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RESUME

Depuis 1987, nous élaborons un code destiné à l'évaluation en fonction du temps des doses
attribuables aux rejets accidentels et aux rejets en exploitation normale de radionucléides. Il
s'agit du Code d'analyse des voies de transfert de la Recherche sur l'environnement de Chalk
River (CHERPAC). Nous vous présentons ici une description complète du modèle incluant
les équations, la valeur des paramètres, les hypothèses ainsi que de l'information sur les
distributions de paramètres en vue des analyses d'incertitude. Le CHERPAC a servi à deux
exercices internationaux de validation de modèles : EVMBIO (Étude de validation des
modèles de biosphère) et VAMP (Validation des prédictions des modèles d'évaluation), ce
dernier étant un programme de recherche coordonnée de l'Agence internationale de l'énergie
atomique. On a vérifié les prédictions du CHERPAC relativement aux concentrations de "7Cs
dans les denrées alimentaires, la charge corporelle et les doses en fonction du temps en
utilisant les données colligées après l'accident de Tchernobyl survenu en avril 1986. Les
résultats obtenus avec CHERPAC, dans le cas du scénario récent de VAMP pour le sud de la
Finlande, sont particulièrement précis et donnent un aperçu de l'efficacité éventuelle du code
relativement aux conditions canadiennes. On a comparé les prédictions du CHERPAC avec
les observations effectuées en Finlande pendant quatre ans et demi après l'accident de même
qu'avec les résultats des autres modèles participants provenant de neuf pays différents.
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ABSTRACT

CHERPAC (Chalk River Environmental Research Pathways Analysis Code), a time-
dependent code for assessing doses from accidental and routine releases of radionuclides, has
been under development since 1987. A complete model description is provided here with
equations, parameter values, assumptions and information on parameter distributions for
uncertainty analysis. Concurrently, CHERPAC has been used to participate in the two
international model validation exercises BIOMOVS (BlOspheric MOdel Validation Study)
and VAMP (VAlidation of Assessment Model Predictions, a Co-ordinated Research Program
of the International Atomic Energy Agency). CHERPAC has been tested for predictions of
concentrations of 137Cs in foodstuffs, body burden and dose over time using data collected
after ti.e Chernobyl accident of 1986 April. CHERPAC's results for the recent VAMP
scenario for southern Finland are particularly accurate and should represent what the code
can do under Canadian conditions. CHERPAC's predictions are compared with the
observations from Finland for four and one-half years after the accident as well as with the
results of the other participating models from nine countries.
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1. INTRODUCTION

In 1987, the International Atomic Energy Agency organized a Co-ordinated Research
Program on the validation of model predictions (VAMP) with the intention that post-
Chernobyl data would be used in scenarios to test models. Four working groups were set up
to look at terrestrial, aquatic, urban and "multiple" pathways to dose. In the Multiple
Pathways Working Group, scenarios were chosen which would test as many steps in the food
chain to body burden and ingestion dose as possible and also test calculations for dose from
inhalation, immersion in the plume and external deposition. The nuclide was 137Cs. The
input data were daily air concentrations and amounts of precipitation or measured deposition.
The first scenario used data from Central Bohemia for three years after the Chernobyl
accident, and the second used data from southern Finland for four and one-half years after
the accident. The Finnish scenario included both "normal" food chain pathways (e.g., leafy
vegetables, grain, milk, beef, pork) and unusual pathways (e.g., greenhouse vegetables, wild
game, wild berries, mushrooms and fish). Many of the site-specific input data (e.g., diets
for animals and people) were supplied by the data collectors from STUK (Finnish Centre for
Radiation and Nuclear Safety) and other input (e.g., deposition velocities, concentration
ratios) was at the discretion of the user, taking into account that Finland was in the path of
the first plume from Chernobyl, that many of the soils are peaty, etc. The observations were
averaged over the whole of southern Finland either monthly, quarterly or yearly, depending
on the product. Confidence intervals on the observations were very small since a statistical
sampling technique was used.

CHERPAC (Chalk River Environmental Research Pathways Analysis Code), a time-
dependent food chain model being developed in the Environmental Research Branch at Chalk
River, was modified to include the unique Finnish pathways and was used to calculate
predictions for the Finnish scenario. The Finnish scenario is particularly relevant as a test,
since Finnish conditions are very similar to Canadian. Calculations were also made by nine
other models from Belgium, England, Finland, Hungary, Poland, Romania, Russia, Sweden,
and the United States. In this report, equations, parameter values and assumptions of
CHERPAC for the Finnish scenario will be described, and predictions shall be compared
with observations. The overall performance of CHERPAC and the other codes will be
mentioned.

2. MODEL DESCRIPTION

CHERPAC is a time-dependent stochastic (Latin Hypercube Sampling on distributions of all
parameters) compartment model using a combination of differential equations and transfer
factors to calculate daily concentrations of nlCs in some foodstuffs and average monthly
concentrations in others. Body burden and ingestion dose are calculated from modelled diets
for an average man, woman and non-growing child (age 10). Dose is calculated also from
inhalation, immersion in the plume and external irradiation from surfaces. Monthly average
concentrations in soil, leafy vegetables (both field and greenhouse), non-leafy vegetables
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(field and greenhouse), potatoes, root crops other than potatoes, fruit (apples and pears),
winter and spring grains, milk, cheese, beef, pork, eggs and poultry are given as output.
Non-domestic pathways include monthly output for wild berries, big game (moose and deer),
small game (rabbits, waterfowl, upland game birds), and mushrooms. Concentrations in
freshwater fish are calculated from concentrations of 137Cs in water (IAEA, draft). Dietary
input of contaminated saltwater fish, as provided in the scenario description, was added.
There are delays between harvest or production and ingestion of beef, pork, eggs, chicken,
cheese, root crops, potatoes and grain. Losses due to food processing are calculated. In
addition, monthly average concentrations in cattle feed and daily human average intake are
given as output.

The terrestrial pathways of the food chain code are driven either by daily ground-level air
concentrations (Bq m'3) and daily rainfall (mm) or measured deposition (average Bq m"2) as
input. For the Finnish scenario, it was assumed that air concentrations over all of southern
Finland were the same as the daily averaged values of the two air monitoring stations given
in the scenario description (IAEA, draft). Daily average rainfall from the numerous rainfall
monitoring stations around Finland was calculated for each of twelve rainfall areas. Thus
twelve sets of output were generated, all having the same dry deposition but with wet
deposition varying over about a factor of 60. The predicted best estimates for all foodstuffs,
body burden and dose were weighted averages based on the proportions of crops harvested or
relative numbers of people living in these twelve areas. Because of the large amount of time
it would have taken to calculate average confidence intervals for the twelve data sets,
uncertainty bounds were calculated only for the single set of input (for rainfall stations #121-
155) that best predicted the average deposition for all of southern Finland. Aquatic
pathways, at the moment, need water concentrations as input.

CHERPAC is designed to handle input for short-term releases of radioactivity (specifically
accidents) on a daily basis. Reliable predictions with uncertainty bounds are limited to a few
years, although the deterministic code can run for up to 50. A simplified diagram showing
compartments and pathways is shown in Figure 1.

Descriptions of procedures, equations, parameters and assumptions used in different
components of the model follow. A list of symbols can be found in Appendix 1. A
complete listing of variables, best-estimated parameter values, types of distributions and
limits of distribution for the Finnish scenario is found in Appendix 2.

2.1 Total Deposition

The equation for daily rate of total deposition from air to vegetated soil (i.e., pasture) is:
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D
PS = Ca * (V^ + w * /,.) * 86400 = Dd + Dy

where Vd.p. = 0.005 m sA

w = 8.5 * 10+5

Dry deposition velocity and washout ratios were raised over generic values to account for
larger particle size in Finland, assuming the same cloud that passed over Sweden (Persson et
al., 1987). Total deposition must be estimated in CHERPAC from calculated deposition to
pasture. The assumptions for this are that dry deposition to forests is 5 times that to pasture
and dry deposition to lakes is 0.5 times. The conversion factor from pasture deposition to
total deposition is based on the site-specific fraction of surface area devoted to forests, lakes,
and agricultural land. This factor is about 2 for southern Finland, giving an overall
deposition of —20,000 Bq m"2 which is in excellent agreement with the observed estimated
deposition of 19,600 Bq m'2. The figure for average deposition over the land area (which is
calculated as a factor of 2.4 times deposition to pasture) was estimated in order to calculate
mushrooms, wild berries, big game and small game using the code's bulk transfer parameters
(m2 kg-1).

