kg"1) for the second half of 1986, and for the annual catch of
1987 to 1990, averaged over the S region.

Human intake

Estimate the mean Cs-137 intake per day (Bq d"1) of the test persons
(woman, man and child) for the months June 1986, the 4th quarter 1986
and the 2nd and 4th quarters 1986 through 1990, averaged over the S
region.

Cs-137 concentrations in animal feeds

Estimate the mean Cs-137 concentrations in pasture vegetations, barley and
oats (Bq kg'1 f w) for the harvests in 1986, 1988, 1989 and 1990 averaged
over the S region.

Whole body content

Mean body content. Estimate the mean Cs-137 concentration in the body
of the test persons (Bq kg"1) in region S at June 30 and at December 31 for
the years 1986 through 1990.

Statistical distribution of body content. Estimate the distribution of adult
whole body concentrations of Cs-137 (Bq kg"1) in the population as a
complementary cumulative distribution function (CCDF) and the 95 %
confidence interval of this distribution for December 31, 1987 and 1990.
Examples of CCDF functions can be found in the IAEA publication Safety
series No. 100. Note that the fractilities of a CCDF are equal to 1-p, where
p is a fractile of the cumulative distribution function CDF.

Calculations for comparison of dose predictions

In this part of the scenario the "test persons" are adults, 20 years old in
1986.

External dose

Estimate the mean dose to the test persons from external exposure due to
Cs-137 from the Chernobyl cloud (mSv). Estimate the mean dose from
Cs-137 ground deposits in the periods April 27, 1986 to April 30, 1987;
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April 27, 1986 to December 31,1990, and from April 27, 1986 to April 27,
2036 for the test persons.

Inhalation dose

Estimate the mean dose to the test persons from inhalation from the
Chernobyl cloud (mSv). Estimate the mean inhalation dose from
resuspended Cs-137 for the periods April 27, 1986 to April 30, 1987;
April 27, 1986 to December 31, 1990; and April 27, 1986 to April 27, 2036
for the test persons.

Ingestion dose

Estimate the mean dose to the test persons from ingestion (mSv) for the
periods April 27, 1986 to April 30,1987; April 27, 1986 to December 31,
1990; and April 27, 1986 to April 27, 2036 for the test persons. For each
time-period is shown the percentage contributions of the three main food
items contributing to the ingestion dose.

Total dose

Estimate the mean dose to the test persons form all pathways (mSv) for the
periods April 27, 1986 to April 30,1987; April 27, 1986 to April 30, 1988;
and April 27, 1986 to April 27, 2036 for the test persons. For each time-
period is shown the percentage contributions of the three main exposure
pathways contributing to the total dose.
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Appendix B.I

Descriptions of procedures, equations and parameters used in
different components of the model

The equations used to obtain the rate constants describing the flow of
activity between the compartments of importance for the redistribution of
activity in the system are given below.

For the agricultural exposure pathways migration of Cs-137 in soil was
considered. This was described with the following expression

where

m d-Ret
(month"1)

Uv
d

where

Kd

P
Por

Data

Parameter

uv

Kd

P
Por

= permeability (m/month)
= depth of upper soil-layer (m)

Ret H I ' o (l~Vor)
R c t - l . K d p ( p o f )

= distribution coefficient (m3/kg)
= density (kg/m3)
= porosity

Best estimate

0.26

1

2-103

0.44

Ranges

0.13-1.3

0.1-10

1.5-103-2.5-103

0.4 - 0.5

For the aquatic part, the following relations were used to obtain the rate
constants describing the exchange of Cs-137 between water and sediments.
Transfer from water to sediments Kw>s.

K\vs =
Kd-S

Kd-SS)
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where

Kd = distribution factor (concentration on solid/concentration in
solution) m3/kg

S S = suspended matter (kg/m3)

S = mass sedimentation rate (kg/m2 and month)

h = average water depth (m)

Data

Parameter Best estimate Ranges

Kd (m3/kg)
SS (kg/m3)
S (kg/m2, month)
h(m)

50
3.E-4
0.05
7

10-100
1..E-4-9.E-4
0.01 - 0.25
6-8

Transfer from sediments to water (Ks>w)

where

RES = fraction resuspended, 0.5 best estimate varying triangularly

from 0.1 to 1

M s = mass of upper sediment (kg/m2)

Transport from the upper sediments to deeper (Ks> ds) was obtained from:

Ks>ds = S - ( l - R E S ) / M s

The residence time of water in the lake was as best estimate 2 years varying
from 1.5 to 3 years. This implied an "average" lake which was considered
to be quite big.

Leakage from the drainage area was assumed to correspond to about 0.1 %
of the annually deposited amount, varying with a factor of 10 up and down.
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