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APPLICATION OF THE RESRAD COMPUTER
CODE TO VAMP SCENARIO S

by

E.K. Gnanapragasam and C. Yu

ABSTRACT

The RESRAD computer code developed at Argonne National Laboratory
was among 11 models from 11 countries participating in the international
Scenario S validation of radiological assessment models with Chernobyl fallout
data from southern Finland. The validation test was conducted by the Multiple '
Pathways Assessment Working Group of the Validation of Environmental Model
Predictions (VAMP) program coordinated by the International Atomic Energy
Agency. RESRAD was enhanced to provide an output of contaminant
concentrations in environmental media and in food products to compare with
measured data from southern Finland. Probability distributions for inputs that
were judged to be most uncertain were obtained from the literature and from
information provided in the scenario description prepared by the Finnish Centre
for Radiation and Nuclear Safety. The deterministic version of RESRAD was run
repeatedly to generate probability distributions for the required predictions. These
predictions were used later to verify the probabilistic RESRAD code. The
RESRAD predictions of radionuclide concentrations are compared with measured
concentrations in selected food products. The radiological doses predicted by
RESRAD are also compared with those estimated by the Finnish Centre for
Radiation and Nuclear Safety.

1 INTRODUCTION

As part of the RESRAD quality assurance/quality control program, the U.S. Department
of Energy sponsored Argonne National Laboratory’s participation in the international model
validation study known as VAMP. VAMP, which stands for Validation of Environmental Model
Predictions, is an international program established by the International Atomic Energy Agency
(IAEA) in 1988 to use data from the Chernobyl fallout to test and improve biospheric models. Four
working groups function within the VAMP program: the Terrestrial Working Group, the Urban




Working Group, the Aquatic Working Group, and the Multiple Pathways Assessment (MPA)
Working Group. \

The MPA Working Group performs biospheric model validation exercises that consider all
relevant pathways from sources to humans leading to internal and external radiological exposure.
The exercises are based on data available following the Chernobyl accident. These exercises are
carried out as “blind tests” in which the modelers receive a scenario description and make
predictions based on the information provided in the description. After all the modelers have
submitted their predictions, they are provided with the measured data corresponding to the quantities
that they predicted. The modelers are then expected to refine and/or recalibrate their models to yield
predictions that are closer to the measurements.

A total of 11 models from 11 countries participated in the Scenario S exercise. The
RESRAD model, as an equilibrium model, is the only “nondynamic” model that participated in this
exercise. The other 10 models are all “dynamic” models; that is, they are designed to model seasonal
and daily changes in the environment.

Most of the models were specifically written to analyze Scenario S cesium-137
contamination. For RESRAD, on the other hand, cesium-137 is just one of 84 radionuclides included
in the code. Also, most of the other codes do not have a user interface and are “spreadsheet”
programs. RESRAD has a user interface, which makes it the most advanced and user-friendly of all
the models.

This document reports on the use of the RESRAD computer code in the S Scenario
exercise.

2 SCENARIO S DESCRIPTION

This study involved the prediction of the radiological consequences of cesium-137 from
Chernobyl-derived fallout in southern Finland and the comparison of predictions with measured
values when available. The extent of the test region was 177,000 square kilometers, 86% of which
was land and 14% of which was surface water. The set of data and conditions used in this test was
termed “Scenario S.” The details of the scenario are given in documents issued by the IAEA (1992b,
1996); some of this information is summarized in Appendix A.

The required endpoints of the validation exercise were the total deposition of cesium-137
in the test area; the concentrations in several food products (leafy vegetables, cereals, milk, beef,
pork, game meat, wild mushrooms, wild berries, and freshwater fish); the concentrations in several
animal feeds (pasture vegetation, barley, and oats); daily human intake for man, woman, and child;




whole body content of man, woman, and child; the effective dose equivalent due to external
radiation; the committed effective dose equivalent due to inhalation and ingestion; and the statistical
distribution of the adult whole body content. The estimates of these quantities (except for total
deposition) were required for different time periods. The 95% confidence interval for all the
estimates was also requested.

3 RESRAD

3.1 DESCRIPTION OF RESRAD

RESRAD is a computer code developed at Argonne National Laboratory for the
U.S. Department of Energy (DOE) to calculate site-specific residual radioactive materials guidelines
and radiological dose/risk to an on-site individual at a radioactively contaminated site (Yu et al.
1993). The code is continuously improved and updated in response to suggestions from users and
to incorporate new features that facilitate user interaction and increase the capabilities and flexibility
of the code. A recent improvement to RESRAD is the addition of a Latin hypercube-Monte Carlo
preprocessor that allows statistical distributions to be specified in place of single values for input
parameters. The code is being extended to include off-site modeling capability.

RESRAD uses a pathway analysis method in which a pathway sum is calculated to relate

_the radiological dose/risk to the concentration of the radionuclide in soil. The pathway sum is the

sum of pathway factors for each of the applicable pathways. The pathway factor accounts for

radioactive decay and ingrowth, transport, transfer, bioaccumulation, and radiological potency of the
contaminant. RESRAD considers the following pathways:

» External radiation from ground;

* Inhalation of contaminated dust, radon and radon progeny, and gaseous
airborne radionuclides;

* Ingestion of plant food contaminated by root uptake, foliar deposition, and
irrigation water;

» Ingestion of meat and milk contaminated by fodder, livestock water, and soil
ingestion; '

» Ingestion of fish and aquatic foods contaminated by lake water;




* Ingestion of water from a contaminated well or surface water source; and

» Ingestion of contaminated soil.