2.2 Pasture

The equation used to calculate daily concentrations in fresh pasture vegetation is:

(1 " ( W D > * 86400 /

where Bvpo = 0.0266
Rw"= 0.1
Ypnf = 1.963 kg fwnr2

= 0.0496

When modelling movement of radionuclides through soil in CHERPAC, it is assumed that
initial deposition is in the first layer (1 cm, or whatever the user chooses) of soil unless the
soil has been disturbed by preparation for seeding. Each year thereafter, in undisturbed
soils, the migration is simulated by adding one additional layer equal to the depth defined in
the first year. After 10 years, the migration through the soil ceases. There is a small loss of
activity through breakdown of soil over time which is lost from all soil treatments.
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2.3 Animal Products

2.3.1 Milk

Daily activity intake for cows is calculated as:

O J = U J * C + U J * C + U J * C + U C
^xjl gii g Pg-A P8 sfi s c a

where Ugsummerid = 6.77 kg
Ug^r,,, = 6.6 kg
Ure,d = 48 kg fw
Us,d = 0.48 kg
Uc = 170 m3 • d"1

c

Milk concentrations are calculated assuming a direct dependence with the body burden of the
cow:

where Fm = 0.0043 d L"1

Xp = 0.173 d"1

f, = 0.3

To calculate the concentration in food for cows between January and March inclusive, all
deposition is considered to be to bare ground and the concentration in harvested pasture (hay)
is considered equal to that from the previous July; grain equals that of the previous August.
Between April and September inclusive, all deposition falls on growing pasture which is the
source of the cows1 non-grain diet. Grain consumed is still from the previous August.
Finally, between October and December, hay has the concentration of fresh hay harvested in
July, and grain has the concentration of grain harvested in August. This introduces a small
delay in receiving the food. Cows are assumed to ingest soil only when they are on pasture
(i.e., April through September). Following the scenario description, dairy cows receive 1%
contaminated food while stabled 7-26 May and no contaminated food from the time of the
accident until 7 May. There are no processing losses for milk.

Cheese concentrations are calculated by concentrating milk by a factor of 6 (6 L of milk for 1
kg cheese) and then assuming the activity present is 0.1 times the total in the milk.
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2.3.2 Beef

Daily intake for beef cattle is calculated as:

UpgtC * CK + Uc Ca

where Ugc = 3.0 kg
U«,e = 19 kg fw
Uc = 130 m3 • d'1

Beef concentrations are calculated assuming a direct dependence with the body burden of the
animal:

dt =/x *

where F^ = 0.028 d kg"1

Xp = 0.03465 d"1

f, = 0.3

For beef cows, between January and June, hay consumed was harvested the previous July,
while grain consumed was harvested the previous August. For July through September, the
beef cattle receive hay harvested in June and grain harvested a year earlier in August. For
October through December, the hay comes from the July harvest and grain comes from the
August harvest. Since beef cattle are stabled, it is assumed that they ingest no soil.

2.3.3 Pork

The concentration in pork includes the contribution from inhalation and is calculated with the
following differential equation:

=f> {U
XJ>lmortth

where Ux>pmonthl = 2.6 L milk + 0.7 kg grain d"1

Ux,pm<m.h2 = 1-2 kg grain d"1

Ux>pmonth3 = 2.35 kg grain d'1

= 2.4 kg grain d"1
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= 3.1 kg grain d"
3 ,1-1Uc = 30 m3 d

W = 100 kg
Xp = 0.023 d'1

f, = 0.66

The exclusively grain diet was taken from the scenario description, and it was assumed that
piglets would consume sow's milk (with a concentration equal to cow's milk) for the first
month of life.

Pigs are assumed to ingest no soil and are slaughtered at 6 months. The fraction of pig's
daily intake by ingestion which appears in each kg of pork in 0.29.

2.3.4 Poultry and Eggs

Daily activity intake for poultry is calculated as:

where U_k = 0.1 kg
= 0.002 kg andg

Cfc = (Fjt * V * A
dAJ dt = Qr, - K *

where Ffc = 4.1 d kg'1

Xp = 0.029 d"1

Chickens are assumed to ingest soil based on an average of range (soil available) vs battery
(no soil available) chickens. They are slaughtered at 3 months.

Egg concentrations are calculated with a steady-state transfer coefficient (Fe = 0.668 d kg'1)
with the diet for chickens shown above.

2.3.5 Fish (Freshwater)

The equation to calculate the concentration in fish is taken from (Hilton, 1990):
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dCffJdt = k# * Cw -

where k^/k^ = BF

Assuming the largest lakes in Finland are oligotrophic and have less than 50 ppm sediment in
unfiltered water, three bioaccumulation factors were assumed (Vanderploeg et al,, 1975):

1.5 X 10+04/equilibrium concentration of K (ppm in water) for piscivorous fish,
1 X 10+04/ppm K for an intermediate fish
5 X 10+03/ppm K for non-piscivorous fish

k^ = 1.73 X ÎO"03 d"1 for piscivorous fish
3.47 X 10-03 d"1 for intermediate fish
6.93 X 1003 d"1 for non-piscivorous fish.

Average water concentrations over time were supplied. Fish are assumed to be eaten fresh
during the season (May through September) and frozen (averaged) for the rest of the year.
Intake was reduced to 75 % of normal average for the first six years post accident, according
to the scenario description.

2.4 Plant Products

2.4.1 Grain

Grain concentrations at harvest (Aarkrog, 1983) are calculated daily and summed as follows:

where Bvg = 0.03
Dpg is equivalent to deposition to pasture
t; = the time counted from deposition to harvest.

Deposition to spring grain was so far before harvest (in reality grain had not been sown at the
time of the Chernobyl accident) that there was no contribution from the plume to the activity
in grain.

Grain for both people and animals is assumed to have a weighted concentration based on
fractions of winter (0.1) and spring grain (0.9) grown in the Finland. The harvest date of
spring grain is Julian Day 238 and Julian Day 200 for winter grain. To model the Finnish
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grain failure of 1987, it was assumed that, once the poor 1987 crop was harvested, for the
next year the daily intake consisted of 2/3 grain from 1986 and 1/3 grain from 1987.
Activity in the soil is distributed in the top 8 cm for spring grain due to cultivation after
deposition and in successive years the activity is redistributed in the top 20 cm after plowing.
Soil in which winter grain is grown has deposition to the first centimetre in the first year.

For calculating the four grain types, rye was considered 100% winter grain, oats were 100%
spring grain and barley and wheat were 10% winter and 90% spring.

2.4.2 Vegetables

2.4.2.1 Greenhouse Leafy and Non-leafy Vegetables

Concentration in vegetables per unit area is calculated

dC
-£• = (0.05Ca * Q3VdM * 7) * (1 - XE(w<r)) * 86400

where T = 0.25 for non-leafy and 1.0 for leafy vegetables
W D = 0.0496
0.05 = fraction of outside activity (Ca) reaching greenhouse plants
0.3 = reduction in deposition velocity due to being indoors.
Vd-Vl = 0.00667 m s"1

The concentration in vegetables per kg is calculated:

Cv = Cva I Yvl,vff

where Yvl-f = 2.1 kg fresh weight m'2

Yvff = 1.1 kg fresh weight m'2

Bvvl" = 0.0414
Bvvf = 0.0247

The deposition is distributed in the top cm of soil. It is assumed that 10% of all vegetables
eaten (leafy and non-leafy) from March through October are grown in the greenhouse and
that all greenhouse vegetables are eaten fresh. During the rest of the year, this same 10% of
consumption is assumed to come from non-contaminated areas. From the second year on,
the soil in the greenhouse is the same as outside (mixed to 20 cm and brought into the
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greenhouse). The concentration ratio was selected to be higher than the generic value for
leafy vegetables due to the preponderance of peaty soils in Finland.

2.4.2.2 Field Leafy, Non-leafy, Potatoes, and Root Crop Vegetables

Since there is no deposition onto growing plants in the field, root uptake is the only source of
contamination for field leafy vegetables, non-leafy vegetables, root crops and potatoes.

