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TESTING PREDICTION CAPABILITIES OF AN 131I
TERRESTRIAL TRANSPORT MODEL BY USING

MEASUREMENTS COLLECTED AT THE HANFORD
NUCLEAR FACILITY

A. Iulian Apostoaei*

Abstract—A model describing transport of 131I in the environ-
ment was developed by SENES Oak Ridge, Inc., for assessment
of radiation doses and excess lifetime risk from 131I atmo-
spheric releases from Oak Ridge Reservation in Oak Ridge,
Tennessee, and from Idaho National Engineering and Envi-
ronmental Laboratory in southeast Idaho. This paper de-
scribes the results of an exercise designed to test the reliability
of this model and to identify the main sources of uncertainty in
doses and risks estimated by this model. The testing of the
model was based on materials published by the International
Atomic Energy Agency BIOMASS program, specifically envi-
ronmental data collected after the release into atmosphere of
63 curies of 131I during 2–5 September 1963, after an accident
at the Hanford PUREX Chemical Separations Plant, in Han-
ford, Washington. Measurements of activity in air, vegetation,
and milk were collected in nine counties around Hanford
during the first couple of months after the accident. The
activity of 131I in the thyroid glands of two children was
measured 47 d after the accident. The model developed by
SENES Oak Ridge, Inc., was used to estimate concentrations of
131I in environmental media, thyroid doses for the general
population, and the activity of 131I in thyroid glands of the two
children. Predicted concentrations of 131I in pasture grass and
milk and thyroid doses were compared with similar estimates
produced by other modelers. The SENES model was also used
to estimate excess lifetime risk of thyroid cancer due to the
September 1963 releases of 131I from Hanford. The SENES
model was first calibrated and then applied to all locations of
interest around Hanford without fitting the model parameters
to a given location. Predictions showed that the SENES model
reproduces satisfactorily the time-dependent and the time-
integrated measured concentrations in vegetation and milk,
and provides reliable estimates of 131I activity in thyroids of
children. SENES model generated concentrations of 131I closer
to observed concentrations, as compared to the predictions
produced with other models. The inter-model comparison
showed that variation of thyroid doses among all participating
models (SENES model included) was a factor of 3 for the
general population, but a factor of 10 for the two studied

children. As opposed to other models, SENES model allows a
complete analysis of uncertainties in every predicted quantity,
including estimated thyroid doses and risk of thyroid cancer.
The uncertainties in the risk-per-unit-dose and the dose-per-
unit-intake coefficients are major contributors to the uncer-
tainty in the estimated lifetime risk and thyroid dose, respec-
tively. The largest contributors to the uncertainty in the
estimated concentration in milk are the feed-to-milk transfer
factor (Fm), the dry deposition velocity (Vd), and the mass
interception factor (r/Y)dry for the elemental form of iodine (I2).
Exposure to the 1963 PUREX/Hanford accident produced low
doses and risks for people living at the studied locations. The
upper 97.5th percentile of the excess lifetime risk of thyroid
cancer for the most extreme situations is about 10�4. Measure-
ments in pasture grass and milk at all locations around
Hanford indicate a very low transfer of 131I from pasture to
cow’s milk (e.g., a feed-to-milk transfer coefficient, Fm, for
commercial cows of about 0.0022 d L�1). These values are
towards the low end of Fm values measured elsewhere and they
are low compared to the Fm values used in other dose
reconstruction studies, including the Hanford Environmental
Dose Reconstruction.
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INTRODUCTION

A MODEL describing transport of 131I in the environment
was developed by SENES Oak Ridge, Inc., starting from
first principles, and using basic equations, which are now
standard in radiological assessment (Till and Meyer
1983). The model was designed for assessment of radi-
ation doses and excess lifetime risk from releases of
radioactivity from the Oak Ridge Reservation in Oak
Ridge, TN (Apostoaei et al. 1999a, b) and from the Idaho
National Engineering and Environmental Laboratory
(INEEL) in southeast Idaho (Apostoaei et al. 2003a).
These environmental dose reconstruction and risk assess-
ment studies were performed to determine if epidemio-
logic studies or other public health activities should be
undertaken and to inform members of the public about
past exposures to radiation. To enhance the credibility of
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the Oak Ridge and INEEL dose reconstruction studies, it
is important to test the reliability of SENES 131I environ-
mental transfer model and to identify the main sources of
uncertainty in estimated doses and risks.

An opportunity for a model testing exercise is
offered by data collected after an accidental atmospheric
release of about 2.33 TBq (63 Ci) of 131I from the
Hanford PUREX Chemical Separations Plant, in Han-
ford, WA, during 2–5 September 1963. Measurements of
131I activity in air, vegetation, and milk collected in nine
counties around Hanford for more than 1 mo after the
accident have been compiled for the International
Atomic Energy Agency’s (IAEA) BIOMASS Program
(Biosphere Modeling and Assessment Methods; IAEA
2003,† Thiessen et al. 2002; Thiessen et al. in press). The
compiled data included activities of 131I in the thyroid
glands of two children.

The BIOMASS Hanford Scenario was used to test
the SENES 131I environmental transport model by com-
paring estimated concentrations in environmental media,
thyroid gland burdens, and thyroid doses against mea-
surements collected after the Hanford accident and
against predictions produced by other models using the
same data set. In addition to thyroid doses, the SENES
model was used to estimate excess lifetime risk of
thyroid cancer for people living around Hanford. The
uncertainty in the estimated concentrations in environ-
mental media, doses, and risks was quantified, and the
components of the exposure pathways that contributed
the most to the uncertainty in the doses and risk (e.g.,
deposition, interception by plants, transfer to milk, in-
take, dose coefficients, risk factors) were determined.

BACKGROUND

The Hanford Scenario (IAEA 2003) provides a
description of the Hanford area and vicinity (Fig. 1),
gives details about the releases including local and
regional meteorological data during the accident, and
summarizes the monitoring data collected in the first
month after the accident. An overview of this informa-
tion is presented below.

The accidental release of 131I started on 2 September
1953, when 0.89 TBq (24 Ci) were lost into the atmo-
sphere through a 60-m stack at the PUREX plant. An
additional 1.26 TBq (34 Ci) were released on 3 Septem-
ber, 0.13 TBq (3.6 Ci) on 4 September, and 0.048 TBq

(1.3 Ci) on 5 September, for a total of 2.33 TBq (63 Ci).
Minimal releases of iodine took place during the 6–11
September period (0.0037–0.015 TBq d�1 or 0.1–0.4 Ci
d�1). About 0.26 TBq (7 Ci) of iodine were released from
12 September until the end of the month, due to either
cleanup or due to resuming normal operations. A total of
2.66 TBq (72 Ci) was recorded during the entire month of
September. This total amount was used to produce the doses
and risks reported in this paper. About 90% of total amount
of 131I was released before 6 September. The temperatures
during these days varied between 16 and 21 °C (60 to 70 °F)
during the night, and from 29 to 35 °C (85 to 95 °F) during
the day. No rain event took place during these days in the
area of interest, and vegetation was very dry.

The locations of the air measurement stations,
farms, and cities relative to the PUREX plant stack are
presented in Fig. 2. The scenario gives measurements of
131I concentration in air for each of the stations in Fig. 2.
Measured concentrations of 131I in vegetation and milk
are reported for 7 locations: Farm A— Benton City,
Farm B—Twin Bridges, Farm K—Ringold, Farm
T—Pasco, Farm N—Mesa, Farm Z—Eltopia, and Farm
G—Byers Landing. The amount of iodine in the thyroids
of two children living on Farm B was measured on 19
October 1963.

Predictions from seven other modelers (Table 1) are
available for deposition of 131I, concentration of 131I in
vegetation and milk at 6 locations (Farms A, B, K, N, T,
Z), for thyroid burdens and dose for the two children at
Farm B, and for 131I intake and thyroid doses for
representative individuals at 6 locations (IAEA 2003;
Thiessen et al. in press). A description of the main
characteristics of the models used by each participant and
a summary of some of the main parameter values used in
these models are presented in IAEA (2003).

