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PERFORMANCE
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2 Model description

2.1 ECOPATH

Developed and used at Studsvik Eco & Safety AB by Ulla Bergstrom and Sture Nordlinder.
The model is based upon compartment theory and the differential equations are solved by the
BIOPATH code (Bergstrom et al, 1981).

2.2 Model characteristics

2.2.1 Purpose

The model is based upon compartment theory and it is run in combination with a statistical
error propagation method (PRISM, Gardner et al. 1983). It is intended to be generic for
application on other sites with simple changing of parameter values. It was constructed
especially for this scenario. However, it is based upon an earlier designed model 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 (Bergstrom och Nordlinder, 1991)). The model handles
exposure from deposition on terrestrial areas as well as deposition on lakes, starting with
deposition values.

2.2.2 Accuracy

The model is intended to be best estimate, however somewhat conservatively biased, not to
underestimate the exposure. The codes used have been verified in an international model
comparison study (PSAG, 1993).

2.2.3 Uncertainties

The uncertainties in the model results, due to the uncertainty in model parameter values, are
determined by Latin Hyper cube sampling from prescribed distributions of the model
parameters. Correlation and regression methods are used for identifying the parameters giving
dominant contribution to the uncertainties in model results. In this study, Chebychevs theorem
vas used for obtaining the confidence limits about the mean values. These mean values are the
arithmetic means from the generated distributions. The distribution of model parameters used
represents the total expected distribution for the conditions representative for this region.
Therefore, we consider the total distributions as output to be representative for the total
distributions and not only for the mean values. It could be worth pointing out that we should
have used our wider ranges in a real assessment as was done in Bergstrom et al, 1991.
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2.3 Detailed description of the model

The model is described in Bergstrom et al, 1994. The computer codes used are described in
Bergstrom et al, 1981 and Gardner et al, 1983.

2.4 Model structure

Schematic descriptions of the parts of the model which are dynamic are in Appendix A. The
model is run on a monthly basis. All the seminatural foodstuffs are only calculated by transfer
factors. No other loss than radioactive decay was assumed for the forest ecosystem. The
agricultural part of the model is shown in Figure 1, Appendix B. The arrows represent the
flows of activity considered such as weathering from the surfaces of vegetation, migration in
soil and build-up in the muscle of cattle. The deposition occurs to the vegetation as well as to
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.

The aquatic part of the model is shown in Figure 2, Appendix B. The processes of importance
for the redistribution of activity in the system are 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 is 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.

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

The equations used for obtaining 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. The rate
constant was described with the following expression

where

uv = water velocity (m/month)
d = depth of upper soil-layer (m)
Ret = retention

, T, ,1-Por.
= l + K d p ( — -

Por
where

Kd = distribution coefficient (m3/kg)
p = density (kg/m3)
por = porosity
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Data are given in Table 1, Appendix A.

For the aquatic part the following relations are used for obtaining the rate constants describing
the exchange of Cs-137 between water and sediments. Transfer from water to sediments

* h*(l + Kd *SS)

where

Kd = distribution factor (concentration on solid/concentration in solution) mVkg
SS = suspended matter (kg/m3)
S = mass sedimentation rate (kg/m2 and month)

h = average water depth (m)

Data are given in Table 2, Appendix A.

Transfer from sediments to water (Ks>w)

RES
S,W g

where

RES = fraction resuspended, 0.5 best estimate varying triangularly from 0.1 to 1.
S = mass sedimentation rate.

Transport from the upper located sediments to deeper (KSi <&) is obtained from the following

K s d s = S ( l - R E S )

abbreviations see above

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

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

2.5.1 Total deposition

The total deposition was calculated from the 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 the actual deposition and fraction of the production in
the area.
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2.5.2 Food items contributing to total diet

2.5.2.1 Milk

The paths of intake of activity to cattle are by grazing and consumption of soil when grazing.
Grazing occurs during the summer period and food is harvested during the same period. One
simplification in the model is that the intakes of other components than grass are neglected.
Pasturage is initially contaminated by retention of the deposited material onto the vegetation
surface , from which it is object for weathering processes. Thereafter it is only contaminated by
root-uptake. It was assumed that cows were taken out for grazing in the middle of May.
Harvest of grass for winter feed was taken at the end of June. Transfer to milk from the intake
of Cs-137 was modelled by a simple distribution coefficient, that is steady state was immedi-
ately assumed. Parameters and values used are given in Table 3, Appendix A.