Cv = Cs * (Bwlyfj)Uvr + Rs)v Cs

where Bvl = 0.0414
Bvf = 0.0247
Bvp[ = 0.0267
Bvvr = 0.0211
Rs = 0.01% of dry weight yield (plant) = adhering soil
Cs = Ds / Ps and Ds = Ca * VdJ (0.0025 m s"1)

Vegetables are harvested and eaten fresh during a few months of the summer and are
preserved (frozen, canned or simply stored) and eaten as averages of the summer months
during the rest of the year. Leafy vegetables, potatoes and root crops are harvested July
through September. Non-leafy vegetables are harvested in August and September.
Processing occurs year round. Deposited cesium is assumed to be in the top 2 cm of soil for
all field vegetables. Concentration ratios were selected to be higher than the generic values
due to the preponderance of peaty soils in Finland.

2.4.3 Fruit (Apples and Pears)

Cfr = Cs * Byfr

where Bvfr = 0.1
Cs = Ds / Ps

For pasture and soil under fruit trees, each year the activity is assumed to have migrated one
cm deeper and be evenly distributed throughout; maximum depth of migration is 10 cm.
Fruit is harvested in August and September. For the rest of the year, the concentration in
the stored/preserved fruit is the average of the two harvest months.



- 10-

2.5 Wild Produce

2.5.1 Wild Berries

Calculation of concentrations in berries uses empirical bulk transfer coefficients (m2 kg"1)
averaged from the literature for 1986 to 1988 (Johansen et al., 1989; IAEA, draft; Henrich
et al., 1989; Block and Pimpl, 1989; Rantavaara, 1989); in 1989 an estimated loss rate factor
is added to the radiological loss already present:

C* - Cta • Tft>
^ = ^ ~ ^ 1989,+r) * ^ba

where Dhnd = 2.4 * deposition to pasture (see Section 2.2)
TMm = 0.0047 m2 kg'1

Tn,1987 = 0.0031
Tn.1988 ••= 0,0055
Tn,i989 onwards = 0.0044

XEw = 0.0109 in"1

Berries are harvested in July and August. For the rest of the year, the concentration in
stored/preserved berries is the average of the two harvest months.

2.5.2 Mushrooms

Calculation of concentrations in Boletus and Cantharellus mushrooms uses empirical bulk
transfer coefficients averaged from the literature for 1986 to 1990 (Block and Pimpl, 1989;
Rantavaara, 1989; Mascanzoni, 1989); in 1991 a loss rate factor, other than radiological, is
added:

f

^ma ~ ^land A£(w^3/5er 1991,+r) ^m

where D ^ = 2.4 * deposition to pasture (see Section 2.2)
Tfml986 = 0.0146 m2 kg"1

Tfml987 = 0.0193
Tfml988 = 0.0237
Tfml989 = 0.0098
Tfml990 = 0.0252
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Tfml991 onwards = 0 . 0 2 6

XEW = 0.0186 m"1

The myœlial zone is considered to be the top 5 cm, and activity is assumed lost from this
zone with a half-life of 3.1 years once the transfer parameter value stabilizes in 1990.
Mushrooms are collected and eaten fresh between April and September. During the rest of
the year, they are preserved, and the concentration of the mushrooms eaten is the average of
the growing season.

2.5,3 Big and Small Game

Calculation of concentrations in game (big: moose and deer, and small: rabbits, waterfowl
and upland game birds) uses empirical bulk transfer coefficients averaged from the literature
for 1986 to 1989 (Johansen et al., 1989; IAEA, draft; Rantavaara, 1989; Bergman and
Johansson, 1989; Von Bothmer et al., 1990); in 1990 a loss rate factor, other than
radiological, is added:

c
gma

C = C * T
gm gm fgm

AE{wfifier 1990, *r)

where D|.lml = 2.4 * deposition to pasture (see Section 2.2)

Tf..m 1986 —

Tfi.,,,1987 =

Tfo,,)1988 =

Tfom 1989 =

^ fgm 1990 onwards

^Ew =

Big Game

nr kg'1

0.0085

0.0092

0.0095

0.0098

0.0099

0.0109 nr1

Small Game

nr kg1

0.0183

0.0105

0.0203

0.0177

0.0152

0.0109 m'1

Big game is harvested from October to December, while small game is harvested September
to February. From the scenario description, 85% of the game eaten is assumed to be big
game, and the remaining is small game. Game is eaten fresh when collected and preserved
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in some fashion. The concentration during the rest of the year is considered the average of
the harvest months. Intake was restricted to 75% of normal average for the first six years
post-accident (per scenario description).

2.6 Human Intake

Intake of man, woman and child is calculated daily using monthly average food
concentrations. Processing losses are factored in as reductions to the daily ingested activity.
Diet is as close as possible to that provided in the scenario description for man, woman and
child. Garden berries are combined with fruit. The ten year old child's diet was averaged
from that given for the 9 and 12 year old boy and girl. Other assumptions were made in
preparing the child's diet:

• Vegetables were considered to be 38% non-leafy, 28% leafy and 34% root crops.

• 15% of the fruits and berries were considered to be wild berries and the rest was
domestic fruit.

• About 25% of fish consumption was freshwater.

• Cheese contributed about 4% of the milk consumption.

• Fats were combined with meat and fractioned as follows: 39% beef, 48% pork and
13% chicken.

For both adults and children, no account was made for consumption of beverages, sugars or
other fats.

Processing reduction factors (fraction of activity remaining in the food) are as follows:

Berries and fruit: 0.64
Big game, small game, beef, and pork: 0.5
Poultry: 0.75
Fish (freshwater and saltwater): 0.9
Grain: 0.5
Leafy vegetables: 0.5
Non-leafy vegetables: 0.55
Potatoes: 0.78
Root crops: 0.53
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2.7 Whole Body Concentrations

2.7.1 Mean Whole Body Concentrations

The body burden includes contributions from inhalation and is given by solving the following
differential equation:

dAbldt = (Qm + Uc*Ca)J M - Xb*Ab

where for man woman child

Uc = 23 20 12 m3 d'1

M = 71 59 40 kg
X,, = 0.00693 0.008432 0.0169 d"1

2.7.2 Distribution of Whole Body Concentrations (Man)

To calculate the distribution of individual body burdens (as distinguished from the average
calculated above), new distributions for dietary intake were created to account for those
people whose diet is skewed in one way or another, e.g., fishermen who eat mostly fish,
hunters who eat more wild game, vegetarians, etc. For each item in the male diet, the values
of the .001 and the .999 percentiles of the lognormal distributions were decreased or
increased (based on personal judgement) by factors from 2 to 30 depending on the food. The
average intake was left unchanged. Correlations were added so that, for example, if an
individual was assumed to be getting his protein mostly from wild game, his intake of beef,
pork and chicken would be very low.

A mean complementary cumulative distribution function (CCDF) of individual body burdens
within the population was generated by varying those parameters that directly affect body
burden (daily intake of various foodstuffs, inhalation rate, length of exposure to plume, etc. -
Type B uncertainty) while leaving all other parameters set at their best estimated values.
Then 59 randomly generated sets of parameter values for the parameters that effect the
concentrations of foodstuffs in the diet (all others in the model - Type A uncertainty) were
run, one at a time, combined with sets of randomly generated intake parameters. This
generated 59 distributions of individuals. The lowest and highest of the sets were chosen as
the 2.5% and 97.5% confidence limits on the distribution (IAEA, 1989).
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2.8 Dose Calculations

2.8.1 External

External dose due to exposure to contaminated surfaces:

Hg = Dcfg * D * (1 - Xfe+r)) * FR * (1-0, + O£Fg)

where FR (dose reduction due to uneven surface) = 0.7
SF. = 0.23
O; = 0.85
Xfe+r) = 1.96E-03

2.8.2 Ingestion

Committed effective dose equivalent by ingestion due to consumption of x kinds of
foodstuffs:

t f S, V, CJf) dt

2.8.3 Inhalation

Committed effective dose equivalent by inhalation:

r

\(t) = Dcfc Uc { Ca(t) dt
tfs

The inhalation dose from resuspended material is not calculated because its contribution to
overall dose is insignificant.' o 1

2.8.4 Immersion

External dose due to irradiation from the contaminated cloud:
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where 0 ; = 0.85
SFm = 0.5

2.9 Identification of Important Processes and Parameters

A statistical sensitivity analysis (partial rank correlation coefficients) was carried out on
CHERPAC for the S Scenario. The parameters important to body burden (male) were
calculated for five time periods: August 1986, December 1986, July 1987, July 1988 and
December 1990. Of the 120 varying parameters that affect body burden, six (dry deposition
velocity, washout ratio, weathering from pasture, transfer factor from feed to milk, dietary
intake of freshwater fish, and processing reduction factor for fish) were important (r2 > 0.6)
for at least one of the time periods. In Figure 2, the relative contributions of each parameter
to the total contributed by the six is shown for each time period. Since the freshwater fish
pathway is so important in Finland, it is not surprising that body burden is very sensitive to
the amount of fish consumed and the processing losses for fish. This points out that
sensitivity analysis cannot be done on a code in isolation: it must be dependent on the
scenario description.