METHODS

The Hanford Scenario requires prediction of short-
term bioaccumulation of 131I after an acute release. The
environmental transport model developed by SENES Oak
Ridge, Inc., can be used to predict bioaccumulation in
environmental media after acute or chronic releases of
131I (Apostoaei et al. 1999a).

In the exercise presented in this paper, calculations
are started with concentrations of 131I in air obtained from
other sources (i.e., measurements or atmospheric trans-
port model predictions). Thus, only the terrestrial portion
of the environmental transport model is tested in this
paper. For many locations around Hanford, daily mea-
surements of concentration of 131I in air (Ca) during
September 1963 were available, and they were used in

† The Hanford Scenario is available at http://www-pub.iaea.org/
MTCD/publications/publications.asp (accessed on October 2004;
search the IAEA publication list for keyword “Iodine-131”). The
model testing data (i.e., scenario description, input data, test data; but
no model predictions) are also available on the Centers of Disease
Control and Prevention (CDC) Web site at: http://www.cdc.gov/nceh/
radiation/ (under “International Projects;” accessed October 2004).
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calculations (Fig. 2). For locations where no air concen-
tration measurements were available, the concentration
of 131I in air was reconstructed based on previous
estimates of total 131I deposition on the ground (as
described later in the paper).

The concentration in pasture grass as a function of
time (t) after the accident is given by:

dCg,f

dt
� ḋ � �eff � Cg,f , (1)

where

Cg,f �concentration in pasture grass (Bq kg�1 fresh mass);
�eff �effective removal rate of 131I from the vegetation

(d�1), and is given by the sum of the radiological
decay rate (�R; d�1) and the weathering removal
rate (�w; d�1); and

ḋ �deposition rate of 131I (Bq d�1 kg�1 fresh mass).

The deposition rate is estimated from the concentra-
tion of 131I in air at each location (Ca):

ḋ � Ca �
k�1

3

�kVd,k� r

Y�
dry, k

�dry-to-fresh , (2)

where

Ca �concentration in air of total 131I (i.e., all physico-
chemical forms) at each location of interest (Bq
m�3);

k �one of the three physico-chemical forms of
131I (elemental, particulate, organic) present
in air at a given location;

�k � fraction of the amount of 131I that is present
in air in physico-chemical form k (unitless);

Vd,k � total dry deposition velocity of 131I (m d�1)
for physico-chemical form k;

(r/Y)dry, k �mass interception fraction (m2 kg�1
dry mass)

per dry vegetation mass for physico-
chemical form k; and

�dry-to-fresh �dry-mass to fresh-mass conversion factor
(kgdry mass kg�1

fresh mass).

Eqn (2) accounts for dry deposition of 131I. Wet
deposition was neglected because no rain events
occurred during the period of interest. The predicted
concentration of 131I in grass per unit of fresh mass is
used for comparisons with the reported measurements of
131I in grass. The concentration in milk at the time of

Fig. 1. Map of the Hanford reservation and its vicinity (reproduced from IAEA 2003).
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milking (Cm) was calculated using the concentration in
grass per dry mass and a standard feed-to-milk transfer
coefficient (Fm):

Cm �
Cg,f

�dry-to-fresh
� Qd � Fm , (3)

where

Cm �concentration in milk at time of milking (Bq L�1);

Qd �dry-mass feed ingestion rate (kg d�1); and
Fm � feed-to-milk transfer coefficient (d L�1).

The estimated concentrations in grass and milk (at
time of milking) were used for comparison with the
values measured at selected locations.

The concentration in milk consumed by people
(Cmc) was estimated using the concentration in milk at
milking (Cm) multiplied by a factor accounting for
radioactive decay during the period of time between
milking and consumption. The intake rate of iodine from
milk ingestion was obtained by multiplying the concen-
tration in milk at consumption by a milk ingestion rate. It
was assumed that all the milk consumed was obtained
from local (i.e., contaminated) sources of milk:

INTmilk � Cm � exp���R � Td,m� � Um � Cmc � Um ,

(4)

where

Cmc �concentration of 131I in milk at the time of
consumption by people (Bq L�1);

INTmilk � intake rate of 131I due to the ingestion of
contaminated milk (Bq d�1);

�R � radioactive decay constant (d�1);
�d,m �delay time between milking and consump-

tion (d); and
Um �milk consumption rate (L d�1).

Fig. 2. Location of various landmarks relative to the Hanford PUREX stack (46° 33� 0� North Latitude and 119° 31�
6� West Longitude; IAEA 2003).

Table 1. Modelers using the BIOMASS Hanford data (IAEA
2003; Thiessen et al. in press).

Modelera Country Model

Napier, B. USA HEDR
Filistovic, V. Lithuania LIETDOS-FILTSEG
Homma, T.b Japan OSCAAR
Krajewski, P. Poland CLRP
Kryshev, A. Russia THYPHOON
Kanyar B./Nenyei, A. Hungary TAMDYN
Tveten, U. Norway —c

a All modelers other than Krajewski estimated concentrations of 131I in air
using atmospheric dispersion models. Krajewski estimated concentrations
of 131I in air based on measured concentrations of 131I in air and vegetation.
Most participants made predictions for five locations: Farm A—Benton
City, Farm B—Twin Bridges, Farm T—Pasco, Farm N—Mesa, and Farm
Z—Eltopia. Homma and Kanyar/Nenyei also made predictions for a sixth
location (Farm K—Ringold).
b Homma produced two sets of results: (1) using surface level and
meso-scale (upper atmosphere) meteorological data from 12 meteorologi-
cal stations, and (2) using only surface level meteorological data from a
single meteorological station.
c A simple analytical approach was used, combined with atmospheric
dispersion calculations using the MACCS model.
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The total intake of 131I for the month of September 1963
(TINT) was obtained by summing the daily intakes for
each day of the month.

Similarly, the intake rate of 131I from inhalation was
estimated by multiplying the concentration of iodine in
indoor and outdoor air by an inhalation rate and by a
fraction of time spent indoors or outdoors, respectively:

INTINH,k � � fo � �1 � fo�rio	 � Ca � �k � BR, (5)

where

INTINH, k � intake rate from inhalation of 131I in
physico-chemical form k (Bq d�1);

fo � fraction of time spent outdoors (unitless);
rio � ratio of the indoor to outdoor concentra-

tions of iodine in air (unitless);
Ca �concentration of iodine in outside air (Bq

m�3
air);

�k � fraction of 131I that is present in air in
physico-chemical form k (unitless); and

BR �breathing rate for an individual (m3
air

d�1).

The uptake of each physico-chemical form of iodine
into blood is calculated separately, by multiplying the
intake by a fraction of iodine (Dk) deposited in the
respiratory tract and absorbed into blood:

INTINH,u � �
k�1

3

INTINH,k � Dk , (6)

where

INTINH,u �activity of inhaled 131I that is ultimately
absorbed into blood (Bq d�1); and

Dk � fraction of the total amount inhaled that
deposits in different parts of the respira-
tory system and is absorbed into blood,
for each physico-chemical form k (unit-
less).

Because practically 100% of the ingested iodine is
absorbed into blood, INTmilk (eqn 4) represents the
activity of 131I transferred into blood by ingestion of milk.
Similarly, the inhalation uptake rate (INTinh,u) represents
the activity of 131I transferred into blood by inhalation of
131I. INTinh,u and INTmilk can be summed into a combined
intake rate, which is equivalent to a daily intake by
ingestion needed to introduce into blood an activity
numerically equal to (INTmilk 
 INTinh,u). Age-dependent
thyroid doses from both ingestion and inhalation were
estimated by using the combined intake rate and the dose
coefficient for ingestion of 131I (eqn 7). This approach
avoids the use of dose coefficients for inhalation of 131I for
which uncertainties have not yet been fully quantified.

Also, this approach accounts for the correlations
between the doses due to ingestion and those due to
inhalation. When a person is inhaling and ingesting 131I
during the same period of time, the same physical and
physiological parameters must be used in modeling
internal doses from inhalation and ingestion (e.g., a low
thyroid mass or a high absorption from blood to thyroid
gland). That is, doses from inhalation and those from
ingestion are correlated, and this correlation must be
taken into consideration when uncertainties are estimated
using Monte-Carlo methods. Ignoring this type of corre-
lation leads to an underestimation of uncertainty in the
total thyroid dose. The approach presented in this paper
insures proper handling of correlations between ingestion
and inhalation doses.