2.5.2.2 Meat

The paths of intake to beef cattle was only assumed to be by their consumption of food as they
are mostly kept inside according to the scenario description. It is calculated in similarity to the
dairy animals, however taking account of their different consumption values. Because of the
longer build up of Cs-137 in muscle 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. For obtaining the rate constant the distribution factor to meat was also
used which a best estimate of 3.E-2 log normal distributed with a gsd of 2.1 (Bergstrom and
Nordlinder, 1990).

2.5.2.3 Cereals

No distinction was used in the model for the different species. Swedish observations were used
for a regression analysis which gave the following expression

= DepA-e- B N r m

where

Cc = concentration in cereals (Bq/kg)
Dep = initial deposition (kBq/m2)
A = 4.E-4, varying from 3.E-4 to l.E-2
B = 0.05, varying from 3.E.-3 to 8.E-2
Nrm = number of months after deposition

This expression is only valid for the Chernobyl fallout

2.2.5.4 Leafy vegetables

Vegetables were mostly grown in greenhouse and only 10 % of the contamination outside was
assumed. In similarity to pasturage retention on the surfaces as well as root uptake was
considered. A rootuptake factor of 4.E-2 lognormal distributed was used

2.5.2.5 Pig

Major path of intake of activity to pork was considered to be by their consumption of cereals.
Transfer to the muscle was simply obtained by a distribution factor (best estimate 0.3 day/kg
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varying from widely from 0.01 up to 2) and the concentration in cereals was obtained as given
above.

2.5.2.6 Fish

Concentration of Cs-137 in fish was obtained from the following expressions describing a
simplified model for the uptake in fish. Judgement was used when selecting values for the
bioaccumulation factor as the values are so strongly correlated to the eutrophic level of lakes
(K dependent). However information was given in the scenario description about the fraction
of lake types and yield values. In addition to the value of bioaccumulation factors the biological
turnover time (T1/2 b) is crucios when prognosing the levels in fish. T1/2 b is among other
things dependent upon water temperature and size of the fishes. However, the former varies
over the year. An average value encompassing this variability and that most fishes for
consumption are quite large was used , see below.

B r l n 2 MfK. w f —
Tl/2b M v

where

B f = bioaccumulation factor, best estimat 3 000 varying from 1 000 to 10 000
Ti/2b = biological half-time in fish, best estimate 15 months varying from 10 up to

20 months.
Mf = mass of fishes (not of importance in this model)

Mw = mass of water

The elimination of Cs-137 in fish was obtained from the biological half time half-time

In2

2.5.2.7 Seminatural products

All these foodstuffs were simply calculated by aggregated transfer factors relating the activity
in the foodstuff of interest directly to the deposition values. No loss except for radiological
decay was taken into account for the natural ecosystem. Data used are given in Table 4,
Appendix A.

2.5.3 Human intake

All the different foodstuffs contribute to the body burden to man according to their levels of
Cs-137 and amount of consumption for respective food-stuff. These latter were used as given
in the scenario description. As the model is based upon compartment theory the intake rates
are calculated from rate constants which are added in the model for obtaining the contributions
from all the foodstuffs.
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2.5.4 Whole body concentrations

2.5.4.1 Mean whole body concentrations

Man, female, male and children are considered as compartments in this model implying that the
body burdens are obtained from the concentrations in each food stuff as shown below. No loss
by food processing was considered.

where

Kf-m = transfer rate for foodstuff f
U = uptake through gastrointestinal, best estimate 0.9 varying from 0.8 to 1.0
Mf = monthly consumption of foodstuff f
TMf = total amount of food stuff f, produced per km2

The loss from man is simply considered to be the metabolism in man described by In 2 divided
by a biological half-time, values with best estimate, see Table 5, Appendix A. Best estimate
values are taken from ICRP (ICRP 56,1989). The different components of the excretion is not
considered since the major path is lost by the longer component

These amounts of radioactivity is divided by the weights, for male, female and child,
respectively.

2.5.5 Dose calculations

Internal exposure due to consumption of foodstuffs and external exposure from ground was
taken into account. Inhalation was not considered as the contribution from resupension would
be negligible for Cs-137 and the model starts with deposition and not from the levls of Cs-137
in air.

2.5.5.1 External

The external calculations were based upon the average activity deposited and exposure time
from hours spent outside respectively inside. The following data were used.

External dose conversion factor (Sv 1.3E-12 (Svensson, 1979)
per m2and hour)

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

Shielding factor for inside 0.1, varying from 0.01 to 0.5

2.5.5.2 Ingestion

The doses are calculated based upon the intakes rates of Cs-137..
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3 Comparison of observed data and model predictions

One general comment on the comparison of observed and predicted levels is 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.