3. DISCUSSION/COMPARISON OF OBSERVED DATA AND MODEL
PREDICTIONS

Predicted best estimates with 95% confidence intervals (CI) calculated about mean values for
all the required concentrations were submitted to the VAMP Multiple Pathways Working
Group. Most of the CI's were calculated with deposition as input, since deposition was
known and using it as input eliminated the uncertainty associated with dry deposition velocity
and washout ratios. However, the code was also run with air concentrations as input, since
otherwise there was no way to estimate the uncertainty about inhalation and concentrations in
greenhouse vegetables and grain. Concentration in soil is the output variable most affected
by whether uncertainty is estimated starting with air concentrations or deposition; starting
with deposition reduces uncertainty on either side of the mean by just less than a factor of
1.2.

By and large, CHERPAC's predictions were accurate: many best estimates fell within the
CI's of the observations, which were quite small due to the sampling strategy employed.
Certainly, in most cases the confidence intervals of the predictions included those of the
observations.
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3.1 Total Deposition

Although the mean deposition calculated in CHERPAC was 19,600 Bq m'2 compared with
the observed 19,900 Bq m~2, the uncertainty on the predictions was relatively large - about a
factor of 2 on either side of the mean.

3.2 Animal Feed

3.2.1 Pasture

The match between predictions and observations is quite good and only varies by at most a
factor of 2 (Figure 3). The CI's of the predictions and observations are the same size,
although the observed CI's are skewed on the high side. These results are amongst the best
of all submissions; several submissions, like CHERPAC, showed the same dynamic trend.

3.2.2 Barley

The predictions match the observations well during the first three years, but in 1989 the
predictions falls below the 2.5% confidence limit on the observations (Figure 4). The CFs
of the observations are contained within those of the predictions. These results are
surprisingly good considering the simplicity of the model. None of the codes calculated the
increase seen in 1989.

3.2.3 Oats

The prediction for 1986 coincides with the observation (Figure 5), but after that, the
measured concentrations show an increasing trend while the predictions have a tiny decrease.
By 1989, the CI's about the predictions fall below those about the observations, and the
prediction is more than a factor of 7 times lower than the observation. Although these
results are poor, they are as good or better than the others submitted.

3.3 Food Items Contributing: Significantly to Dose

3.3.1 Freshwater Fish

The predictions all fall within the CI's about the observations (Figure 6) and the confidence
limits on the predictions are about a factor of three about the mean. These results are
excellent. In general, the results of most models participating in the Finnish scenario were
good (IAEA, in prep.). Averaging reduces the variability in both observations and
predictions.
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3.3.2 Milk and Beef

The analysis of predictions compared with observations for milk and beef will be combined
since the results are similar. In both cases (Figures 7 and 8), the observations are contained
within the confidence limits on the predictions only for most of the first year after the
accident. Milk cows were assumed to be on contaminated pasture after the end of May, and
the early predictions for milk are better than those for beef, where it was assumed, obviously
erroneously, that the cattle received no contaminated hay until after the first harvest. In the
early months, the calculated concentration of l3?Cs in beef came solely from inhalation. The
diets of the milk and beef cattle are similar except for quantities and the timing of the feeding
of contaminated hay. After the first year, the observations fall above the 97.5% confidence
limit of the predictions. The underpredictions for milk range up to a factor of eight, while
those for beef range up to a factor of fifteen.

These results are quite mystifying given that the predictions for pasture are either spot on or
are off by less than a factor of 2 (Figure 3) and the predictions for barley were good or low
by only a factor of 2 (Figure 4). Only for oats were the underpredictions serious - up to
factor of nearly 8 over time (Figure 5). But since the amount of grain consumed was only
about 15% that of pasture by weight, this cannot account for the underpredictions in milk
and beef. Results of other models were no better than those of CHERPAC, indicating that
the problem probably lies with the observations. The data collectors from STUK suggested
that the pasture data were not representative of the pasture grazed by the cows, since the
pasture measured grew on different soils in another part of the country from the cattle
industry.

Based on this possibility, the concentration ratio (CR) from soil to pasture vegetation was
adjusted upwards by a factor of 7.8 - a simple calibration. No other changes were made to
the model. The results in concentrations of milk and beef can be seen in Figures 9 and 10.
The increased CR resulted in increased predictions, but since the relative size of the increase
is greatest at longer times, the early dynamics are not changed significantly. For milk, the
revised predictions are identical to the observations 50% of the time from mid-1987 on,
while for beef there is still a small underestimation most of the time but the dynamic is
followed extremely well. Obviously, this solution is much too simple and corrections need
be made to the dynamic modelling of pasture, oats and barley before any defensible changes
to parameter values can be made. But it looks as if an especially high CR for pasture may
be the answer. This is reasonable at least partially because of the peat content of Finnish
soils. An unfortunate fact here is that the revised predictions are falling outside the present
confidence intervals on the predictions (compare the uncertainty in Figures 7 and 8). This is
because, at the moment, we lack enough data to justify changing the distribution of values of
the concentration ratio. However, concentration ratios equally high have been reported by
Pietzrak-Flis and Krajewski (1993) and Jackson and Smith (1989).
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3.3.3 Mushrooms

Predictions are just about identical with the observations initially r.nd are slightly below the
observations in 1989 and 1990 (Figure 11). The uncertainty on the predictions is very large,
however. The very low value for the 2.5% confidence limit in 1988 was due to the number
for the .001 percentile of the lognormal distribution being incorrectly entered (low by a
factor of 10) in the input file of uncertainty distributions. These predictions are good
because of the use of empirical bulk transfer coefficients. With time, it is expected that this
model will deviate more from reality. Other codes, using process-level approaches, did
nearly as well as CHERPAC.

3.4 Food Items Not Contributing Significantly to Dose

3.4.1 Pork

The predictions for the first five months of 1986 (Figure 12) were very different from the
observations. After that, the predictions underestimate the observations by about a factor of
3.5 for a period of two years. Still later, the predictions drop and underestimate by a factor
of about 13. The CI's between the observations and predictions overlap except for June
through September 1986 and for all of 1989 and 1990.

Concentrations in pork were not modelled well. None of the other model's results showed
the observed high concentrations from 1988 on, although several sets of results were better
than CHERPAC's for the first two years. However, even given the observed grain values
and the diet supplied, the observed concentrations in pork cannot be predicted. Certainly the
amount by which CHERPAC underestimated the two grains cannot account for the size of
the underestimation here. The predicted declining concentrations in pork for 1986 May
through September are due to initial contamination from inhalation of the plume followed by
metabolic loss coupled with the obviously erroneous assumption that the pigs were fed no
contaminated grain until the October harvest. Furthermore, the pigs slaughtered during these
five months were all one month old or more at the time of the accident and hence were not
suckling. The underestimation of pork was not helped by an error in the code that was only
detected after the scenario closed: only pigs born in April 1986 received milk as their diet,
while the model assumes that all pigs will receive milk for the first month of life. However,
correction increased the predictions at most by 10%. The major decrease in concentration in
the fall of 1988 is due to consumption of grain solely contaminated by root uptake; until then
grain consumed was at least partially contaminated by direct deposition in 1986 (see Section
2.4.1).

3.4.2 Wild Berries

After 1987 the concentration in berries is underestimated by about 30%, and in 1989 and
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1990, the predictions fall just outside the lower confidence limit of the observations (Figure
13). The CI's on the predictions either include those on the observations or overlap them.
These were the most accurate results submitted. The use of the empirical bulk transfer
coefficient from Nordic countries was responsible, but over time the results probably will not
be as good due to uncertainty in estimating the loss rate factor.

3.4.3 Big Game

Except for a nearly perfect best estimate in 1987, the predictions fall just below the 2.5%
confidence limit of the observations (Figure 14), but the underestimation is only about 20%.
The uncertainty on the predictions is within a factor of 4 of the mean. Except for the larger
uncertainty, CHERPAC's predictions, based on empirical bulk transfer coefficients, were the
best of the group. However, it is expected that the model results will deviate from
observations over time because of uncertainty in estimating the loss rate factor.