Thyroid doses from inhalation or ingestion of iodine
were obtained by integrating the intake rates into a total
intake and then multiplying by a dose coefficient repre-
senting the dose per unit intake:

Da � TINTa � DCFa , (7)

where

Da � thyroid dose given that the intake took
place at age a (Sv);

TINTa � total intake by ingestion, inhalation or total
intake at age a (in case of inhalation,
INTinh,u defined above was used to deter-
mine the total intake) (Bq); and

DCFa � thyroid dose coefficient (or dose conver-
sion factor) representing the dose per unit
intake at age a (Sv Bq�1).

The dose coefficients and their uncertainty were derived
by using an internal dosimetry model (Apostoaei et al.
1999a; Apostoaei and Miller 2004) similar to the Inter-
national Commission on Radiological Protection model
(ICRP 1993), but based on more up-to-date measure-
ments of the thyroid gland mass. The new measurements
are obtained by ultrasound and indicate thyroid masses
smaller than the thyroid masses obtained in the past by
autopsy.

Excess lifetime risk of thyroid cancer was estimated
using age-dependent risk factors (Land et al. 2003;
Apostoaei et al. 2003b):

ELRa � Da � RFa , (8)

where

ELRa �excess lifetime risk of thyroid cancer from
an exposure at age a (risk);

Da � thyroid dose from an intake at age a (Sv);
and
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RFa �excess lifetime risk per unit dose for an
exposure at age a (risk Sv�1).

Doses and risks from ingestion of contaminated milk and
inhalation of contaminated air were calculated for repre-
sentative individuals at six locations around Hanford
(Farm A—Benton City, Farm B—Twin Bridges, Farm
K—Ringold, Farm T—Pasco, Farm N—Mesa, Farm
Z—Eltopia). The selected ages at exposure for the
representative individuals are newborn, 1 y, 5 y, 10 y,
15 y, and adult (25 y).

Doses and risks were also calculated for the two real
individuals exposed as children (a 4-y-old boy and an
8-y-old girl) while living on Farm B in the vicinity of the
Hanford site. Thyroid burdens for the two children were
estimated based on the ICRP biokinetic model for 131I
(ICRP 1993; Apostoaei and Miller 2004), and they were
compared to the activity measured on 19 October 1963,
in the thyroid glands of these two children.

Parameter values and other modeling assumptions
used in this testing exercise are discussed in the next
section of the paper. Uncertainty in each parameter of the
model was described using probability distribution func-
tions (PDF). For each parameter’s PDF, 400 samples
were obtained using Latin Hypercube Sampling (LHS)
technique (Iman and Shortencarier 1984; Morgan and
Henrion 1990). LHS generates random samples that
insure a more uniform sampling of the probability
distribution functions, as compared to simple random
sampling (e.g., clustering of samples are avoided, etc.),
and, in particular, insure a better sampling at the limits of
the distributions. The four hundred samples for each
parameter were propagated simultaneously through the
SENES model, and the resulting four hundred realiza-
tions of the estimated concentrations, doses, and risks
were used to describe the uncertainties in these quanti-
ties.

The main contributors to the uncertainty in model
predictions for each endpoint were determined using a
sensitivity analysis based on a variance decomposition
technique (Decisioneering 2000).

MODEL ASSUMPTIONS AND
PARAMETER VALUES

Concentration of iodine in air
Measurements of 131I in air were taken at various

permanent atmospheric monitoring stations maintained
at Hanford (Fig. 1). Normally, these stations were
equipped with “HV-70” brand filter and a caustic scrub-
ber (Soldat 1965; IAEA 2003). The particulate filter was
about 99.8% efficient in collecting particles with a 3-�m
diameter, and the caustic solution was reported to capture
“most” of the molecular iodine. During September 1963,

the stations were supplemented by temporary caustic
scrubbers and charcoal cartridge samplers, the latter
being efficient in collecting organic iodine (Soldat 1965;
IAEA 2003). Thus, the measurements of 131I in air are
intended to represent the total 131I in air (i.e., in all
chemical forms). The fraction of the total iodine that is
either in molecular, particulate, or organic form is de-
scribed in the next section.

Farm A—Benton City. The concentrations of 131I
in air measured at Benton City were used to predict the
concentrations and doses for Farm A (Fig. 1 and 2). Even
though the two locations are close together and about the
same distance from the accident plume centerline, the
measured air concentration in Benton City is only par-
tially relevant for Farm A. That is, due to local variations
in the air movement patterns, the measured air concen-
tration at the Benton City monitoring station can be
higher or lower than the true average air concentration
over the area of Farm A. In addition, the observed
concentration of 131I in air at Benton City (as at any other
location) is affected by measurement errors. The orga-
nizers of the exercise provided limited information re-
garding sample collection, preparation, and analytical
methods, so the magnitude of measurement errors is not
available. Given these two sources of uncertainty, the
concentration of 131I in air for Farm A was judged to be
equal to the concentration of 131I observed in Benton
City, but with an uncertainty of a factor of 2. That is, the
concentration for Farm A was defined as a lognormal
distribution with a geometric mean equal to the observed
concentration in Benton, and the 1st and 99th percentile
equal to the observed concentration in Benton City
divided and multiplied by 2, respectively.

Farm B—Twin Bridges. Farm B represents the
location with the highest concentrations in grass and in
milk, because it is very close to the plume centerline
during the accident. The largest measured concentrations
were reported at station 700-A, which was located few
kilometers downwind from PUREX stack (Fig. 2). The
air concentrations measured at station 700-A were used
for Farm B, but with an uncertainty of a factor of 2
assigned to the air concentration to account for measure-
ment errors and for the fact that the measurements could
be only partially relevant for Farm B.

Farm T—Pasco. Farm T is downwind from the
PUREX stack (Fig. 2). Measurements of 131I in air were
taken in the cities of Pasco and Kennewick, which are
further downwind from Farm T. In the first couple of
days after the accident, the concentration of 131I in
Kennewick was larger than in Pasco (0.23 Bq m�3 vs.
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0.096 Bq m�3, respectively). The next few days, the
measured concentrations at the two locations were fairly
similar (0.37 Bq m�3 in Kennewick and 0.31 Bq m�3 in
Pasco). During the last half of September, the concentra-
tion in Kennewick was lower than the concentration in
Pasco (0.067 Bq m�3 vs. 0.11 Bq m�3 during 18–24
September; and 0.011 vs. 0.037 Bq m�3 during 25–30
September, respectively). For every day of September,
the average of the measurements for Pasco and Ken-
newick was chosen to represent the concentration of 131I
in air for Farm T, because Kennewick and Pasco stations
were close enough to the geographical area of Farm T.
Since the measurements were taken at a fixed point in
space, while the farm represents a large area over which
the concentration in air could have varied considerably,
the average of the two measurements was judged to
be the best representation of the average concentration
for Farm T. As for Farms A and B, the uncertainty in the
concentration in air for Farm T was assumed to be a
factor of 2, accounting for the errors in extrapolation of
measurements from one location to another, and for the
inherent measurement errors.

Farm K—Ringold. No measured concentrations in
air were available for Farm K or its vicinity. For this
location, predictions were made starting from the total
deposition previously estimated by other modelers
(IAEA 2003). Two estimates of deposition at Ringold
obtained with dispersion models were reported for
Ringold. Of these two, one corresponds to an overesti-
mate of the concentration in milk when compared to
measurements at Ringold. A second estimate (Kanyar/
Nenyei) led to a concentration in milk very close to the
observed concentration (about 70% of the observation).
Their reported estimate of total deposition was 43 Bq
m�2, with a range from 34 to 60 Bq m�2. The predictions
presented for Ringold in this paper are based on a total
deposition of 50 Bq m�2 (slightly higher than 43 Bq
m�2), with a range from 20 to 125 Bq m�2 (triangular
distribution). The range is based on the observation that,
for other sites, the SENES model predicts total deposition
from air concentrations with an uncertainty range of a
factor of 2–2.5 above and below the central value. The
back-calculated air concentration was assumed to have a
time dependency similar to the one observed for Byers
Landing (Figs. 1 and 2), which was the downwind
location closest to Ringold for which 131I concentration in
air was measured.