3.2 MODIFICATIONS TO RESRAD

RESRAD computes the concentrations of the nuclides in the surface water body by
considering the transport of the nuclides through the unsaturated and saturated zones. However, in
Scenario S the surface water was contaminated by direct fallout on the surface of the water course
and by contaminated runoff. Given the large extent of the study area and the large subsurface
transport distances, groundwater-derived contamination of the surface water sources would not be
significant over the time span of the study (50 years). Hence the code (RESRAD version 4.7) was
modified by removing the groundwater transport pathway and by including the measured surface
water concentrations for the first four years as input. The surface water concentration was assumed
to decline solely because of radioactive decay beyond the fourth year after deposition. The code was
also modified to compute and output the concentrations of the contaminants in different media.

4 SIMULATING SCENARIO S ON RESRAD

4.1 ESTIMATION OF ENDPOINTS

Because the version of RESRAD used in this study limited the numbers of vegetables,
animal feeds, and meats to two, dne, and one, respectively, all the required endpoints could not be
obtained from a single series of simulations. In all, a total of 10 series of simulations were
required — one each for the cesium-137 content of leafy vegetables, the cereals wheat and rye, wild
berries, oats, barley, and pasture, one to estimate the nuclide content in fish and in pork, and one
each to determine the intake and dose for man, woman, and child. The three runs for oats, barley,
and pasture were used to determine the cesium-137 content in beef and milk.

4.2 ESTIMATION OF CONFIDENCE INTERVAL

The probabilistic RESRAD code was still under development when these simulations were
performed. Hence the deterministic code was run repeatedly to generate a distribution of predictions
in order to obtain the 95% confidence interval. Because 10 series of runs were required to obtain all
the endpoints, the number of runs within each series was limited to 25. A Latin hypercube sampling
(LHS) scheme was used to obtain 25 representative values of each of the inputs that were selected
for the statistical study. The LHS routine has now been incorporated into RESRAD version 5.2.




4.3 INPUTS SELECTED FOR STATISTICAL STUDY

Because the simulations for the statistical analysis had to be run manually, only those
parameters that were highly uncertain were varied in each series. The soil-to-plant transfer factors
for barley, oats, rye, wheat, peas and beans, potatoes, spinach, fruit, root vegetables, and fodder; the
water-to-flesh bioaccumulation factor for fish; and the intake-to-edible-portion transfer factors for
beef, pork, milk, poultry, and eggs were selected for the statistical study, because the value
applicable to the region of study was not known a priori. The distribution of these factors and the
values characterizing the distributions were obtained from the IAEA 9th Draft Working Document,
Handbook of Parameter Values for the Prediction of Radionuclide Transfer in Temperate
Environments (IAEA 1992a). The input concentrations of cesium-137 in soil and in the surface water
body for the first four years after the passage of the radioactive Chernobyl plume were also allowed
to vary in the statistical runs. The distributions of the concentrations were assumed to be normal. The
standard deviation of the soil concentration was stated to be 10% of the mean in the scenario
description. The mean and standard deviation of the surface water concentrations were obtained from
the values given for the 12 drainage (fish) regions in the study.

4.4 RESRAD INPUTS

The information given in the scenario description had to be manipulated to yield the inputs
required by RESRAD. The data preparation is discussed below.

4.4.1 Thickness of Contaminated Zone

The vertical distribution of cesium-137 in uncultivated soils was given in the scenario
description and is summarized in Table A.1. Analysis of that data resulted in a distribution of depths
within which 95% of the radiocesium was present. This distribution (Table 1) could have been
sampled and included in the statistical analysis. However, the depth of contamination only affects
the external radiation dose in this scenario because of the values chosen for mixing depth and root
depth, and the methodology used to compute the radionuclide content in the contaminated zone.
Hence, a single value of 10 cm was selected for the depth of contaminated zone.

TABLE 1 Distribution of Depth within Which 95% of the Cesium-137 in the
Surface Soil Is Contained

Depth (cm) 1 2 3 4 5 6 17 g 9 10 1 12 13 14 15

Number of sitesinwhich 0 1 5 16 8 4 4 10 2 3 3 0 0 2 1
95% of the Cs-137 is
within this depth




4.4.2 Cesium-137 Content of Contaminated Zone

The areal deposition of cesium-137 in different parts of the test region given in the scenario
description is summarized in Table A.2. This information yielded an average areal deposition rate
of 20 kBq m™ 2 over the land and water surfaces. Together with the value of contaminated zone
thickness chosen above and an assumed density of 1.6 g (cm)"3, this translated to a cesium-137
content of 3.4 pCi g 1. The scenario description stated that the error in the areal deposition rates of
the different parts of the test region was characterized by a standard deviation equal to 10% of the
mean. The cesium-137 in soil (pCi g_l) was assumed to be normally distributed with a mean of 3.4
and a standard deviation of 0.34 for the statistical study.

4.4.3 Evapotranspiration Coefficient

The scenario description states that “a typical value for evaporation for a lake in the south
is 500 mm a”! [yr'!] and in the north 350-450 mm a~!. Runoff from drainage areas FISH3, FISH4,
and FISHS to the watercourses typically is about 5 - 7 L s”! km™2. About two-thirds of the
precipitation evaporates.” Hence an evapotranspiration coefficient of 0.667 was selected. ‘

4.4.4 Precipitation Rate

The annual precipitation varies between 450 and 750 mm; an average value of 0.6 m yr“1
was used in the simulations.

4.4.5 Irrigation Rate

An irrigation rate of 0.08 m yr_1 was used because the rainfall deficiency in the subregions
ranged from 60 to 80 mm and 80 to 100 mm.

4.4.6 Runoff Coefficient

The average runoff rate of 6 L s”! km™2 and the mean precipitation of 0.6 m yr "1 were

combined to obtain a runoff coefficient of 0.32.