3.1 Total deposition

The calculated average deposition of 20 kBq/m2 coincides well with the observed given.

3.2 Food items contributing to total diet

3.2.1 Milk

Since pasturage was the main path of intake of activity it is convenient to start the comparison
with the pasturage. Thereby we immediately discovered that our results were given in dry
weight while they should have been given in fresh weight. This reduces the discrepancies, see
Figure 3, Appendix B, where the observations are given with their estimates of uncertainty:

However, it is clearly seen that the dynamics are in bad agreement. The model does not
consider any fixation of Cs-137 with time, which is necessary for not overestimating the levels
in pasturage.

Results for milk are presented in Figure 4, Appendix B. In contrast to pasturage which is
overestimated, the levels in milk are underestimated. This figure differs somewhat against the
results presented earlier because of differences in calculated time points. Our results reflect the
levels after each quarter etc and not as it should be the average value during the quarter.
Therefore, the dynamics show a better agreement in this picture because of the delay in time
however, it is unsure about the reasons as the uncertainties about pasturage are rather large.
However in similarity to pasturage the dynamics are in bad agreement, after the first years.

3.2.2 Meat

In similarity to milk the model underestimates the levels in meat. However when using 95 % of
the distributions as uncertainties estimate these ranges will cover the observations, see
Figure 5, Appendix B. On the other hand, it does not seem realistic to obtain an average value
of 1 Bq/kg for an average deposition of 20 kBq/m2. -The agreement increases with time also in
similarity to milk

3.2.3 Cereals

The model overestimates the levels in cereals, P/O ratios shown in Table 6, Appendix A. The
observed values are averages of wheat and rye observed, because we lump them together. If
only comparing by rye the agreement improves. The expression used or simply the values of
coefficients need to be changed in order to simulate the level satisfactorily.

3.2.4 Vegetables

Most calculated values are within the ranges of the observed. However as for the other types
of vegetation the dynamics are in bad agreement to the observed.
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3.2.5 Pork

There is a 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
only pathway to pork considered is by their consumption of cereals, which is overestimated,
the agreement is unfortunately due to compensating factors.

3.2.5 Seminatural products

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

3.2.6 Fish

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

3.3 Human intake, man

Initially, the model overestimates the intake rates while from the last quarter 1986 to the end of
1989 there is an underestimation of the values. At the end of the period there is a good
agreement to the observed values. However, all best-estimate predictions are within a factor of
two.

3.4 Whole-body concentrations

All model results are within a factor of two. Initially it is an overestimation followed by an
underestimation. At later periods the results show a good agreement.

3.5 Doses

Initial results for doses integrated for different time points are given in Table 7, Appendix A.

Dominating exposure pathways are given below. From these initial results we were confused
about the big importance from the mushrooms, which also later showed up to be due to a too
high level of Cs-137 because of a too high value for uptake. In addition, we expected con-
tribution from the meat pathway. The contribution from the external exposure increases with
time. However the resulting doses show good agreement to the ones estimated from STUK
which are 2.9E-4, 9.2E-4 and 2.3E-3 Sv, respectively. There are, of course, differences,
however, for the contributions from the different exposure pathways.

Dominating exposure pathways at different times of integration

1987 1990 Lifetime

milk freshwater fish mushrooms
freshwater fish milk milk
cereals mushrooms freshwater fish
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3.6 Uncertainties

The major reasons to the uncertinties in the results are identified from the regression methods
in the PRISM-program. The parameters contributing mostly to the uncertainties as a function
of time are handled below for some of the calculated responses.

Results for milk are presented in Figure 6, Appendix B, observe the timescale. Initially the
initial retention and wheathering from the surfaces of vegetation are the processes dominating
the uncertainty. This is also reflected for the levels during the first winter season as most of the
hay is harvested during June, July. Therafter the analysis show that the uncertainty is still
dominated by the root-uptake factor and the distribution factor to milk the following years up
to the calculation period, that is 1990.

The results for meat, Figure 7, Appendix B, are in accordance with the one for milk in
agreement with the the structure of the model. The faster smoothing out of the retention
parameter for meat, compared to milk is due to the much longer biological half-time in meat
compared to milk.

The parameters dominating the uncertainty for fish are presented graphically in Figure 8,
Appendix B. Initially, the bioaccumulation factor to fish gives the major contribution while
later on the turnover of Cs-137 in the aquatic ecosystem is dominant. This is in agreement with
the results from VAMPs aquatic group (VAMP 95, Nordlinder et al, 1993).