Farm N—Mesa. Concentrations of 131I in air were
not measured in the vicinity of Farm N—Mesa, which is
located about 34 km east of the PUREX plant. For this
location, predictions were made starting from the total

deposition estimated by other modelers (IAEA 2003).
There were 7 predictions made by 6 modelers, ranging
from 6.5 to 356 Bq m�2, with an average of 68 Bq m�2.
Most modelers predicted depositions lower than 68 Bq
m�2 with one participant producing a larger prediction.
However, all modelers predicting the lower deposition
values underestimated the time-integrated concentrations
in pasture grass and milk. One of the closest sets of
predictions for this location (Krajewski) was based on an
estimated total deposition of 61 Bq m�2. Thus, a total
deposition of 60 Bq m�2 was used as a starting point for
the model presented in this paper. Since the uncertainty
in the total deposition produced by the SENES model for
other locations was a factor of 2–2.5 around the central
value, an uncertainty range of 25 to 140 Bq m�2

(triangular distribution) was used for Farm N. The
back-calculated air concentration was assumed to have
the same time dependency as observed for Byers Land-
ing (Figs. 1 and 2), which was the downwind location
closest to Mesa for which 131I concentration in air was
measured.

Farm Z—Eltopia. The scenario provided no air
concentration measurements for Eltopia or its vicinity.
Thus, the predictions reported in this paper are based on
the total deposition estimated by other modelers (IAEA
2003). All seven modelers made predictions for Eltopia,
with two predictions being very high (Homma and
Tveten). Eliminating the two highest predictions, the
estimated deposition for Farm Z ranged from 11 to 40 Bq
m�2 with an average of 26 Bq m�2. The predictions
presented in this paper are based on a total deposition of
30 Bq m�2, with an uncertainty range of 10 to 75 Bq m�2.
The back-calculated air concentration was assumed to
have the same time dependency as observed for Byers
Landing (Figs. 1 and 2), which was the location closest to
Eltopia for which 131I concentration in air was measured.

Transfer of iodine from air to vegetation and ground

Chemical form of iodine. Iodine was essentially
released in molecular (I2) form (IAEA 2003). Molecular
(or elemental) iodine is chemically reactive and during
atmospheric transport it interacts with molecules in the
air to form organic iodine compounds (e.g., CH3I). Also,
molecular iodine attaches to atmospheric aerosols. The
scenario cites Ramsdell et al. (1994), who quantified the
partition between these physico-chemical forms based on
experiments that took place at or around the Hanford site.
An experimental study was conducted at Hanford (Lud-
wick 1964) in which iodine was released into the
atmosphere in elemental form. Measurements of differ-
ent forms of iodine in the atmosphere indicated that
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beyond a distance of roughly 3 km, 30% of iodine was in
a particulate form, 36% was in an organic form, and the
remaining 34% was in the elemental form. The same
investigator (Ludwick 1967) also used measurements of
131I in stack gas and in air 5 miles downwind of the stack
to estimate that the original iodine in elemental form
partitioned into 15%, 43%, and 42% particulate, organic,
and elemental forms, respectively. Ramsdell et al.
(1994), after a review of several papers, concluded that
the partitioning of iodine into different forms at 3.2 km in
Ludwick’s experiments (Ludwick 1964) was consistent
with the results of other measurements of iodine in the
plumes from other stacks at the Hanford site (Ludwick
1967; Perkins 1963, 1964), with the partitioning of
iodine in the plume following the Chernobyl accident
(Aoyama et al. 1986; Bondietti and Brantley 1986;
Cambray et al. 1987; Mueck 1988), and with the parti-
tioning of natural iodine in the atmosphere (Voillequé
1979).

The scenario recommends a partitioning between
the three physico-chemical forms of iodine as follows:
40% molecular (elemental) iodine, 20–60% organic
iodine, and 2–25% iodine attached to particles (IAEA
2003). This recommendation seems to be reasonable
given the experimental data presented above.

In this exercise, the fraction of iodine in molecular
form was assumed to be distributed uniformly between
0.3 and 0.5 (with an average of 0.4), while the fraction of
iodine in organic form was assumed to be uniformly
distributed between 0.2 and 0.6 (with an average of 0.4).
In each of the 400 Monte Carlo realizations, the fraction
of iodine attached to particles was calculated as 1.0
minus the sum of the fractions for the other two chemical
forms (1.0 � fraction molecular � fraction organic).
Thus, in every realization, the sum of the molecular,
particulate and organic fractions is 1.0. The fraction of
particulate iodine was found to range from 0.05 to 0.43
(with a central value of 0.2).

Dry deposition velocity. Dry deposition was con-
sidered the dominant mechanism by which 131I was
deposited onto the soil and on the surfaces of plants.
Measurements of deposition velocities are reported by
Chamberlain and Chadwick (1953, 1966), Chamberlain
(1960) and Heinemann and Vogt (1980) and an analysis
of the data is described by Apostoaei et al. (1999a). For
this exercise, the dry deposition velocity for elemental
(reactive) iodine was set to 3.5 cm s�1 with a range of 1
to 6 cm s�1. For particulate iodine, the deposition
velocity was taken as 0.2 cm s�1 with a range of 0.05 to
0.5 cm s�1. Organic iodine is the least reactive of the
three species and has the lowest deposition velocity (0.01
cm s�1 with a range from 0.001 to 0.05 cm s�1). For each

physico-chemical form, a triangular distribution with the
specified limits was used to describe the uncertainty in
the dry deposition velocity.

Mass interception factor. On average, the ratio of
the interception fraction to dry biomass is about 2.1 m2

kg�1 (dry mass) for pasture grass (yearly range is from
1.8 in summer to 2.3 in winter; Apostoaei et al. 1999a).
This parameter can have a much larger variability for a
short-term event such as the September 1963 accidental
releases from Hanford. For gaseous iodine (i.e., elemen-
tal and organic) the mass interception factor (r/Y)dry was
set to 2.2 m2 kg�1 (dry mass) with a range from 0.8 to 4
m2 kg�1 (dry mass). Particulate iodine shows a slightly
lower mass interception factor of 2.0 m2 kg�1 (dry mass),
but the same uncertainty range was used (i.e., 0.8 to 4 m2

kg�1 dry mass). Triangular distributions with the speci-
fied limits were used to describe the uncertainty in the
mass interception factor.

The product of the total dry deposition velocity (Vd)
and the mass interception factor (r/Y)dry is called the
normalized dry deposition velocity [VD � Vd � (r/Y)dry],
and is experimentally obtained from the measured total
deposition on grass (Bq m�2) divided by the measured
time-integrated concentration in air at the location of the
deposition (Bq s m�3), and the biomass of the vegetation
(Y). The normalized deposition velocity (VD) for elemen-
tal iodine obtained using the values for (Vd) and (r/Y)dry

listed above is 6,600 m3 kg�1 d�1 (95% C.I. � 2,500–
13,000 m3 kg�1 d�1). This range is included in the range
of experimental values for VD (700–26,000 m3 kg�1 d�1)
determined in an extensive set of iodine experiments
performed at the Idaho National Engineering Laboratory
in the 1960’s in different weather conditions, as part of
the Controlled Environmental Radioiodine Tests pro-
gram (CERT) (Bunch 1966, 1968; Hawley et al. 1964).