4.4.7 Soil Water Distribution Coefficient of Cesium-137

The RESRAD default value of 1,000 cm? g_1 was used. Under the conditions chosen to
represent this scenario, a nonreactive solute will travel down approximately one meter per year. A
distribution coefficient of 100 cm’ g'1 would have slowed the downward movement of cesium-137
to approximately 2 mm yr_l.

4.4.8 Dust Mass Loading

The cesium-137 in air, one meter above ground level, given in the scenario description is
shown in Figure 1. The concentration of cesium-137 dropped steadily for 15 days following the
passage of the first plume, and then steadied at a value of 0.0013 Bq m™>. These air concentrations
were from two monitoring stations in population region number 8. The areal deposition rate in this
population region was 13,600 Bq m™2. Combining these values with an assumed soil bulk density
of 1.6 g cm™> and the depth of contamination of 0.1 m gave a mass loading of 0.0156 g m™3. The
dilution due to soil mixing (mixing depth 0.2 m) was not considered because it was not likely to have
occurred within 15 days of plume passage.
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FIGURE 1 Cesium-137 Concentration in Air One Meter above Ground Level




4.4.9 Depth of Soil Mixing

The depth of soil mixing was set to the value of the common plow depth of 20 cm.

4.4.10 Depth of Roots

The depth of roots was set to 20 cm.

4.4.11 Occupancy Factor
The amount of time per day spent outdoors by an average individual for all activities other
than commuting to and from work was 28 minutes. Assuming the average work commute to

be 30 minutes each way per work day, the fraction of time outdoors was 0.05
([28 + 2 x 30 x 5/7}/1440), and the fraction of time indoors was (.95.

4.4.12 Inhalation Rate

An inhalation rate of 7,300 m° yr_1 was used.

4.4.13 Erosion Rate

Because of the vast extent of the contaminated region, erosion will only redistribute the
cesium-137 within the contaminated area and will not significantly affect the results. Hence the
erosion rate was set to zero.

4.4.14 Cesium-137 Content of Surface Water

The values for radiocesium content of each surface water body at different times of the year
(Table A.3) were averaged to obtain a mean annual content. The mean annual content of different
surface water bodies for each year was analyzed to obtain the mean and standard deviation of
cesium-137 content for each year. Because the volumes of the surface water bodies were not known,
they were weighted equally. The distribution of the surface water cesium-137 content was assumed
to be normal for the statistical study. Table 2 gives the mean and standard deviation of the
cesium-137 in the surface water courses for each of the four years.




4.4.15 Fraction of Groundwater Usage

The scenario description states that
40% of the population uses surface water for
household use, and the rest of the population
uses groundwater. The same proportion of
water source was assumed for irrigation water
and for livestock water.

4.4.16 Human Food Consumption Rates

The consumption rates of adults and

TABLE 2 Cesium-137 in

Surface Water Bodies

Cs-137 Concentration

(pCiLh
Standard
Year Mean Deviation
1986 23.1 39
1987 5.02 1.01
1988 2.89 0.58
1989 2.02 0.37

children for various foods are given in
Table A.4. The consumption rates were
combined to obtain the consumption rates for the six food classes required by RESRAD (Table 3).
The proportions of food items in each food class are given in the footnotes to Table 3. These
proportions were used to compute the composite soil-to-food and composite intake-to-meat transfer
factors for the intake and dose runs.

TABLE 3 Human Food Consumption Rates

Consumption (kg yr'l)

RESRAD Food Category Man Woman Child
Nonleafy vegetables® 300 280 211
Leafy vegetables 12.8 16.4 18.0
Milk 330 220 274
Meat and poultry? 75 54 71
Fish 5.5 3.7 5.0
Other aquatic food 0 0 0

2 44% fruit, 23% potato, 6% roots, 1% peas/beans, 15% wheat,
6% rye, 2% barley, 2% oats. .

® 33% beef, 41% pork, 9% poultry, 17% eggs.




4.4.17 Livestock Consumption Rates

The consumption rates of beef cattle and dairy cows are given in Tables A.5 and A.6. The
silage, hay, and pasture feeds were categorized as fodder, and the rest of the feeds were apportioned
between barley and oats in the ratio of their production in the study area. Although the feeding rates
varied within the study region, the consumption rates were not subjected to a statistical analysis.
Because the feeding rates of swine and poultry and the water intake rates of beef cattle and dairy
cows were not stipulated in the scenario description, the values in Scenario CB, the first scenario
issued by the VAMP-MPA working group, were used. Table 4 gives the consumption rates that were
used in the runs to determine the cesium-137 contents of beef, milk, and pork.

Because the version of RESRAD used in this study allowed only one meat and one milk
pathway, and because the meat livestock and the dairy livestock are fed the same single feed (a
generic fodder), a two-step weighted-averaging procedure was required to arrive at the livestock feed
rates and the livestock-intake-to-edible-product transfer factors. The procedure is described in
Appendix B. '

4.4.18 Soil-to-Plant Root Uptake Factors

The mean and the geometric standard deviation of the root-to-edible-plant transfer factor

(dry weight basis) used in this study are given in Table 5, together with the typical values of dry
weight/wet weight from IAEA (1992a). The 95% uncertainty factors given in the IAEA (1992a)
document were adjusted for areal and temporal averaging by a factor of 3 following the guidance

"TABLE 4 Livestock Feed Consumption Rates

Consumption (kg yr'l)

Beef
Feed Cattle  Pork  Poultry

Fodder 11.7 0
Barley 2.14

Oats 1.54

Rye 0

Wheat 0

Water 50
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TABLE 5 Soil-to-Plant Root Uptake Transfer Factors
Used in This Study

Geometric
Standard Lower  Upper  Dry/Wet
Foodstuff Mean  Deviation Bound Bound Weight

Fodder 0.15 1.44 0.050 0.448 0.10
Barley 0.03 1.47 0.009 0.095 0.86
Oats 0.059 1.47 0.019 0.187 0.86
Rye 0.015 1.65 0.003 0.067 0.86
Wheat 0.018 1.47 0.006 0.057 0.86
Pea, bean 0.023 1.65 0.005 0.103 0.25
Potato 0.1 1.65 0.022 0.449 0.21
Root vegetable  0.28 1.57 0.072 1.084 0.13
Fruit vegetable 0.22 147 0.069  0.699 0.06
Spinach 0.24 1.47 0.076 0.762 0.08

in that document; for a lognormal distribution, the geometric standard deviation is then the sixth root
of the 95% uncertainty factor.