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 was only about
10%.

4 Explanation of major sources of mispredictions

One major reason for mispredictions is due to that fixation of Cs-137 with time in soil was not
considered except for cereals. Therefore the dynamics concerning milk and meat show a bad
agreement All the observations confirm this concerning the decline in the concentrations of
Cs-137 in the foodstuffs. On the other hand the observed pasture data show a range of
uncertainty. Our values for pasturage corrected for fresh weight are still higher then the
observed while our values for milk and meat are lower than the observed. On the other hand,
our model simplifies the paths of intake of activity to the cows by only considering grass as the
intake by foodstuff. It is also obvoius from the results that mispredictions occurred for cereals
due to the fact that the expression used overestimated the levels considerably. Mushrooms
were overestimated due to the use of a too high aggregated transfer factor. The mispredictions
of milk and meat during the first year after deposition explain the slight underestimation of
daily intake rates of Cs-137. Interesting is that the model gives too low values for the daily
intake while the bodyburdens are overestimated. For that we have not found any satisfactory
explanation. Of course, lowering the biological half-time reduces the body burdens con-
siderably, but we have not found any information for supporting this.

4.1 Recommendations for changes to the model

Emphasis was put to how milk, meat and cereals were modelled becaues of their big
importance for the first year after deposition. Therafter the exposure from consumption of fish
and seminatural products increases in importance and these latter are according to the structure
of the model only dependent upon the values of the aggregated transfer factors. Improvements
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concerning the time fixation of Cs-137 in soil was therefor one main area as well as a better
description of the uptake of Cs-137 to cereals.

4.2 Examples of how changes improved calculatios

Revised model calculataions were carried considering a fixation of Cs-137 in soil in time. In
addition the model for cereals was improved and especially reduced values for the uptake in
mushrooms were used. These calculations show a better agreement concerning the dynamics,
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 model conservatively biased. 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 analyses, see above.

Results for milk are shown in Figure 9, Appendix B, where there is a timedependence in the
root uptake due to the fixation of Cs-137 with time in the soil. As can be seen the dynamics are
in much better agreement while the peak values are somewhat overestimated.

In similarity to milk, results for meat, Figure 10, Appendix B, were considerably improved
when considering the time dependency by plant uptake in combination with decreasing the best
estimate for the distribution factor with a factor of two.

Results for mushrooms were simply improved by changing value of the aggregated transfer
factor, Figure 11, Appendix B. The method used does not apply for any change of the levels in
time as only physical decay is considered. On the other hand, the ecological half-time of
Cs-137 in seminatural ecosystem seems to coincide with the physical one.

As a result of these improvements of the parameter values as well as the dynamics of the model
the revised calcuations show as expected a close agreement with the observed values for the
body burden of of Cs-137 in man, see Figure 12, Appendix B.

These recalculations lead also till important changes of the contributions from respective
pathway, see Figure 13, Appendix B. The figure shows integrated doses for two timeperiods
considered.

4.3 Uncertainties

The incommon 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 14 to 16, Appendix B.

These figures illustrate clearly the big importance for the foodstuffs milk and meat as the major
exposure pathways initially after the deposition. The initial retention and weathering from the
surfaces of vegetation give a big contribution to the uncertainties in body burden and
integrated dose. In addition the distribution factor to milk gives a significant contribution. The
importance for these parameters to intake rates decreases much faster. After this inital phase
the aquatic ecosystem gives a significant contribution, see also Figure 13, Appendix B. The
doses are integrated while still in 1990 these initial processes play an important role. From the
aquatic system two main parameters are identified, bioaccumulation factor and Kd to
suspended matter. For bodyburden the biological half-time contributes as well but does not
show up in the doses as they are calculated from intake rates of Cs-137.

246



5 Summary of lessons learned from the scenario

From our results it is obvious that some crucial conclusions can be drawn.

The model does not predict the dynamics satisfactory for the two major pathways milk and
meat

Important to consider more explicitly the fixation of Cs-137 in soils.

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

The seminatural environment is very important for long term exposures.

Naturally, appropriate values of aggregated transfer factors give good agreements to 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.

General conclusions from participation in model evaluations test like this

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

Participation in international model evaluations are efficient for model evaluation as well as for
identifying crucial components of the model. In addition, discussions in the forum of experts
help to improve the models. The most important things are better understanding of important
processes going on in order to design a robust model for other circumstances. 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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APPENDIX A

Table 1
Parameters and values for describing the migration of Cs-137 in soil.