Dry-mass to fresh-mass conversion factor. The
Hanford area is generally very dry in late summer and
early fall, and September 1963 was no exception. No
important precipitation was recorded, and not even dew
formed on the plants (the air temperature was greater
than the dew point for most of the month, including the
night of 2–3 September, when most of the iodine was
released). Thus, it is expected that the standing vegeta-
tion was very dry. The authors of the scenario indicated
that pasture grass had a content of 20–40% dry matter,
while leafy weeds had as much as 60% dry matter (IAEA
2003). The dry-mass to fresh-mass conversion factor for
pasture grass was set to 0.33 kgdry kg�1

fresh with a range
from 0.2 to 0.45 kgdry kg�1

fresh. A uniform distribution
was used to express the uncertainty in this parameter.
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Cow feeding regime and milk production. The
scenario provides site-specific information about the
average amount of feed consumed by dairy cows during
the fall season (IAEA 2003). Commercial dairy cattle
consumed about 8.5 kgdry weight d�1 of pasture grass, 1.5
kgdry weight d�1 of grain supplement, and 1.0 kgdry weight d�1

of alfalfa hay. Family-owned (backyard) milk cows
consumed about 9 kgdry weight d�1 of pasture grass and only
about 1.0 kgdry weight d�1 of grain supplement. While the
amount of pasture grass consumed by commercial and
backyard cows is similar, commercial cows consume a
larger total amount of feed than backyard cows, and, on
average, commercial cows produce a larger amount of
milk per day than backyard cows.

These feed intake rates are similar to those obtained
in other studies and literature reviews (Koranda 1965;
Hoffman and Baes 1979; Schwartz and Hoffman 1980;
Miller 1996;‡ NCI 1997). For instance, Koranda (1965)
estimated a total ingestion rate of 11.8 kgdry mass d�1 for
dairy cows managed in strip or rotational grazing sys-
tems, while for dairy cows grazing on open pastures
(backyard cows), Koranda (1965) reported an average
ingestion rate of 9.1 kgdry mass d�1.

The above feeding rates are long-term averages of
intake rates observed for many cows. Variability is
expected in the ingestion rate for a given day or for a
single cow. This variability is the source of uncertainty in
the assigned ingestion rates. In this exercise, the pasture
grass ingestion rate for commercial cows was assumed to
vary from 7 to 14 kgdry weight d�1 with a central value of 8.5
kgdry weight d�1. A triangular probability distribution was
used to describe the uncertainty in this parameter. For
backyard cows, a similar distribution was used, but the
central value was set to 9 kgdry weight d�1 as indicated by
the scenario.

Transfer of iodine into milk

Type of dairy cattle at various locations. The
authors of the scenario indicate that Farm B was a small
farm with a few cows managed as “backyard” milk cows
(IAEA 2003). However, larger dairy farms were located
in the area east and southeast of Hanford, roughly
bounded by Ringold, Eltopia, Pasco, Riverview, and
Benton City (Figs. 1 and 2). These farms had dairy cattle
managed for commercial production of milk and served
as sources of milk for creameries in the regions.

A backyard cow consumes, on average, less feed
than a commercial cow, but a higher fraction of feed
consumed is pasture grass. Also, a backyard cow pro-
duces, on average, less milk than a commercial cow, but

it exhibits a higher transfer of 131I from feed to milk (i.e.,
larger Fm). The differences in parameter values between
the two types of cows are discussed in the following
paragraphs. The predictions reported in this paper are
made assuming that milk from Farm B was obtained
from a single family-owned (backyard) cow, while the
milk from all other farms was obtained from commer-
cially managed cows, where milk from many cows was
mixed.

Transfer of iodine from feed to milk. Values of the
feed-to-milk transfer factor (Fm) have been reviewed
several times (Hoffman 1978; Hoffman and Baes 1979;
Köhler et al. 1991; Snyder et al. 1994; NCI 1997;
Apostoaei et al. 1999a) and have been the subject of an
expert elicitation exercise (Brown et al. 1997). The
feed-to-milk transfer factor for dairy cows does not vary
substantially with breed of cow or with the level of iodine
intake by cows. The Fm transfer factor is generally higher
in the later stages of lactation, but this effect is not
evident in the mixed milk from a dairy herd (NCI 1997).
Lengemann et al. (1957) found pronounced seasonal
changes in the Fm values. The highest transfer to milk
was observed in spring and early summer, while the
transfer was low in early fall and during the winter. The
method used to measure the feed-to-milk transfer factor
(Fm) has an influence on the observed values. The highest
transfer to milk was observed if encapsulated iodine was
given to the cows. The lowest transfer is observed for the
combined measurements of Fm values after the U.S. and
global nuclear weapons testing, after the Chernobyl
accident, and from controlled releases from nuclear
power plants and nuclear fuel processing facilities (NCI
1997). Transfer factors determined from field tracer
experiments have intermediate values.

Production of milk per milk cow in Washington
State during the 1960’s was about 4,060 kg per year
(excluding milk sucked by calves; IAEA 2003). Given
that the density of milk is close to unity (i.e., 1.03 kg
m�3) the milk production of a commercial cow was larger
than 11 L d�1. According to data analyzed by Apostoaei
et al. (1999a), cows producing more than 10 L of milk
per day can be considered high milk producers, and it is
expected that they will exhibit a lower feed-to-milk
transfer of iodine than the low milk-producing cows (i.e.,
those producing less than 10 L d�1).

Given that the studied releases came from a nuclear
fuel processing facility and took place in early fall, a
lognormal distribution with a geometric mean (GM) of
0.003 d L�1 was used for the Fm parameter for commer-
cial cows. For backyard cows, the Fm parameter was also
assumed to be lognormally distributed but with a higher
GM (0.006 d L�1) because backyard cows are generally

‡ Private communication, Miller JK, University of Tennessee,
Knoxville, Tennessee; February 1996.
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low milk producers. Since the commercial milk con-
sumed by humans is mixed from many cows, the average
Fm should have a lower variability (i.e., GSD � 1.6) than
the Fm for the milk from single backyard cows (i.e.,
GSD � 1.9). These values are relatively low compared to
the values normally used in other dose assessments
(Snyder et al. 1994; NCI 1997; Apostoaei et al. 1999a),
but they produce model predictions that compare well
with the observed values.

Intake of iodine by humans

Delay time from collection to consumption. For
people drinking milk from backyard cows or goats, a
minimum delay time between milking and human con-
sumption is usually about 8 h (0.33 d). This is the time
required for the fresh milk to cool down (Simon et al.
1990). The upper limit of the holdup time was chosen to
be about 2 d, since people having access to a family cow
or goat prefer to consume the milk fresh, and given that
refrigeration, though already common in urban areas by
1963, may have not been available to all people around
Hanford (Krasner-Khait 2000). For the delay between
milking and consumption for backyard cow’s milk (Td,m),
a uniform distribution between 0.33 and 2 d was as-
sumed.

For milk from commercial dairies, at least 1 d is
necessary for transportation of milk from the producer to
the consumer. The minimum time before consumption
was probably about 1 d, in cases when fresh milk was
delivered directly from farms by the milkman and con-
sumed the same day. Since refrigeration systems were
quite common in farms and grocery stores in the early
1960’s (Krasner-Khait 2000), commercial milk could
have been safely stored for 3 to 4 d, and then consumed
within 1 or 2 d from the day of purchase. As a result,
some individuals might have consumed milk up to 6 d
after milking. A triangular distribution with a minimum
of 1 d, a mode of 3 d, and a maximum of 6 d was
assumed for the delay time between milking and con-
sumption for commercial milk (Td,m).

Milk consumption rates. Milk ingestion rates rel-
evant to the early 1960’s in Washington State are
reported by NCI (1997). Consumption of milk is the
same for males and females less than 10 y of age, but
teenage and adult females consume less milk than males
of the same age (Table 2). The consumption rates for
adults are significantly lower than the rates for children
and teenagers.

Inhalation parameters. Exposure to the iodine
present in air occurred over 1 mo. The concentration of

131I in air was determined by measuring the amount of 131I
accumulated on various filters during 2, 3, 4, and even
5 d of air sampling. Thus, the available air concentrations
represent averages over long periods of time (i.e., greater
or equal to 24 h). During such periods of time an
individual had various activities (e.g., sleep, school,
recreation, work, etc.) that required different rates of
breathing. NCI (1997) derived average breathing rates by
combining the ventilation rates for generic types of
activity and the time allocated on average to such
activities. The breathing rates (in m3 d�1) for both males
and females are 3.5, 7, 12, and 17 for age-groups 0, 1–4,
5–9, and 10–14 y, respectively (Table 3). For individuals
15–19 y and for adults, the rates differ by sex. For males,
the rates are 19 and 23 m3 d�1, respectively, while for
females 18 m3 d�1 was used for both the 15–19 y and
adult age groups. Lognormal distributions were used to
describe the uncertainty in these parameters, with a
geometric mean (GM) equal to the values listed above
and with a geometric standard deviation (GSD) of 1.4.