4.4.19 Intake-to-Food Product (Livestock) Transfer Factors

Table 6 gives the distribution statistics of the intake to the livestock-food-product transfer
factors from TAEA (1992a). The transfer factor for veal (cattle less than one year old) was not used
in the initial simulations (blind predictions) but is included for the purpose of discussion and for the
post-observation predictions. '

4.4.20 Water-to-Fish Bioaccumulation Factor

The distribution statistics for the fresh-water-to-fish transfer factor (i.e., bioaccumulation
factor) for cesium-137 from IAEA (1992a) are as follows: minimum = 30, likeliest = 2,000,
maximum = 3,400. This factor correlates the equilibrium concentration in fish to the concentration
In water.




TABLE 6 Intake-to-Animal-Product Transfer
Factors Used in This Study

Foodstuff  Minimum Likeliest Maximum

Eggs 0.06 0.45 2.5
Poultry 0.3 12 12
Pork 0.03 0.24 11
Milk 0.001 0.0079 0.027
Beef . 0.015 0.051 0.056
Veal 0.04 0.18 0.56

5 RESULTS AND DISCUSSION

Figures 2 through 9 illustrate the RESRAD blind predictions. The figures also show the
measured or STUK (Finnish Centre for Radiation and Nuclear Safety) estimated values of the same
quantities. The post-observation revisions are shown in Figures 10 through 16. The endpoints of the
study fall into one of two groups. The first group, consisting of the cesium-137 concentrations in
human food products, animal feed, and in the human body, are all measurable quantities. Observed
means and 95% confidence intervals of these quantities are available on the basis of numbers of
observations ranging from 10 to 440, except for the values for concentration in pasture, which are
based on three to five observations for the years 1987 through 1990. Measured values are not
available for annual intake of cesium-137 and radiation dose, which make up the second group;
estimates of these quantities are available. The RESRAD predictions are compared with these
measured or estimated values in the following sections.

5.1 COMPARISON OF BLIND PREDICTIONS WITH MEASURED
OR ESTIMATED VALUES

The blind RESRAD predictions for the cesium-137 content in pasture, beef, milk, barley,
oats, berries, wheat, rye, and fish deviate significantly from the measured values. These deviations
are discussed in Sections 5.1.1 through 5.1.6. Predictions for dose, intake, and whole body counts
are discussed in Sections 5.1.7 through 5.1.9.
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5.1.1 Pasture

The measured values of cesium-137 in pasture vegetation in May 1986 were on the order
of 1 kBq kg_1 because of direct deposition from the radioactive cloud resulting from the Chernobyl
accident. This value decreased by a factor of 40 in July 1986, possibly due to dilution by new
growth. Over the next four years, the concentration in pasture vegetation declined with a half life of
0.9 years. It should be noted that the May and July 1986 values were based on 99 and 33
measurements, respectively, while the values for the other years were based on three to five samples.
The RESRAD prediction for July 1986 is lower by a factor of 7, and the concentration declines in
subsequent years at the radioactive half-life. The July 1986 prediction is lower than the measured
value because it does not include the high initial deposition from the radioactive cloud. The
RESRAD predictions for the subsequent years are also lower because they do not account for any
residual cesium-137 remaining in the pasture vegetation from the previous year.
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5.1.2 Beef

The measured concentration in beef rose rapidly to about 100 Bq kg'1 by July 1986 and
remained in the hundreds until the second quarter of 1987; it then declined, with a half-life of
1.2 years, to a value of 10 at the end of 1990. The RESRAD predictions declined from 4.5 to
35Bqkg 1. One reason for the low predictions could be the choice of distribution for the intake-to-
animal-product transfer factor; the transfer factor for “beef” was used instead of that of “veal” (cattle
under one year of age). Another reason is the underprediction (by RESRAD) of the cesium-137
concentration in the feed. Figure 17 illustrates the effects of the choice of transfer factor and the
underprediction of feed concentrations. If the beef transfer factor is applied to the specified cattle
feed consumption rates and the measured feed (pasture, barley, oats) concentrations, the upper bound
of the estimate is lower than the lower bound of the measured concentration in beef. If the veal
transfer factors are used instead of beef transfer factors, the estimated range encompasses the
observed range, although the spread of the estimates is much greater than the spread of the observed
values. The third reason is that livestock feed was obtained from the northern part of the test region
where sandy soil conditions prevail. Unlike clayey soils which can irreversibly bind cesium and
make it unavailable for root uptake, sandy soils do not inhibit the uptake of cesium.

5.1.3 Milk

The measured concentration in milk soared to about 30 Bq kg_1 by June 1986 and remained
in the 30s until the first quarter of 1987; it then declined, with a half-life of 1.3 years, to a value of
3 at the end of 1990. The RESRAD predictions declined from 3.3 t0 2.7 Bq kg'l. One reason for the
low predictions is the underprediction (by RESRAD) of the cesium-137 concentration in the feed.
Figure 18 illustrates the effect of the underprediction of the feed concentrations. If the milk transfer
factor is applied to the specified dairy cow feed consumption rates and the measured feed (pasture,
barley, oats) concentrations, the estimated range encompasses the observed range, although the
spread of the estimates is much greater than the spread of the observed values (Figure 18). Also, as
stated in Section 5.1.2, use of feed from the northern part of the test region is another reason for the
high cesium content observed in milk.