3.4.4 Small Game

With the exception of 1986 when the prediction falls just outside the 97.5% confidence limit
of the observations (Figure 15), all predictions fall within the CI's of the observations. The
uncertainty of the predictions ranges between a factor of 2 and 7 of the mean. These results
are similar to those of the other models, except for the high uncertainty.

3.4.5 Leafy Vegetables

The predictions for leafy vegetables fell just below the 2.5% confidence limit of the
observations for 1987, 1988 and 1989 (Figure 16), but for 1986 and 1990 the predictions fall
within the CI's of the observations. The observations are barely included within the CI's of
the predictions. Nevertheless, these results are average when compared with those of other
models.

3.4.6 Wheat

The predictions for wheat are quite accurate (Figure 17): all fall within the CI's of the
observations except for 1990, which is overestimated by a factor of 2. The observations and
their CI's lie centrally in the CI's about the predictions. These results were amongst the best
of the submissions, except that the uncertainties for CHERPAC were greater than for the
other models.
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3.4.7 Rye

The best estimates fall within the CI's on the observations for 1986, 1989 and 1990 (Figure
18). For 1987 and 1988 the observations coincide with the 97.5% confidence limit of the
predictions. CHERPAC's results were one of several sets that approximated the
observations, but no results could be said to duplicate the observations.

3.5 Human Intake (Man)

Except for the first half-year, where observations rise and predictions fall (Figure 19), the
dynamics of the predictions parallel the estimates of intake calculated by STUK, but
predicted amounts are lower. Observations are contained within the 95% CI on the
predictions . A similar relationship exists between predictions of intake for woman and child
and estimated intakes. CHERPAC's results were one of three in which all observations were
contained within the CI's. It should be borne in mind that the "observed" intake is based on
a Finnish model of diet using observed concentrations in foodstuffs.

3.6 Whole Body Concentrations

3.6.1 Mean Whole Body Concentrations

The relationship between predictions and observations is the same for man (Figure 20) and
woman: the overpredictions for each year are less than a factor of 2 but still fall outside the
CI's on the observations. For the child, the predictions all fall within the CI on the
observations except for 1987, when there is a slight underestimate. The CI on the
predictions is not large - less than a factor of three on either side of the best estimate, and it
includes the observations. These small overpredictions for man, woman and child occur in
spite of an underestimation of intake for all years except 1986 June. The overestimation by
CHERPAC for 1986 June needs to be investigated. Several models predicted the correct,
initial dynamic of the curve, but only one did better than CHERPAC overall. Unfortunately
once the predictions for the foodstuffs are calibrated to the observations, the body burdens
get higher, although they still fall within the predicted confidence intervals. The initial
excellent predictions, then, appear to be due to compensatory error.

3.6.2 Distribution of Whole Body Concentrations

Distributions of whole body concentrations for December 1987 are shown in Figure 21 and
those for December 1990 are shown in Figure 22. Although the averages predicted for 1987
are consistently higher than the observations, the observations are nevertheless within the CI
which is only a factor of two about the mean. The situation is similar for 1990, except that
the observations for the 2.5% fractile are skewed to the high side. In this case, the
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uncertainty bounds predicted by CHERPAC just barely contain the observations. The Finnish
model (DETRA) was used to calculate these CCDF's, and several observations fell outside
the CI's, which were small.

3.7 Dose Calculations

CHERPAC's best estimate for dose from inhalation (2.2 10"4 mSv) was identical to the
Finnish estimate. However, CHERPAC's uncertainty was only about one-third that estimated
by the data collectors because uncertainty in the applicability of the 2 sets of air
measurements was not taken into account.

Dose from external exposure was underestimated by CHERPAC (Figure 23), and the
magnitude of the underestimation increases with time. Even for the first year, the 97.5%
confidence limit on the predictions is lower than the 2.5% confidence limit on the
observations. This dose was modelled in a very simple fashion, but in addition, it should
have been multiplied by the conversion factor (2.4) to simulate deposition over the entire land
area. As it stands, the dose is equivalent to standing on a pasture, with occupancy and
shielding factors taken into account. When the external doses are multiplied by the factor of
2.4 to convert pasture deposition to total deposition to land surfaces, the underprediction in
the first year lies on the 2.5% confidence limit of the observations, and at year 5, the 97.5%
confidence limits of the prediction lies close to the observed. It is only at 50 years that the
results are unacceptable. Another reason for the underestimation of external dose is that the
selected half-time for activity on surfaces (365 days) is obviously too short. It thus has been
doubled to 730 days. This, plus the correction to deposition, results in escellent agreement
between doses estimated by STUK and those predicted by CHERPAC for one and five years
post-accident (Figure 23). The model still underpredicts at 50 years, but had uncertainty
bounds been calculated, they would certainly overlap STUK's estimated uncertainty bounds.

Ingestion dose was quite accurately predicted by CHERPAC. Ingestion dose was estimated
by STUK to be the major contributor to total dose overtime; doses from external exposure
contributed no more than 25% of the total dose at 50 years.

4. RECOMMENDATIONS AND CONCLUSIONS

Based on what has been learned here, the calculation of dose from ground exposure has been
improved, although further refinements needs to be done. Although there were no data in
this scenario for fruit contamination, CHERPAC still needs a reasonable model for fruit.
Also, the milk and beef models can be improved to resemble actual processes. The soil
model must be made more process-oriented.

Both the successes and the failures here can be traced to the location of the site being
Southern Finland. Because we knew the site, we successfully selected transfer parameter
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values and distributions which would reflect what was known about the area, e.g., that the
particle size distribution was larger here than in most places because the first plume was the
one to arrive in Finland, that nothing would have been growing or even planted when the
plume arrived, and that high concentration ratios were to be expected because of the
preponderance of peaty soils. The successful selection of dry deposition velocity and washout
ratio meant an accurate prediction of average deposition which agreed with the estimated
measured value. The literature on transfer to wild produce is dominated by Nordic data,
about a third of which is Finnish in our data base. Although the data were in no way
calibrated to Finnish conditions, these bulk transfer values (kg wild produce m"2) from the
open literature were used to derive the values used in the code. As a result, and because the
values in the literature worked, most of our predictions for wild produce were very good and
could be applied to the Canadian situation. Our high uncertainty for wild pathways arose
from not trusting the data because it was limited. Also, this would seem to be a good area
for there to be good Canadian data, but this is not the case. Failures, such as the
underestimation of 137Cs concentrations in milk and beef, are also due to unique Finnish
conditions for which we failed to account adequately even though we were alerted to them.

Each scenario not only tests the model but tests the user. Not only does the user learn
exactly how his model behaves, but he learns which input is most important to his code and
what he needs to spend the time on in order to improve the output. The success of
CHERPAC in this scenario is based on previous experience with other scenarios and on
discussion of the uniqueness of the Finnish situation with colleagues. A code cannot just be
run with the best input provided: the results must be analyzed carefully to see if they are
what is expected, and if they are not, the whole procedure must be reconsidered.

There is also an element of luck involved, which is most often disclosed by the existence of
compensatory errors. Although CHERPAC had none that made more than a minor difference
in the results, there was at least one instance in which the predictions appeared to be correct
but the justification for them was incorrect. Predicted concentrations in pasture (Figure 3) for
1986 are very close to the observations, which are due, not to deposition on growing plants as
was modelled, but rather, apparently, to vegetation growing up through the freshly
cort-.-niinated remains of the previous year's vegetation. This example emphasizes the
importance of not blindly accepting results as successful just because they seem to be correct.
In addition, so many things go into the prediction of body burden that one suspects that each
good prediction has been arrived at in a very different way. We thus should not be too
satisfied even with good predictions.