Fraction of time spent outdoors. The amount of
time that an individual spends outdoors is highly depen-
dent on sex, age, lifestyle, and weather. No important
precipitation was recorded during September 1963, and
the temperature varied from 60°F at night to 90°F in the
afternoon. Statistics on this parameter are sparse and
practically nonexistent for the late 1940’s and early

Table 2. Consumption rates of cow milk for representative
individuals.

Age (y)

Milk ingestion rate (L d�1)
Males

Mina Likeliesta Maxa

0.5−1b 0.20 0.8
1−4 0.25 0.50 1.0
5−9 0.3 0.70 1.0
10−14 0.3 0.70 1.0
15−20 0.3 0.70 1.0
Adult 0.15 0.35 0.7

Age (y)

Females

Mina Likeliesta Maxa

0.5−1b 0.20 0.8
1−4 0.25 0.50 1.0
5−9 0.3 0.70 1.0
10−14 0.3 0.60 0.9
15−20 0.25 0.50 0.8
Adult 0.1 0.20 0.5

a To describe the uncertainty in the ingestion rates, a uniform distribution
between the minimum and the maximum value was used for infants. A
triangular distribution with the specified parameters was used for all other
age groups.
b The values in the table represent an average consumption of cows’ milk
by infants 6 to 12 mo old. Newborns generally consume mother’s milk
(which is much less contaminated than cows’ milk) or canned milk (which
is considered uncontaminated by the Hanford 1963 release).
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1950’s; thus, professional judgment was used to define
the values for this parameter (Table 3). For children less
than 4 y of age, the distribution for the fraction of time
spent outdoors was chosen to be a triangular distribution
with a most likely value of 0.05. This represents an
average of 1.2 h per day. The values for this age group
range from 0.02 (half an hour per day) to 0.2 (about 5 h
per day). For children 4 to 15 y old, the distribution is
also triangular, with a most likely value of 0.21 (about
5 h a day) and a range of values from 0.063 (about 1.5 h
per day) to 0.29 (about 7 h per day). Adults spend time
outdoors or indoors according to their occupation. Work-
ers in rural areas spend about 10 h outdoors every day (a
fraction equal to 0.42). On the other hand, elderly people
or housewives taking care of small children spend at least
1.5 h outside (a fraction equal to 0.063 of the year). For
adults, a triangular distribution was selected with a
minimum of 0.063, a maximum of 0.42, and a mode of
0.33 (8 hours a day).

Indoor to outdoor concentration ratio. The air
inside a building is expected to have a different concen-
tration of 131I than the air outside the building, unless free
air exchange occurs through open windows or doors.
When windows and doors are closed, some air is still
exchanged between indoors and outdoors, either natu-
rally through openings due to imperfect sealing or by a
ventilation system. Ventilation systems were not well
developed during the early 1960’s. Air exchange by
window or door opening was probably a common prac-
tice, especially during warm weather.

The concentration of a contaminant in indoor air is
a function of the rate at which the contaminant is entering
the building from the outdoor air, the rate of indoor

production of the contaminant (not an issue for 131I), and
the rate at which the contaminant is leaving the building.
A summary of various studies performed to determine a
relationship between outdoor and indoor air concentra-
tions indicate that the ratio of the indoor to outdoor
concentrations of iodine in air (rio) varies from 0.3 to 1
for gases, and from 0.4 to 1 for aerosols (Apostoaei et al.
1999a). Given the relatively warm weather and the lack
of rain in September 1963, it is highly probable that
many individuals would have kept their windows open,
and free exchange between outdoor and indoor air was
possible in many homes.

Triangular distributions with a mode of 0.8 (80%)
and upper limits of 0.9 (90%) have been chosen for the
indoor-to-outdoor ratio. The lower limit for elemental
and organic iodine was set to 0.3 and for particulate
iodine to 0.4.

131I dosimetry

Dose coefficients for ingestion of 131I. A set of
doses per unit intake (i.e., dose coefficients) and associ-
ated uncertainties was derived by Apostoaei and Miller
(2004) for ingestion of 131I using the ICRP biokinetic
model and the most recent summary of measurements of
thyroid mass obtained by ultrasonography. The dose
coefficients were described by lognormal distributions
with the medians and the geometric standard deviations
shown in Table 4.

Dose coefficients for inhalation of 131I. Dose coef-
ficients for inhalation of iodine are reported by ICRP
publications (e.g., ICRP 1996, 2000), but uncertainties in
these coefficients are not well quantified. In this study,

Table 3. Parameters used in the estimation of thyroid dose and risk due to inhalation of 131I.

Parameter

Units Distribution

Fraction of time spent outdoors
shapeunits lower upper mode

f0—age 0−4 unitless (h d�1) 0.02 (0.5) 0.21 (5.0) 0.05 (1.2) triangular
f0—age 4−15 unitless (h d�1) 0.063 (1.5) 0.29 (7.0) 0.21 (5.0) triangular
f0—age 15
 unitless (h d�1) 0.063 (1.5) 0.42 (10.0) 0.33 (8.0) triangular

Ratio of indoor to outdoor concentrations
rio—(gases) unitless 0.3 0.9 0.8 triangular
rio—(particles) unitless 0.4 0.9 0.8 triangular

Breathing rates
GMa GSDa

Newborn m3 d�1 3.5 1.4 lognormal
1−4 m3 d�1 7 1.4 lognormal
5−9 m3 d�1 12 1.4 lognormal
10−14 m3 d�1 17 1.4 lognormal
15−19—males m3 d�1 19 1.4 lognormal
15−19—females m3 d�1 18 1.4 lognormal
Adult males m3 d�1 23 1.4 lognormal
Adult females m3 d�1 18 1.4 lognormal

a GM � geometric mean; GSD � geometric standard deviation.
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we made use of the fact that, after inhalation, all iodine
deposited in the lungs is essentially transferred into
blood. Similarly, ingested iodine is rapidly and almost
totally transferred from the gastrointestinal tract into
blood. Thus, the ingestion dose coefficients are represen-
tative for the dose per unit activity introduced into blood.
Doses from inhalation can be estimated using ingestion
dose coefficients multiplied by the intake by inhalation,
and multiplied by the fraction of 131I deposited and
absorbed in the respiratory system (see eqns 6, 7, and 8
and the afferent discussion). This approach makes use of
the known uncertainties in ingestion dose coefficients
(Apostoaei and Miller 2004) and accounts for correla-
tions between doses due to ingestion and those due to
inhalation.

In the case of releases from Hanford, iodine was
released primarily in elemental form (IAEA 2003).
During atmospheric transport, some of the elemental
iodine attaches to particles already existing in the atmo-
sphere and some is transformed into organic iodine. By
the time the plume arrives at the downwind location
where iodine is inhaled, the fraction of iodine in organic
and particulate form will be appreciable. Most particles
will have small or very small sizes (� 1 �m) and are
more likely to be of type F, rather than type M or type S
(using the most recent ICRP 1996 absorption classes).

We performed a comparison between the thyroid
dose factors for ingestion presented in ICRP Publication
67 (ICRP 1993) and the thyroid dose factors for inhala-
tion derived from ICRP Publication 72 (ICRP 1996),
which are based on the new ICRP lung model and contain
the effect of partial deposition and absorption of 131I in the
respiratory tract. ICRP Publication 67 reports ingestion dose
factors based on 100% absorption of iodine.

The comparison was performed by taking the ratios
between the inhalation dose coefficients (based on the
newest lung model) and the ingestion dose coefficients
(no deposition or absorption in the respiratory tract).
Once iodine reaches the blood, the metabolism and

dosimetry is similar in the two ICRP publications. Thus,
the estimated ratios are an indicator of the overall effect
of the deposition and absorption of 131I as incorporated in
the new lung model. For elemental iodine the ratio was
0.9, and for organic iodine the ratio was 0.7. For the fast
absorbing particles (f1 � 1), the ratio was 0.4, and for the
medium absorbing particles (f1 � 0.1), the ratio was 0.1.