Parameter Best estimate Ranges

P
Por

2.6E-1
1
2.E3
0.44

1.3E-1 -
0.1-10
1.5E3-
0.4 to 0

• 1 . 3

2.5E3
.5

Table 2
Parameters and values for obtainaing the rate constant for transfer from water to sediment.

Parameter

SS
S
h

Best estimate

50
3.E-4
0.05
7

Ranges

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

Table 3
Parameters and values for calculating cows intake and subsequent transfer to milk of Cs-137.

Parameter Best estimate Ranges

Cows consumption of pasturage, hay etc 14
(kg d w / day)

Cows consumption of soil when grazing (kg 0.3
/day)

Milk distribution coefficient (day/1) 4.E-3

Wheathering half-time (days)

Root uptake factor (kg d w /kg d w soil) 0.5

10 (first month)
30 thereafter,

12-16

0.2 - 0.4

LN distributed gsd 1.8

LN distributed gsd 1.3

LN distributed gsd 2.5

249



Table 4
Aggregated transfer factors for the seminatural environment

Game (m2/kg d w) Mushrooms (m2/kg d w) Berries (m2/kg d w)

Bestestimate 0.02(1) 1(2) 0.1(3)

Ranges 0.01-0.03 0.5-2 0.01-2

1: Bergman etal, 1991
2: Johansson, 1994
3: Johansson et al, 1991

Table 5
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

Table 6
Predicted to observed radios for rye and mixed cereals.

Year

1986

1987

1988

1989

1990

P/O rye

0.92

6

3.7

9

7

P/O, mixed

1.6

10.8

6.5

14

12
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Table 7
Integrated doses to man for each exposure pathway and total sum
for the periods 1, 5 years and lifetime, respectively.

Exposure
pathway

Milk
Beef
Pork
Game
F-Fish
S-Fish
Cer
Root
Veg
Fruit
Berr
Mush
Toting
Exter

Total

Integrated

April 1987

6.65E-05
7.76E-06
1.95E-06
7.64E-07
5.75E-05
8.31E-06
1.57E-05
1.69E-06
1.44E-07
1.28E-07
4.24E-06
1.59E-05
1.81E-04
9.64E-05

2.77E-04

doses(Sv)

Dec 1990

1.20E-04
2.52E-05
8.83E-06
5.23E-06
1.88E-04
4.12E-05
6.87E-05
1.15E-05
2.45E-07
8.78E-07
1.99E-05
1.09E-04
5.98E-04
4.22E-04

1.02E-03

Lifetime

4.40E-04
1.14E-04
1.56E-05
3.23E-05
3.09E-04
2.33E-04
1.14E-04
7.05E-05
8.63E-07
5.42E-06
1.15E-04
6.72E-04
2.12E-03
2.40E-03

4.52E-03
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APPENDIX B

Source^^egetationVWcattle j ^MVlan j — •

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

Outflow

Drain area in
— .pp Lake water Fish

Sediment

Figure 2
Schematic description of the aquatic part of the model.
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Figure 3
Comparison between initial predictions and observations of Cs-137 concentrations in
pasturage.
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Figure 4
Observed and predicted levels of Cs-137 in milk.
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Time

1991 1992

Figure 5
Observed and predicted concentration of Cs-137 in meat.
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Figure 6
Parameters dominating the uncertainty for the levels of Cs-137 in milk as a function of time.
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aug-86 jun-87 jun-88 jun-89 jun-Stttec-90

Figure 7
Parameters dominating the uncertainty as a function of time for Cs-137 levels in meat
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ED Bv-fish
• i Kd susp matter
E^ Sed rate
m Resuspension

1986 1987 1988 1989 1990

Figure 8
Parameters dominating the uncertainty for the levels of Cs-137 in fish.
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Figure 9
Revised predictions for the concentration of Cs-137 in rnilk.
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Figure 10
Revised calculations of the concentrations of Cs-137 in beef.
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Figure 11
Revised calculations for the concentration of Cs-137 in mushrooms.
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Figure 12
Revised calculations of the bodyburden to man.
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Figire 13
Total integrated dose and percentual contribution from the different exposure pathways.
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Figure 14
Major parameters contributing to the uncertainty of intake rates.
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Figure 15
Major parameters contributing to the uncertainties in body burden for man
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Figure 16
Major parameters contributing to the uncertainties in integrated doses.
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