5.1.4 Cereals

The measured values of the concentration of cesium-137 in oats and barley show similar
trends: a high value in the first year is followed by a drop in the second year and a rise over the next
two years. Because of a misinterpretation of the required endpoints, the cesium-137 content in a
mixed cereal (60% wheat, 24% oats, 8% barley, and 8% rye) was determined instead of the content
in wheat and in rye. The observed cesium-137 content in rye and wheat dropped sharply in the
second year and then declined slowly over the next three years.
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5.1.5 Fish

The RESRAD prediction of the cesium-137 content of fish agrees with the measured
concentration in 1986, but is about one-fifth of the measured concentrations for the following four
years. This result could be due to the reasons discussed here. RESRAD uses the equilibrium
bioaccumulation factor; that is, the transfer factor used is simply the correlation coefficient between
the equilibrium cesium-137 content of edible fish and the content in water AEA 1992a). In this
scenario, the content in water falls with time. Thus, the amount of cesium in the fish includes the
cesium accumulated when the water was richer in cesium. Assuming equilibrium with the water
content at the time of observation will underpredict the content in fish in all but the first year.
Secondly, the measurements included three classes of fish: nonpredatory, mixed-predatory, and
predatory. The cesium-137 in nonpredatory fish increased in 1986 and then declined over the years
(Saxén and Rantavaara 1987; Saxén 1990) ; the RESRAD predictions agreed with these measured
values. The content in predatory fish lagged the concentration in water, as would be expected
because of the time required to travel up the food chain. The countrywide (Finland) annual transfer
factors (fish/water) for different years are given in Table 7 (Saxén and Koskelainen 1992).
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TABLE 7 Observed Countrywide Average
Annual Transfer Factors in Finland

Annual Average Transfer Factor
(Bq kg™! fish/Bq kg ! water)

Mixed-
Year Nonpredatory  Predatory  Predatory

1986 300 400 200
1987 4,100 8,700 8,700
1988 5,000 11,000 16,000
1989 3,600 11,000 16,000
1990 4,200 12,000 17,000

Source: Saxén and Koskelainen 1992.

5.1.6 Berries

The root uptake factors for tomatoes (IAEA 1992a) were used to estimate the concentration
in wild berries because the uptake factor for berries was not available. Comparison of these
predictions with the measured values indicates that the uptake factor for berries is two orders of
magnitude higher than that for tomatoes.

5.1.7 Radiological Dose
The RESRAD blind predictions of total dose compare very well with the dose estimated

by STUK for the periods April 1986 to April 1987 and April 1986 to December 1990. However, the
RESRAD prediction for the lifetime dose was 2.5 times the estimated value.

The RESRAD predictions for external dose are 1.5 to 4 times the estimated values. While
the predicted and estimated inhalation doses from resuspension for the first year were comparable,
the predictions for the periods April 1986 to December 1990 and April 1986 to lifetime were 10 to
40 times larger. The inhalation dose is four orders of magnitude lower than the total dose and hence
does not affect the predictions of the total dose. The predictions for the dose due to ingestion are
comparable to the estimated values.




5.1.8 Human Intake

The blind predictions of cesium-137 intake of adults (male and female) for the first half of
1986 and the second half of 1990 are close to the estimated values; however, the predictions for the
intermediate times are about a half to a third of the estimated values. The blind predictions for intake
of a child are within a factor of 2 of the estimated value.

5.1.9 Whole Body Concentration

The blind predictions of adult whole body concentration compared very well with the
STUK estimates. The STUK estimates for males are contained within the uncertainty of limits of
the RESRAD predictions, as are those for females from 1986 to 1990. The predictions for females
in 1991 are almost twice the STUK estimates. The blind predictions for the whole body
concentration of children are about twice the STUK estimates throughout the prediction period.

5.2 POST-OBSERVATION MODELING

After comparing the RESRAD predictions with the measured and estimated values, the
following changes were made to the RESRAD inputs: The time fraction spent outdoors was

increased from 0.05 to 0.15; the indoor shielding factor for external radiation was reduced from 0.7
to 0.4; the mass loading for inhalation was set to the RESRAD default value one year after the
passage of the contaminated plume; the transfer factors for veal were used instead of those for beef;
and the averaging scheme for the composite meat transfer factor was changed to the leaf uptake
dominant scheme in Appendix B. '

The revised RESRAD predictions for intake agreed with the STUK estimates for the 1986
intakes of adult males and females and for children. The predictions for the next four years were 2 to
4 times lower than the STUK estimates. The revised predictions for adult whole body concentration
were lower than the STUK estimates, although the STUK estimates were within the RESRAD
uncertainty limits. The revised predictions for the whole body concentration of children agreed very
well with the STUK estimates.