CHERPAC performed quite respectably here. It would be more satisfying if the processes
had been better understood for the wild pathways and if the unique Finnish situation (i.e.,
increased transfer from peaty soils to plant) had been handled better. CHERPAC1 s level of
uncertainty is acceptable, and there is a good probability that, to predict Chernobyl 137Cs,
using site specific information, CHERPAC may be considered reliable.
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Figure 2. Relative importance over time, of the six parameter values to which CHERPAC is
most sensitive.
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berries; 95% confidence intervals are shown.
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Figure 14. Comparison of observations and predictions for 137Cs concentrations in big game;
95% confidence intervals are shown.
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Figure 15. Comparison of observations and predictions for 137Cs concentrations in small
game; 95 % confidence intervals are shown.
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Figure 16. Comparison of observations and predictions for 137Cs concentrations in leafy
vegetables; 95% confidence intervals are shown.
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Figure 17. Comparison of observations and predictions for 137Cs concentrations in wheat;
95% confidence intervals are shown.
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Figure 18. Comparison of observations and predictions for 137Cs concentrations in rye; 95%
confidence intervals are shown.
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Figure 19. Comparison of Finnish estimates and predictions for amount of :37Cs in daily
intake (man); 95% confidence intervals are shown.
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Figure 20. Comparison of observations and predictions for I37Cs concentrations in body
burden (man); 95% confidence intervals are shown.
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Figure 21. Complementary Cumulative Distribution Function of 137Cs body burden for
December 1987; predictions and the 95% confidence interval are shown compared with
observations.
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Figure 22. Complementary Cumulative Distribution Function of 137Cs body burden for
December 1990; predictions and the 95% confidence interval are shown compared with
observations.
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exposure from deposited 137Cs; 95% confidence intervals are shown except for the 50-year
prediction.
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APPENDIX 1
List of Symbols

Ax radionuclide whole body content for humans (x=HB) or animals (x=a) (Bq)
Bvx concentration factor for uptake of cesium from the soil to plant tissues at equilibrium

for the x-th kind of plant and soil (Bq kg"1 fresh weight plants per Bq kg'1 dry soil)
Plant types (x) are v (generic vegetable), vl (leafy vegetable), vr (root crop), pt
(potatoes), vf (non-leafy or fruit vegetables) and fr (fruits).

Ca radionuclide concentration in ground level air (Bq m"3)
Cx radionuclide concentration in the x-th substance (Bq kg"1, Bq L'1). x can be pg

(pasture grass), s (soil), g (grain), w (water), m (milk), fb (beef), fp (pork), fc
(poultry), e (egg) as well as all the vegetable types (see Bvx).

Cs radionuclide concentration in soil (Bq kg"1 dry weight)
D total deposition (Bq in"2). In CHERPAC, deposition can be to soil (s), pasture grass

(pg) and total land area (land).
Dd dry deposition (Bq m"2)
Dcfx dose conversion factor by pathway x : inhalation (c) fmSv Bq"1), ingestion (i) (mSv

Bq"1), external from cloud (m) (mSv d"' Bq"1 m3) or ground deposition (g) (mSv d'1

Bq"1 m2)
Dw wet deposition (Bq m'2)
Fx fraction of the animal's daily intake of radionuclide that appears in each unit of

animal product (d L"1, d kg"1), x may be m (milk), fb (beef), fp(pork), fc (chicken)
and e(egg)

fi fraction of material reaching the transfer compartment (body fluids) through the walls
of gastrointestinal tract

H; committed effective dose equivalent by pathway i (mSv); symbols for pathways are
found under Dcfx.

Ij daily precipitation in day j (mm)
M human body mass (kg)
Oj occupancy factor (fraction of time spent on activity)
Ps effective "surface density" for the effective root zone in soil (kg dry weight m"2)
Qxa animal's radionuclide daily intake of for x-th kind of feed (Bq d"1); x is pg (pasture

grass), milk (m) or grain (g)
QHB human radionuclide daily intake from food kind x (Bq d'1)
Rw interception factor for wet deposition
SFX shielding factor for pathway m (immersion) or (g) ground deposition
T time dependent translocation factor defined as concentration in edible portion of plant

per concentration initially retained per nr
Tfx bulk transfer factor from deposition to concentration in a substance (m2 kg"1), x can

be b (berries), g m (big or small game) and m (mushrooms),
t time period (d)
tfs time of harvest or cutting (d in calendar year)
tj number of days between harvest and exposure to plume
Uc breathing rate (m3 d"1)
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Ux.a daily animal intake of x-th feedstuffs (kg d"1). Feedstuffs include pasture grass (pg),
soil (s) and grain (g).

UX-HB daily human intake of x-th foodstuffs (kg d"1)
Vj.x dry deposition velocity on surface type x (m s"1)
Yxf yield of the x-th kind of plant in fresh weight (kg nr2)
W animal mass (kg)
w washout constant (Bq in3 rain per Bq m3 air)
Xbi rate constant of human whole body retention function i (d'1)
Ê(w,r) effective rate constant for processes of "a" and "z" (e.g., XE(w-r) = \ w + \ r) (d"1).

Processes included are radioactive decay (r) and weathering (w).
Xg weathering rate constant of external radiation
Xp rate constant for the reduction of radionuclide concentration in animal due to

physiological processes (d'1)
Xr radioactive decay constant of nuclide (d'1)
Xw rate constant for reduction of the concentration of material deposited on surface of

vegetation due to processes other than radioactive decay (d"1)
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APPENDIX 2

Variables, Best-Estimated Values, Types of Distributions and Limits of
Distributions for Finnish Scenario for CHERPAC



The following variables with definitions and units refer to those parameters of direct relevance to modelling dose to humans. An
explanation of the meanings of distributions types and limits follows.

BODY BURDEN FACTORS

Name BE Type of
Uncertainty

Limits of Distribution

Rate of loss from human body (d1) for:

Child (age 10)

Female

Male

0.0169

0.008432

0.00693

Lognormal

Lognormal

Lognormal

0.00916

0.00458

0.0036

0.0312

0.0155

0.0133

Weights (kg) for:

Child (age 10)

Female

Male

30.

59.

71.

Lognormal

Lognormal

Lognormal

18.

38.

44.

48.

92.

115.

o



DIET (values to be given in fresh weight)

Name BE Type of
Uncertainty

Limits of Distribution

Intake of wild berries (kg d ') for:

Child (age 10)

Female

Male

0.006

0.009

0.009

Lognormal

Lognormal

Lognormal

0.00372

0.00558

0.00558

*0.0002

0.00972

0.0146

0.0146

*0.438

Intake of beef (leg d'1) for:

Child (age 10)

Female

Male

0.06

0.049

0.064

Lognormal

Lognormal

Lognormal

0.0372

0.0304

0.0397

*0.0138

0.0972

0.0794

0.104

*0.298

Intake of big game (moose and deer) for first 6 years (kg d*1) for:

Child (age 10)

Female

Male

0.

0.00218

0.0027

Lognormal

Lognormal

Lognormal

l.E-9

0.00135

0.00167

*0.0001

l.E-3

0.00353

0.00437

*0.1l2

* Values marked with an asterisk were used to calculate distribution of individual male body burdens.



DIET (values to be given in fresh weight) (Continued)

Name BE Type of
Uncertainty

Limits of Distribution

Intake of chicken (kg d1) for:

Child (age 10)

Female

Male

0.017

0.016

0.016

Lognormal

Lognormal

Lognormal

0.0105

0.00992

0.00992

*0.00117

0.0275

0.0259

0.0259

*0.149

Intake of cheese (kg d ') for:

Child (age 10)

Female

Male

0.03

0.033

0.035

Lognormal

Lognormal

Lognormal

0.0186

0.0205

0.0217

*0.0054

0.0486

0.0535

0.0567

*0.113

Intake of eggs (kg d'1) for:

Child (age 10)

Female

Male

0.021

0.025

0.034

Lognormal

Lognormal

Lognormal

0.013

0.0155

0.0211

*0.007

0.034

0.0405

0.0551

*0.165

to
I

Values marked with an asterisk were used to calculate distribution of individual male body burdens.



DIET (values to be given in fresh weight) (Continued)

Name BE Type of
Uncertainty

Limits of Distribution

Intake of fruit (kg d1) for:

Child (age 10)

Female

Male

0.22

0.318

0.268

Lognormal

Lognormal

Lognormal

0.136

0.197

0.166

*0.0415

0.356

0.515

0.434

*0.868

Intake of freshwater Fish for first 6 years (kg d"1) for:

Child (age 10)

Female

Male

0.003

0.0075

0.01125

Lognormal

Lognormal

Lognormal

0.00062

0.00155

0.00233

*0.0015

0.01458

0.03645

0.05468

*0.19

Intake of grain (kg d'1) for:

Child (age 10)

Female

Male

0.156

0.18

0.23

Lognormal

Lognormal

Lognormal

0.0967

0.112

0.143

*0.0715

0.253

0.292

0.37

*0.74

I

* Values marked with an asterisk were used to calculate distribution of individual male body burdens.