Based on this comparison and on information about
iodine deposition summarized by Apostoaei et al.
(1999a), the following distributions were used for the
fraction of iodine deposited and absorbed in the respira-
tory tract (Di):

a. for elemental iodine—a uniform distribution be-
tween 0.8 and 1.0 (central value 0.9);

b. for particulate iodine—a triangular distribution
between 0.1 and 0.8 with a mode of 0.4; and

c. for organic iodine—a uniform distribution be-
tween 0.6 and 0.8 (central value 0.7).

Risk factors
The risk factors represent the excess lifetime risk

(ELR) of thyroid cancer incidence per unit dose to the
thyroid gland (ELR Sv�1), based on a pooled analysis of
studies of patients exposed to x rays and the Japanese
A-bomb survivors study (Table 5; Land et al. 2003;
Apostoaei et al. 2003b). A dose and dose-rate effective-
ness factor (DDREF) was used to account for the fact that
the 131I energy is deposited in the thyroid gland chroni-
cally and non-uniformly, over many days after intake.

RESULTS AND DISCUSSION

Predicted concentrations in pasture grass and milk
An initial set of predictions for Farm A (Benton

City) was produced using the SENES model operated
with the parameter values calibrated for the Oak Ridge,
TN, region, which are considered default for this model.
The initial predictions reproduced very well the mea-
sured time-dependent and time-integrated concentration

Table 4. Age-specific thyroid dose coefficients (� 10�7 Sv Bq�1) for ingestion of 131I (Apostoaei and Miller 2004).

Age at exposure

Used in this study

ICRPa (2000)
95% confidence interval

Mean GSDLower limit Median Upper limit

Infant 15 39 118 47 1.8 37
1 10 36 105 41 1.7 36
5 8.5 23 65 27 1.7 21
10 4.8 12 36 14 1.7 10
15 2.5 6.5 16 7.4 1.7 6.8
20 (males) 1.6 4.7 12 5.5 1.6
Adult (males)b 1.6 4.2 11 4.8 1.6 4.3
20 (females) 1.9 5.0 13 5.9 1.6
Adult (females)b 1.7 4.9 12 5.7 1.6 4.3

a The dose coefficients reported by ICRP (2000) are presented for comparison purposes.
b The values for adults were obtained for age at exposure 25 y, but they are applicable to adults exposed at ages 	25.
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in milk, but underestimated the concentration in grass by a
factor of about 3. The parameters of the model were
adjusted by analyzing the information provided in the
scenario and reported measured values, as discussed below.

The measurements show relatively high concentra-
tions of 131I in pasture grass (per fresh weight) for the
given level of 131I in air samples and given the assumed
physico-chemical forms of 131I present in the air. One
possible explanation is that the fresh vegetation was
actually very dry during September 1963. Another ex-
planation is that the fraction of elemental iodine present
in air could have been higher than specified in the
scenario and higher than indicated by later experiments.
To predict the concentrations in pasture grass the fraction
of the elemental iodine in air given in the scenario was
used without any modifications, and the dry-to-wet
conversion factor was set to a value that is high (i.e., 33%
kgdry kg�1

fresh; low content of water in the plants), but
consistent with the local conditions.

The measured concentrations in milk at a given
location were low, given the high concentrations in fresh
pasture grass at the same location. This indicates that
either an important fraction of their diet could have been
uncontaminated stored feed (e.g., grains), or the cows in
the region exhibit a low feed-to-milk transfer coefficient.
The scenario however, states that the cows consumed
mostly fresh pasture grass during September 1963. Thus,
acceptable concentrations in milk are obtained by using a
value for Fm closer to the lower bound of the Fm values
reported in the literature, but consistent with experimen-
tal findings indicating lower transfer into milk during fall
season (Lengemann et al. 1957).

The predicted time-dependent concentrations of
131I in pasture grass and milk obtained using the
adjusted parameter values are presented in Fig. 3 for
Farm A—Benton City, Farm B—Twin Bridges, and
Farm T—Pasco. For these locations the calculations

were started with the concentration of 131I in air
measured at nearby locations. The predictions repro-
duce well the measured concentrations in grass during
the first half of the month but have a tendency to
underestimate the observed concentrations in the sec-
ond part of the month. The observed concentrations in
grass in the second part of the month are also in
discordance with the observed concentrations in milk
during the same period of time (i.e., the concentration
in grass is too high while the concentration in milk is
too low, as compared to the first part of the month).
This situation raises the issue of possible changes in
the diet of the cows toward the end of the month (e.g.,
cows consumed more uncontaminated feed). The
model used in this study was not designed to allow
adjustments of the feed ingestion rates or the Fm values
on a daily (or weekly) basis. Thus, the predictions
presented here are obtained by setting the feed inges-
tion rate (Qm) and the Fm values and applying them for
the entire month. Time-dependent Qm and Fm values
could be used, and the model predictions would change
so that they would perfectly fit the observations at any
location. However, such an exercise is pointless without
information to indicate that such changes were appropriate;
the usual practice is to use long-term averages for these (and
other) parameter values.

The model has a tendency to underestimate the
time-integrated concentrations in pasture grass (Fig.
4), so that the predicted concentrations for most sites
are slightly lower than or equal to the observed values.
On the other hand, the time-integrated concentrations
in milk are equal to or slightly higher than the
observed values. All observations, however, are con-
tained within the predicted uncertainty ranges.

Predicted 131I thyroid burden activities in the
thyroid glands and thyroid doses for two children
on Farm B

Measurements of the activity content of the thyroid
were taken on 19 October 1963, for a 4-y-old boy and an
8-y-old girl living on Farm B (Twin Bridges). The
thyroid burden for the boy was 2.7 Bq, while the thyroid
burden for the girl was below the limit of detection of 1
Bq (IAEA 2003; Soldat 1965). The children consumed
milk from the cows raised on their farm. Reportedly, the
average milk consumption rates are 1 gal per day (3.78 L
d�1) for the boy and 1 quart per day (0.95 L d�1) for the
girl. The rate for the boy (which was verified numerous
times with the family of the children) is very high
compared to the U.S. average consumption rates (Table
2). The rate for the girl is also high, being very close to
the upper bound normally used in the SENES model
(Table 2).

Table 5. Excess lifetime risk of thyroid cancer for 1 Sv dose to the
thyroid (risk factors; ELR Sv�1; Land et al. 2003; Apostoaei et al.
2003b).

Age-group
(y)

Risk factors (ELR Sv�1)
Males Females

GMa GSDa GMa GSDa

Infant 0.017 2.4 0.041 2.4
1 0.015 2.4 0.037 2.4
5 0.011 2.2 0.028 2.2
10 0.0074 2.2 0.018 2.2
15 0.0048 2.4 0.012 2.4
25 (adult) 0.0020 2.6 0.0048 2.6
4-y-old boy 0.0123 2.2
8-y-old girl 0.021 2.2

a The uncertainty in the risk factors is described by lognormal distributions
with the specified geometric mean (GM) and geometric standard deviation
(GSD).
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The SENES model predicted a thyroid burden for the
4-y-old boy of 5.1 Bq (95% CI � 2.3–11.3 Bq) for 19
October 1963. The observed activity in the thyroid of 2.7
Bq is contained in the 95% confidence interval, but the
predicted central value is larger by about a factor of 2.
These predictions were obtained assuming no releases of
131I occurred after 1 October 1963 (which might not be
correct since the PUREX plant was still functioning).
Assuming that the reported ingestion rate is correct, the
overestimation could be due to the application of a
thyroid model designed for the average member of the
population. The model used here has an assumed frac-
tional uptake of iodine from blood into the thyroid gland
of 36% (Apostoaei and Miller 2004), which is compara-
ble to the fractional uptake of 30% proposed by the ICRP
(Publication 67; ICRP 1993). Given that milk is also one

of the sources of stable iodine (ICRP 1975), a child
consuming large amounts of milk on a regular basis will
have the thyroid gland almost saturated with iodine, thus
presenting a low transfer of iodine from blood into the
thyroid gland. If a fractional uptake of 20% were used for
the 4-y-old boy, the predicted thyroid burden would be
2.65 Bq (95% CI 1.2–5.9 Bq), which would match the
observed value.