The revised total dose predictions were within 0.6 to 1.5 times the STUK estimates. The
revised predictions for external dose were 1 to 3 times the STUK estimates. The revised predictions
for inhalation dose from resuspension were twice the STUK estimates. The revised predictions for
the dose due to ingestion were comparable to the estimated values for the first year and for the period
April 1986 to lifetime, while the predictions were 2.5 times lower than the estimates for the period
April 1986 to December 1990.
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5.3 SUGGESTIONS TO EXTEND THE CAPABILITY OF RESRAD

This scenario included a wide range of animal and human feeds. As mentioned before,
RESRAD considers one animal feed that is applicable to both the meat and milk pathway. The
human food “meat” represents all the different meats consumed by man. The intake-to-animal-
product transfer factors in Table 6 vary widely, by up to a factor of 500 between the different meats.
The types and quantities of feed consumed by the different animals also differed greatly (Table 4).
The differences between the soil-to-edible-plant transfer factors for the different animal feeds,
although not as great as the animal transfer factors, are also significant (Table 5). Foliage-to-food
transfer factors (foliar deposition, sprinkler irrigation) for pasture differ from those for grains.
Representing these widely differing animal feeds and meats by a single fodder and a single meat
category requires rather involved approximate averaging schemes. If this averaging is to be done
outside RESRAD it defeats the purpose of a stochastic code and also increases the likelihood of
human error. Hence, it is necessary to allow for a number of animal products and animal feeds; three
to four animal products and two to four animal feeds should be sufficient. Consideration should also
be given to increasing the number of plant products for human consumption. The user should be able
to input différent values of soil-to-edible-plant transfer factors and foliage-to-food translocation
factors for the plant products and the animal feeds.

6 CONCLUSIONS

From this exercise, we were able to apply RESRAD to predict, with uncertainties, media
concentrations, body burdens, and doses for Scenario S. Being an equilibrium model, RESRAD
calculates annual average media concentrations and mispredicted some of the dynamic media
concentrations, especially in the early years after plume arrival. Although RESRAD is not
specifically designed for this type of application, our experience indicated that, with proper selection
of input parameters, the code can be used to predict media concentrations, especially for the later
years after arrival of the plume. From this experience, we learned to predict media concentrations
with uncertainties. We successfully incorporated a Monte Carlo LHS routine into RESRAD and
extended RESRAD from a deterministic model to a probabilistic model.

This exercise provided a forum for international modelers to exchange modeling experience
as well as for discussions on models and parameters used. Although Scenario S is ended, the task
of model validation is not finished. Additional data sets from different sites and for a wide variety
of radionuclides still need to be tested.
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SCENARIO S DESCRIPTION
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APPENDIX A:

SELECTED TABULAR INFORMATION FROM
SCENARIO S DESCRIPTION

Selected information from the description of Scenario S (IAEA 1992) that was used in this
simulation is tabulated in this appendix. Also included are the results of some data manipulations
that were necessary to transform the data into a form that could be used in RESRAD.
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TABLE A.1 Vertical Distribution of Cesium-137 in Uncultivated
Soil at Different Soil Sites

1986 1987 1988

Cumulative Cumulative Depth Cumulative
(%) (%) (%)

82.4 . 19.3 . 48.2
96.6 . 423 R 80.8
100.0 X 66.9 . 87.7
. 83.8 . 935
89.6 . 95.0 . 100.0
98.2 . 98.5
99.9 100.0 . 85.6
. 977
86.1 . 66.1 . 99.1
94.5 . 929 . 99.7
97.0 . 95.8 . 100.0
100.1 . 97.6
. 99.0 . 80.5
79.9 . 99.8 R 93.0
99.5 . . 91.7
100.1 . 99.6
100.0
9.1 X .
17.1 R . 44.0
18.7 . . 96.0
. . 917
68.9 . . 99.1
89.7 . . 99.6
100.0 . 99.8

4.1
12.8
15.7
20.0

90.5
97.1
98.9
100.0

718
825
894
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TABLE A.1 (Cont.)
1989 1989 (cont.) 1989 (cont.) 1989 (cont.)
Depth Cumulative Depth Cumulative Depth Cumulative Depth Cumulative
(cm) (%) (cm) (%) (cm) (%) (cm) (%)
1.0 20.2 15 395 1.5 674 0.0 80.6
3.0 68.2 3.0 56.8 3.0 88.5 1.5 91.8
5.0 852 4.5 60.4 45 94.0 3.0 96.8
7.0 94.3 6.5 63.6 6.5 96.3 45 979
12.0 100.0 9.5 65.9 9.5 976 6.5 98.4
12.0 66.7 135 98.7 28.0 99.9
1.0 5.8 250 100.0
35 59.8 0.0 26.4 1.5 50.5
3.5 79.6 15 723 0.0 556 3.0 759
8.0 92.1 3.0 87.4 1.5 67.5 45 89.4
10.0 98.1 6.5 93.4 3.0 77.0 6.5 95.8
12.2 999 95 98.4 4.5 82.1 13.0 100.0
13.5 99.3 6.5 86.1
1.0 18.7 15.0 100.1 9.5 90.1 20 87.7
3.0 76.3 13.5 95.0 3.5 94.5
5.0 89.3 1.5 84.1 24.0 100.1 5.0 96.6
7.0 94.8 3.0 94.7 8.0 98.7
12.0 97.6 45 98.0 1.5 57.0 135 100.0
17.0 98.2 13.0 100.0 3.0 76.3
22.0 99.2 45 84.7 0.0 56.5
28.0 100.1 1.5 84.4 6.5 91.2 1.5 80.5
3.0 929 9.5 937 3.0 88.8
1.0 55.2 45 97.9 135 97.6 4.0 95.5
3.0 30.4 11.5 100.0 25.0 100.0 6.5 98.1
5.0 87.7 135 100.1
8.5 945 0.0 722 L5 734
17.5 100.0 1.5 81.2 3.0 93.6 1.5 45.0
3.0 89.6 45 96.6 3.0 69.5
1.0 537 4.5 95.7 6.5 98.0 45 79.8
2.0 849 10.5 100.0 9.5 99.2 6.5 85.9
10.0 992 14.0 100.1 9.5 95.2
15.0 100.0 0.0 65.5 16.5 99.9
15 84.0 0.0 220
15 23 3.0 89.2 45 96.3 2.0 70.7
3.0 62.0 4.5 92.6 6.5 99.1 3.5 82.8
45 842 6.5 95.6 145 100.0 5.0 87.7
6.5 939 14.5 98.3 8.0 91.3
9.5 979 19.5 98.6 0.0 65.5 135 100.1
145 99.9 225 100.1 1.5 92.1
35 96.2 15 353
1.5 392 0.0 37.6 45 97.9 3.0 58.4
3.0 78.8 1.5 67.6 10.0 99.0 45 724
45 91.5 3.0 89.9 16.0 100.1 6.5 84.1
6.5 97.6 45 96.1 95 922
9.5 99.6 6.5 97.8 15 61.7 13.0 100.0
13.0 100.0 9.5 989 3.0 84.1
135 99.6 4.5 96.4 1.5 76.8
1.5 39.9 24.0 99.9 10.0 99.1 3.0 93.7
3.0 74.7 16.0 99.7 45 97.9
45 88.8 1.5 84.7 20.0 100.0 115 100.1
6.5 95.6 3.0 96.3
14.5 100.0 45 97.7 1.5 875 1.5 79.6
6.5 98.6 3.0 94.2 3.0 92.7
1.5 51.8 95 99.6 4.5 96.4 45 95.1
3.0 91.5 135 99.8 6.5 98.3 6.5 96.9
4.5 97.2 225 100.1 14.5 99.0 9.5 98.0
13.0 100.0 195 99.6 16.5 100.1
24.0 100.0
15 35
3.0 59.5
45 829
6.5 98.2