DIET (values to be given in fresh weight) (Continued)

Name BE Type of
Uncertainty

Limits of Distribution

Intake of leafy vegetables (kg d"1) for:

Child (age 10)

Female

Male

0.026

0.045

0.035

Lognormal

Lognormal

Lognormal

0.0161

0.0279

0.0217

*0.0072

0.0421

0.0729

0.0567

*0.17

Intake of milk (kg d"') for:

Child (age 10)

Female

Male

0.71

0.57

0.87

Lognormal

Lognormal

Lognormal

0.44

0.353

0.54

*0.135

1.15

0.923

1.41

*2.82

Intake of mushrooms (kg d1) for:

Child (age 10)

Female

Male

0.

0.0033

0.0033

Lognormal

Lognormal

Lognormal

l.E-9

0.00204

0.00204

*0.0005

l.E-3

0.00534

0.00534

*0.0214

I

.p-

* Values marked with an asterisk were used to calculate distribution of individual male body burdens.



DIET (values to be given in fresh weight) (Continued)

Name BE Type of
Uncertainty

Limits of Distribution

Intake of non-leafy vegetables (kg d"1) for:

Child (age 10)

Female

Male

0.035

0.058

0.05

Lognormal

Lognormal

Lognormal

0.0217

0.0359

0.031

*0.01

0.0567

0.0939

0.081

*0.243

Intake of pork (kg d 1 ) for:

Child (age 10)

Female

Male

0.075

0.054

0.088

Lognormal

Lognormal

Lognormal

0.0465

0.0335

0.0545

*0.026

0.121

0.0875

0.143

*0.298

Intake of potatoes (kg d'1) for:

Child (age 10)

Female

Male

0.119

0.15

0.21

Lognormal

Lognormal

Lognormal

0.0737

0.093

0.13

*0.065

0.193

0.243

0.34

*0.68

1

* Values marked with an asterisk were used to calculate distribution of individual male body burdens.



DIET

Name

[values to be given in fresh weight) (Continued)

BE Type of
Uncertainty

Limits of Distribution

Intake of root crops (kg d1) for:

Child (age 10)

Female

Male

0.035

0.05

0.05

Lognormal

Lognormal

Lognormal

0.0217

0.031

0.031

•0.01

0.0567

0.081

0.081

*0.243

Intake of saltwater fish (kg d"1) for:

Child (age 10)

Female

Male

0.0165

0.031

0.047

Lognormal

Lognormal

Lognormal

0.0051

0.0095

0.0146

*0.006

0.0534

0.1004

0.1522

*0.3714

Intake of small game (mammals and birds) (kg d'1) for:

Child (age 10)

Female

Male

0.0

0.000375

0.00045

Lognormal

Lognormal

Lognormal

l.E-9

0.000233

0.000279

*3.7E-6

l.E-3

0.000608

0.000729

*0.0557

* Values marked with an asterisk were used to calculate distribution of individual male body burdens.



DOSE REDUCTION

Name

Dose reduction factor from ground
depositions due to noniiniformity of
surface

Fraction of time spent in plume

Shielding factor from plume

Fraction of outdoor surface dose
received indoors

BE

0.7

0.15

0.5

0.23

Type of
Uncertainty

Triangular

Triangular

Uniform

Uniform

Limits of Distribution

0.5

0.05

0.7

0.15

0.2

0.1

1.0

0.3

0.8

0.4

DOSE CONVERSION FACTORS

Name

DCF (mSv d1 Bq'1 in3) from immersion

DCF (mSv Bq'1) from ingestion

DCF (mSv Bq"1) from inhalation

DCF (mSv d"1 Bq'1 m2) from irradiation
from surfaces

BE

2.232E-6

1.4E-5

8.6E-6

3.12E-8



INHALATION

Name BE Type of
Uncertainty

Limits of Distribution

Inhalation rale (m3 d"') for:

Child (age 10)

Female

Male

Fraction absorbed by human lung

Fraction of time exposed to plume

12.

20.

23.

0.7

0.15

Lognormal

Lognormal

Lognormal

Uniform

Normal

9.

16.

18.

*16.

0.4

0.1

15.

24.

28.

*43.

1.0

0.3

oo

I

* Values marked with an asterisk were used to calculate distribution ot individual male body burdens.



ANIMAL PARAMETERS

The following variables with definitions and units refer to those parameters of direct relevance to modelling movement of
radionuclides through the foodchain.

BEEF

Name

Fraction of cesium ingested transferred
to beef (Fr) (d kg1)

Breathing rate of steer (m3 d"1)

Loss rate from beef (linked with
fraction of Cs retained) (d1)

Intake of hay (kg f.w. d1)

Intake of grain year-round (kg d"1)

Fraction of Cs retained from ingestion

BE

0.028

130.

0.03466

19.

3.0

0.3

Type of
Uncertainty

Lognormal

Triangular

Limits of Distribution

0.00236

80.

0.163

130. 180.

Uniform

Triangular

14.

2.5

24.

3.0 3.5

I

ID



CHICKEN

Name

Fraction of cesium ingested transferred
to chicken (d kg1)

Fraction of cesium ingested transferred
to egg (d kg"1)

Intake of grain by chicken (kg d"1)

Rate of loss of cesium from poultry (d"1)

Intake of soil by chicken (kg d"1)

BE

4.1

0.668

0.1

0.029

0.002

Type of
Uncertainly

Lognormal

Lognormal

Lognormal

Uniform

User
Distribution

Limits of Distribution

0.49

0.038

0.06

0.0248

80% at 0.0001

26.98

6.02

0.16

0.0347

20% at 0.01

o
I



DAIRY COW

Name

Loss rate from milk (linked with
fraction retained) (d1)

Fraction of cesium ingested transferred
to milk (F,n) (d kg1)

Breathing rate of cow (m3 d'1)

Intake of hay (kg f.w. d"1)

Intake of grain in summer (kg d"1)

Intake of grain in winter (kg d1)

Intake of soil (kg d'1)

Fraction of Cs retained from ingestion

BE

0.173

0.0043

170.

48.

6.77

6.6

0.48

0.3

Type of
Uncertainly

Limits oi Distribution

Lognormal

Triangular

Uniform

Triangular

Triangular

Uniform

0.00097

100.

0.0206

170.

41.

5.33.

5.2

280.

55.

6.77

6.6

0.41

8.21

8.0

0.55

I

Ln



PIG

Name

Breathing rate of pig (in3 d'1)

Intake of milk (L d1) for first month

Fraction retained from inhalation in pig

Fraction of cesium ingested transferred
to pork

BE

30.

2.6

0.7

0.66

Type of
Uncertainty

Triangular

Uniform

Uniform

Lognormal

Limits of Distribution

18. 30.

L_ 1.3

0.4

0.213

42.

3.9

.0

.82

Intake of grain by pig by month from birth (kg d ') for:

month 1

month 2

month 3

month 4

month 5

month 6

Rate of loss of activity from pig (d"1)

Weight of pig at time of slaughter (kg)

0.7

1.2

2.35

2.4

3.1

3.1

0.023

100.

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

Lognormal

Uniform

0.35

0.6

1.18

1.2

1.55

1.55

0.00739

70.

1.05

1.8

3.53

3.6

5.25

5.25

0.0727

110.



SOIL AND PLANT PARAMETERS INCLUDING DEPOSITION



DEPOSITION

Name

Conversion factor from calculated
deposition to pasture to estimated deposition
to semi-wild lands for bulk transfer
coefficients (m2 kg'1) to calculate
concentrations in wild produce

Uncertainty about the deposition - this
artificially samples a variable outside the
loop when deposition is input

Dry deposition velocity to pasture (m s"1)

Dry deposition velocity to bare soil (m s"1)

Dry deposition velocity to vegetables (m s'1)

Washout ratio for particles (m3 air/m3 rain)

BE

2.4

1.0

0.005

0.0025

0.00667

8.5E+5

Type of
Uncertainty

Uniform

Triangular

Lognormal

Lognormal

Lognormal

Lognormal

Limits of Distribution

1.0

0.727

5.0

1.0

0.000293

0.000147

0.000391

6.85E+4

1.375

0.0167

0.00835

0.02228

4.67E+6



FJRUIT

Name

Concentration ratio for fruit (f.w.)