12.0 100.1
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TABLE A.2 Areal Deposition of Cesium-137 in the Test Region

Total Deposition

Total ‘Land Areal
Region Area Area Average Land/Water  Land
POP# (km?) (km?)  (kBqm?) (TBq) (TBq)
1 19,802 17,010 39.5 782 672
2 19,357 16,230 29.9 579 485
3 19,956 16,511 11.4 227 188
4 12,828 10,783 18.1 232 195
5 21,660 16,342 16.6 360 271
6 21,585 17,782 2.3 50 41
7 23,166 22,170 223 517 494
8 10,404 9,898 13.6 141 135
9 27,319 26,447 23.2 634 614
Sum 176,077 153,173 - 3,522 3,095
Average deposition (kBq m'2) 20.0 20.2
Land Areal Land Areal
Region Area Average Total | Region Area Average Total
AGR# (km®  (kBqm? (TBg) | FISH# (km®» (kBqm?> (TBq)
1 5,676 6.2 35 1 11,753 14.2 167
2 14,512 25.7 373 2 9,866 13.1 129
3 3,075 3.8 12 3 57,192 6.8 389
4 6,861 26.0 178 4 38,823 30.2 1172
5 5,715 43.8 250 5 28,032 ‘ 344 964
6 6,889 14.5 100 6 30,426 22.5 685
7 14,883 27.8 414 Sum 176,092 - 3,506
8 16,511 114 188
9 5,106 33.5 171
10 14,431 13.9 201
11 4,551 7.7 35
12 9,363 46.6 436
13 17,782 2.3 41
14 10,502 25.6 269
15 5,346 18.5 99
16 8,446 16.4 139
17 6,976 22 153
Sum 15,6633 - 3,094
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TABLE A.4 Human Food Consumption Rates
(Scenario S)

Foodstuff

Rye 42 58

Wheat

Other cereals 28 38

Potato

Fruit veg. 48 40

Root veg. 50 50

Pea, bean 10 10

Fruit

Berries, garden 43 43

Berries, wild 9 9

Wild mushrooms 3.6 3.6

Leafy veg. 45 35

Milk

Cheese 33 35

Beef 49 64

Pork 54 88 -
Poultry 16 16 -
Game 34 4.2 -
Egg 25 34 21
Fish, freshwater 10 15 13.7

a

— = not specified in the scenario description.
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REFERENCE FOR APPENDIX A
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APPENDIX B:

CALCULATION OF COMPOSITE LIVESTOCK FEED INTAKE RATES
AND COMPOSITE TRANSFER FACTORS FOR THE HUMAN
CESIUM-137 INTAKE, RADIOLOGICAL DOSE, AND
BODY BURDEN RUNS
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APPENDIX B:

CALCULATION OF COMPOSITE LIVESTOCK FEED INTAKE RATES AND
COMPOSITE TRANSFER FACTORS FOR THE HUMAN CESIUM-137
INTAKE, RADIOLOGICAL DOSE, AND BODY BURDEN RUNS

The composite soil-to-plant (root uptake) transfer factor for nonleafy vegetables was the
weighted average of the root uptake transfer factors, RTF;, of all the nonleafy vegetables, the weights
being proportional to the human consumption rates, Ci’ of the different food item in this class:

C =C +C _ +C_+C +C + C +C +C

nonleafy barley oats rye wheat pea,bean potato root fruit *
RTFnonleafy = (R TFbarley*Cbarley * RTFoats*Coats * RTFrye*Cryc +R wheai*cwheat
* RTFpea,bean*Cpea,bean + R TFpoLato*Cpotato *+ RTFroot*Croot * RTFfruit*Cfruil) / Cnonleafy ’
RTFnonleafy = RTFbaﬂcy*0.02 + RTF_, +0.02 + RTFrye*0.06 + RTF, ., *0.15

+ RTE, ., ¥0.01 + RTF %023 + RTF_, +0.44 + RTF 0.06

pea,bean

The composite soil-to-plant (root uptake) transfer factor for “fodder” was based on the feed
consumption characteristics, CD;, of the dairy cows and was computed as follows:
CD

= CD + CD + CD

fodder barley oats pasture
RTFfodder = (Rﬁbarley*CDbarley * RTFoats >’(Cl)oats + RTFpasture *CDpasture)/CDfodder 4
RTF y4er = RTFbarley *0.09 + RTF_, *0.06 + RTFpasture *0.85

The composite intake-to-edible “meat” transfer factor, IMF was computed using the

meat’
expression
Cmeat = Cbeef + Cpork * Cpoultry * Ceggs ’
HVIFmeat = (IMFbeef*Cbeef * IlVIFpork*cpork * INIFpoultry*Cpoultry * INIFeggs*Ceggs)/ Cmeat ’
IMF .., = IMF,_*033 + ]MFpork*OAl + IMFpoultry*O'09 + IMFeggs*O.17

The water intake for meat depends on the water intake, Wi, of the different livestock

products, the human consumption rates of these products, and the composite meat transfer factor
above:




IMF C + W_ *IMF__ *C

poultry eggs eges * eggs
B

C w__*IMF «C .+ W

*
pork poultry
IMF C

*
meal meat

*x0.41 +0.25 xIMF *0.09+0.25 xIMF,,, *0.17)/IMF,

poultry

W, *IMF

+ * * *
w _ beef beef* beef pork pork pouliry

W = (50 *IMF,*0.33 +8 xIMF

meat pork meat

The fodder intake rate for meat, F_ .., used in the initial (blind) predictions is a two-way
weighted average of the different animal feeds, F;, the two weights being the human consumption
rates of the different meat products and the root uptake transfer factor. The expression used is,

- Zbeef +Epork +Epoultry +Zeggs

meat RTF C

fodder * meat

3

Zbeef = (.Fbeef *RTF, + Flf)eef *RTF, + Fbeef* TFoats)*Cbeef ’

pasture pasture arley barley oats

C

arley* pork ?

_ ppork
Epork - Fbarley *RTFb

+ FRUYARTF,, + EIR"™+RTE,, + Flpu *RTF

wheat wheat

barley barley oats oats rye ) *Cpoultry ’

- poultry
Epoul(ry = (F *RTF,

barley barley oats wheat wheat )*C

= eggs eges
Eeggs = (FZ «RTF, + e *RTF & + Frye *RTFrye + F *RTF, eoss

It was later realized that the above weighting scheme was inappropriate. One of two other
weighting schemes could be used depending on the dominant animal intake subpathways. If the
dominant animal feed intake subpathway involved uptake through the roots of the feed plants, a
three-way weighting involving the human consumption rates of the different meat products, the
intake-to-edible-product transfer factors of the different meat products, and the root uptake transfer
factor is appropriate; if not, a two-way weighting involving the human consumption rates of the
different meat products, and the intake-to-edible-product transfer factors of the different meat
products, is appropriate.

If root uptake is dominant,

Z:beef +Epork +Epou]try +Zeggs

*

RTE, ,, *C, . *IMF__

fodder meat

Y. = (Fool «RTF + ooy *RTE .+ FoedsRTF,, ) *Cy  +IMF, . ,

pasture pasture barley oats oats

C_  «IMF

_ ppork
Epork = K *RTFbmley* pork pork

barley

ult
Zpoultry = (F ey *RTF ) *Cpoultry *IMF poultry °

bariey barley oats oats

1
+ FEot ™ «RTF,, + F2"WsRTF, + Fip *RTF

wheat wheat

Zeo . - (Feggs *RTF

g barley barley oats

+ FSARTF,  + F«RTF, , + Fof% «RTF,

wheat wheat

)+C,gs IMF

eggs
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If leaf uptake is dominant,

Zbeef +Zpork +z:pc‘ultry +z:eggs

Fmﬂat ) Cmeat*IMF meat ,
Zbeef = (FI:;?:{"G F‘f;eliy F:;:f)*cbeef >|KIMFbeef ’
Zpork = Flf;;ty Cpork*MFpork ?
Y ouiey = (Fratey * Fama ™+ Fgt™™ o+ BIu)Cppy o xIMF

i}

(F cggs +F eges + F eggs eggs ) e «IMF

barley oats wheat eggs eges

Lese
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APPENDIX C:

CALCULATION OF BODY BURDEN
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APPENDIX C:
CALCULATION OF BODY BURDEN
The body burden at six monthly intervals from December 31 , 1986, to December 31, 1990,
was estimated by assuming (as RESRAD does) a constant intake of cesium-137 for the six-month
period.

Cesium-137 balance in the body requires that

r.dt - A qdt =dg ,

where
r; . = constant intake rate of Cs-137,
t =time,
1, = effective removal rate of Cs-137 (biological and radioactive), and
q = total amount of Cs-137 in body.
. dq _ . . . -At rint
Rearranging, —1 = - Aq + 1, and integrating gives q = Ae ° + —=

dt

(<]

Applying the initial condition, q = q, at t = 0 gives,

q = %—‘ + (qo - %ﬂ]e_w

S

Substituting for total body content of cesium-137 in terms of body weight and concentration,

T. T. _
e bw, - 2 e Y bw
A, L

€

CcC =

where

= concentration of Cs-137 in body at time t and time O,

int = constant intake rate of Cs-137,
Ae = effective removal of Cs-137 (biological and radioactive), and
bw, bw_ =body weight at time t and time 0.

¢, ¢,
I
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The age-specific body weight (EPA 1985) and removal rate of cesium-137 (ICRP 1989) used in
these calculations are given in Table C.1.

TABLE C.1 Age-Related Body Weight and
Effective Half-Life

Body Weight  Effective Half-Life
Individual kg) (yr)

Man 73.7 0.00722
Woman 60.6 0.0107
Child, age 10 36.2 0.0120
Child, age 10.5 38.0 0.0115
Child, age 11 39.7 0.0111
Child, age 11.5 441 0.0102
Child, age 12 46.8 0.00972
Child, age 12.5 49.5 0.00927
Child, age 13 53.0 0.00876
Child, age 13.5 56.4 0.00830
Child, age 14 58.8 0.00801
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