BE

0.094

Type of
Uncertainly

Uniform*

Limits of Distribution

55% 45% 0.02 0.05 0.24

GREENHOUSE RELATED FACTORS

Name

Reduction factor for dry deposition
velocity to vegetables in greenhouse

Fraction of outside air concentrations in
greenhouse - this artificially samples a
variable outside the loop

Fraction of bare soil in both greenhouse
and outdoors

BE

0.3

1.0

0.5

Type of
Uncertainty

Triangular

Triangular

Uniform

Limits of Distribution

0.1

0.5

0.3

1.0

0.25

0.5

2.0

0.75



GRAIN

Name

Concentration ratio for fresh weight
grain

Fraction of total spring grain

Fraction of total winter grain

Julian harvest date of spring grain

Julian harvest date of winter grain

BE

0.03

0.9

0.1

238.

200.

Type of
Uncertainty

Lognormal

Limits of Distribution

0.0015 0.466

Triangular

Triangular

202.

170.

238.

200.

252.

212.

MUSHROOMS

Name BE Type of
Uncertainly

Limits of Distribution

Loss from soil rooting zone for
mushrooms (month"1)

0.0186 Uniform 0.00578 0.0578

Transfer from soil to mushroom by year (m2 kg'1) for:

1986 0.0146 Lognormal 0.00049 0.2

1987 0.0193 Lognormal 0.00055 0.33

1988 0.0237 Lognormal 0.00014 0.898

1989 0.0248 Lognormal 0.00006 2.14

1990 0.0252 Lognormal 0.00006 2.14



PASTURE

Name

Fraction retained from wet deposition

Concentration ratio for pasture (f.w.)

Yield of pasture vegetation (kg f.w. m2)

Weathering loss rate from pasture (d1)

BE

0.1

0.0266

1.963

0.04951

Type of
Uncertainty

Loguniform

Lognormal

Lognorma!

Lognormal

Limits of Distribution

25% 75% 0.02 0.1 0.82

0.0022

0.367

0.0203

0.265

5.59

0.135

SOIL (Migration and Surface Contamination)

Name

Density of top m2 with depth of 1 cm (kg)

Density of plough layer (top 20 cm), 1 m2

(kg)

Depth of soil after harrowing for seeding of
grain (cm)

Depth of soil for seeding of vegetables (cm)

Loss rate from soil (d1)

Loss rate from surfaces (d1)

BE

16.

320.

8.0

2.0

1.898E-5

1.9E-3

Type of
Uncertainty

Triangular

Triangular

Triangular

Triangular

Limits of Distribution

10.

200.

6.0

1.0

16.

320.

8.0

2.0

18.

360.

10.0

5.0



VEGETABLES

Name

Concentration ratio leafy vegetables (f.w.)

Concentration ratio non-leafy vegetables (f.w.)

Concentration ratio root crops (f.w.)

Yield of leafy vegetables (kg f.w. m7)

Yield of non-leafy vegetables (kg f.w. m'2)

Concentration ratios for potatoes (f.w.)

Translocation factor for non-leafy vegetables

Weathering loss rate from vegetables (d'1)

BE

0.0288

0.0257

0.0139

2.1

1.1

0.024

0.25

0.04951

Type of
Uncertainty

Lognormal

Lognonnal

Lognormal

Lognormal

Lognormal

Loguniform

Lognormal

Lognormal

Limits of Distribution

0.00101

0.00082

0.000243

0.69

0.22

0.002

0.067

0.0203

0.37

0.344

0.242

6.6

5.5

0.172

0.94

0.135

WILD BERRIES

Name

Empirical loss rate (month"1)

BE

0.0109

Type of
Uncertainty

Uniform

Limits of Distribution

0.00293 0.0578

Transfer from soil to wild berries by year (m2 kg"') for :

Year 2

Year 3

Year 4

0.0047

0.0031

0.0055

Lognormal

Lognormal

Lognormal

0.00104

0.00138

0.00128

0.0105

0.0113

0.0191



WILD GAME

Name

Empirical loss rate from big and small
game (month"1)

BE

0.0109

Type of
Uncertainly

Uniform

Limits of Distribution

0.00293 0.0578

Transfer from soil to big game by year (nr kg"1)

1986

1987

1988

1989

0.0085

0.0092

0.0095

0.0098

Lognormal

Lognormal

Lognormal

Lognormal

0.0032

0.0032

0.0032

0.0032

0.032

0.032

0.032

0.032

Transfer from soil lo small game by year (in2 kg"')

1986

1987

1988

1989

0.0183

0.0105

0.0203

0.0117

Lognormal

Lognormal

Lognormal

Lognormal

0.0021

0.0044

0.0022

0.00019

0.134

0.023

0.128

0.35



FACTORS RELATING TO INGESTION

FRACTIONS OF DIET

Name

Fraction of diet of vegetables that is
from greenhouse

Fraction of diet of vegetables that is
from outdoors

BE

0.1

0.9

Type of
Uncertainty

Uniform

Uniform

Limits of Distribution

0.0

0.5

0.5

1.0

en
o



PROCESSING LOSSES (All Values Must be Between 0 and 1.0)

Name

Fraction of activity from IL of milk
found in 1 kg cheese

Fraction of nuclide remaining after
processing berries and fruit

Fraction of nuclide remaining after
processing game, beef and pork

Fraction of nuclide remaining after
processing chicken

Fraction of nuclide remaining after
processing fish

Fraction of nuclide remaining after
processing grain

Fraction of nuclide remaining after
processing leafy and non-leafy
vegetables

BE

0.6

0.64

0.5

0.75

0.9

0.5

0.55

Type of
Uncertainty

Triangular

Uniform*

Normal

Uniform

Uniform*

Normal

Trapezoidal

Limits of Distribution

0.3 0.6 1.2

30% 60% 10% 0.3 0.6 0.8 1.0

0.273

0.7

0.743

0.9

45% 55% 0.2 0.7 1.0

0.265 0.659

0.0 0.1 0.7 1.0



PROCESSING LOSSES (AH Values Must be Between 0 and 1.0) (Continued)

Name

Fraction of nuclide remaining after
processing mushrooms

Fraction of nuclide remaining after
processing potatoes

Fraction of nuclide remaining after
processing root crops

BE

0.28

0.78

0.53

Type of
Uncertainly

Uniform*

Triangular

Uniform

Limits of Distribution

8% 40% 52% 0.1 0.2 0.3 0.5

0.6 0.8

0.3

1.0

0.8

1

RADIOLOGICAL DECAY

Name

Radiological decay (dl)

BE

6.325E-5
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Correlations

The following correlations are considered for an average individual:

Density of ploughed soil and top 1 cm of soil: 0.8
Daily intake of hay by cow and daily intake of grain by cow: -0.8
Fraction of vegetables from greenhouse eaten and fraction from outdoors: -0.99
Occupancy factors for inhalation and immersion in plume: 0.99
Human weight and biological half-time for cesium: -0.9
Volume of an inhaled and human weight: 0.9
Human weight and each quantity of food consumed: 0.8

The following correlations (changes and additions) were used to calculate the distributions of
individual body burdens:

Weight of man and volume inhaled: 0.5
Weight of man and amount of each food eaten: 0.5
Amounts of big and small game eaten and beef and pork consumed: -0.8
Amounts of big game and small game: 0.6
Amounts of freshwater fish and saltwater fish: 0.6
Amounts of fresh and saltwater fish eaten and beef and pork consumed: -0.7
Amounts of berries eaten or fruit consumed: -0.9
Quantity of grain eaten and amounts of potatoes eaten: -0.9

Notes

Normal distribution: the two specified numbers are the .001 percentile and the .999
percentile.

Lognormal distribution: the two specified numbers are the .001 percentile and the .999
percentile. Both numbers must be positive.

Uniform distribution: the two specified numbers are the lower and upper endpoints of the
interval.

Loguniform distribution: the variable is sampled uniformly on the interval defined by the
logarithms base 10 of the two positive numbers specified.

Piecewise uniform distribution (uniform*): the variable is sampled uniformly within n (the
first specified number) subintervals, each subinterval being associated with a sampling n
frequency (the next n specified numbers which sum up to the sample size). The next n+1
numbers are the endpoints of the subintervals.
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Triangular distribution: the first and fourth specified numbers are the endpoints of the range,
while the second and the third numbers are the "apices" of the trapezoid. This distribution
was added to the distributions described in the original LHS code.

User-supplied distribution: it is a distribution of n (the first specified number) discrete
values. In the n following pairs the left numbers are the discrete values, while the right
numbers are their frequencies.

For more detailed information, the reader is referred to the user's guide of the LHS code
(Iman and Shortencarier, 1984).
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