For the 8-y-old girl, the model predicted an activity in
the thyroid of 1.4 Bq (95% CI � 0.3–6.6 Bq), on 19
October 1963. The observed thyroid burden of 1 Bq or less
is probably contained in the 95% confidence interval. The
amount of overestimation in the central value is not known.
Applying the same logic as for the 4-y-old boy, a fractional
uptake of 20% would predict a thyroid burden below 1 Bq
(i.e., 0.9 Bq; 95% CI � 0.19–4.2 Bq).

Fig. 3. Time-dependent concentrations of 131I in pasture grass and milk (at time of milking) for selected locations. The
dotted lines represent the upper and lower bounds of the 95% confidence intervals of the predicted concentrations.
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The predicted thyroid doses for the boy and the girl
are 0.94 mSv (95% CI � 0.13–7.1 mSv) and 0.13 mSv
(95% CI � 0.017–1.1 mSv), respectively. If the blood-
to-thyroid fractional transfer is lowered as described
above, the doses for the boy and the girl become 0.49
mSv (95% CI � 0.0062–3.6 mSv) and 0.087 mSv (95%
CI � 0.012–0.66 mSv).

Predicted thyroid doses for representative individuals
Thyroid doses were predicted for representative

individuals of various ages at exposure and both sexes.
Fig. 5 shows doses estimated for representative individ-
uals at Farm A—Benton City. The largest doses from
ingestion of milk occur for 1-y-old children. Even though
infants have the largest dose coefficient (Table 4), they
drink less cow’s milk than 1-y-old children, and thus they
have slightly lower thyroid doses from ingestion of
cow’s milk. Sex differences are observed starting with
exposure at age 15 y, because teenage and adult females
consume less milk than males of similar ages. The

breathing rates increase with age, while the dose coeffi-
cients decrease with age, so that the maximum inhalation
doses are obtained for children exposed around 5 y of age
(Fig. 5).

Predicted excess lifetime risk of thyroid cancer
The excess lifetime risk of thyroid cancer varies by

a factor of 6.5 between the location of the highest
predicted exposure (Farm B—Twin Bridges) and the
location with the lowest predicted exposure (Farm
T—Pasco). The risk for females is more than two times
larger than the risk for males (Fig. 6) because females
exhibit a higher sensitivity to radiation and a higher
incidence of thyroid cancer due to natural causes (Apos-
toaei et al. 2003b). The highest risk is estimated for
newborns and 1-y-old children; the risk decreases with
age due to the decrease with age of the dose and risk
factors. The risk for adults is about two orders of
magnitude lower than the risk for young children.

The excess lifetime risk for the 4-y-old boy at Farm
B was estimated as 1.1 � 10�5 (95% C.I. 9.8 �
10�7–1.3 � 10�4). For the 8-y-old girl the predicted risk
at Farm B is 3.0 � 10�6 (95% C.I. 2.4 � 10�7–3.2 �
10�5). If the blood-to-thyroid fractional transfer is low-
ered as described above, the predicted risk for the 4-y-old
boy is 6.2 � 10�6 (95% C.I. 5.0 � 10�7–6.2 � 10�5),
while the predicted risk for the 8-y-old girl is 2.0 � 10�6

(95% C.I. 1.9 � 10�7–2.1 � 10�5).

Sensitivity analysis
A sensitivity analysis was conducted to determine

the most important contributors to the uncertainty in the

Fig. 4. Predicted time-integrated concentrations in pasture grass
and milk (at time of milking). The vertical lines represent the 95%
confidence intervals of the predicted concentrations.

Fig. 5. Thyroid doses from ingestion of cow’s milk and from
inhalation for representative individuals living on Farm A—Ben-
ton City. The vertical lines represent the 95% confidence intervals
of the predicted doses.
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estimated excess lifetime risk of thyroid cancer. Fig. 7
shows the results of the sensitivity analysis for a 1-y-old
female. The risk factor (ELR Sv�1) has the largest
contribution to the uncertainty, followed by the dose
coefficient, the feed-to-milk transfer coefficient, the con-
centration 131I in air, and parameters describing the
deposition of elemental iodine onto the ground. These
results apply to other ages at exposure and to both sexes,
because the magnitude of the uncertainty in the most
important parameters does not depend significantly on
age or sex.

A comparison with predictions made by other
modelers

Results produced for Farm B (Twin Bridges) are
used to compare the SENES model with models used in
the IAEA BIOMASS program (IAEA 2003). This loca-
tion was selected for inter-model comparison because it
received the highest deposition of 131I and because it is
the location for which measurements of 131I activity in
thyroid glands of real individuals are available.

For all modelers other than Napier and Homma
(2), the best estimates of 131I time-integrated concen-
tration in pasture grass at Farm B are within a factor of
two of the measured concentration, and within a factor
of 3 among themselves (Fig. 8). The concentration
produced by the SENES model is lower by a factor of 1.8
than the observed concentration. Most modelers esti-
mated uncertainty ranges on the predicted concentration
in pasture grass that contain the measured concentration.Fig. 6. Excess Lifetime Risk (ELR) of thyroid cancer for repre-

sentative individuals living on Farm B—Twin Bridges (largest
predicted exposures) and on Farm T—Pasco (lowest predicted
exposures). The vertical lines represent the 95% confidence
intervals of the predicted risks.

Fig. 7. Results of a sensitivity analysis showing the main contrib-
utors to the uncertainty in quantities estimated in each step of the
calculation. Results are for a 1-y-old female at Farm A—Benton
City.

Fig. 8. Comparison of time-integrated concentrations in pasture grass
and milk at Farm B (Twin Bridges) predicted by various modelers
(IAEA 2003) and in this study. The vertical lines represent the
uncertainty range provided by each modeler. For predictions using the
SENES model, the vertical lines represent the 95% confidence
intervals of the predicted concentrations. Homma (1) and (2) represent
two sets of results reported by Homma as described in Table 1.
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The predicted time-integrated concentrations in milk at
Farm B are within a factor of 3 of the measured concentra-
tion and within a factor of 5 among themselves (Fig. 8). The
SENES model produced a concentration in milk only 10%
different from the observed concentration.

All ingestion doses predicted for people exposed as
adults are within a factor of 2 of each other, with the
exception of doses predicted by Homma (2) and Kanyar/
Nenyei (Fig. 9). The low doses predicted by Homma (2)
are due to the overall low predictions for all endpoints
produced by this modeling approach (Fig. 8). Given that
the concentration in milk estimated by Kanyar/Nenyei
was very close to the measured concentration (Fig. 8),
their high dose estimate (Fig. 9) is probably due to a high
dose coefficient and to ignoring the delay between
milking and consumption.§

Ingestion doses for individuals exposed as infants
estimated using the SENES model are similar to those
estimated by Krajewski, and a factor of 4 larger than
doses estimated by Filistovic and Kryshev. The later two
participants estimated lower doses to infants because
they used a dose coefficient designed for adult exposures.
Moreover, Filistovic’s low dose estimate is also due to an
underestimation of the concentration in milk (Fig. 8).

Two sets of ingestion doses were produced using the
SENES model for the two children who lived on Farm
B—Twin Bridges (Fig. 10). The first set assumes default
ingestion dose coefficients, while the second set uses
lower dose coefficients determined assuming partial
saturation of the thyroid gland due to consistently high
milk consumption rates by the two children. Doses
estimated by SENES for the two children are similar to
those estimated by Krajewski, Napier, and Kryshev.
Filistovic produced lower dose estimates due to the same
reasons explained above. The doses estimated by Napier
and Kryshev show the effect of compensatory biases.
That is, Napier underestimated the concentration in milk
(Fig. 8), but he probably used a relatively high dose
coefficient. Conversely, Kryshev’s model has a tendency
to overestimate the concentration in milk (Fig. 8), but he
used a dose coefficient designed for adults that is low
when applied for 4-y-old and 8-y-old children.

Doses estimated using the SENES model have wider
confidence ranges than doses predicted by other models
(Fig. 9 and 10) because the SENES model quantifies the
uncertainty in all parameters including ingestion and
breathing rates and dose coefficients. As shown by the
sensitivity analysis performed in this study, more than
30% of the uncertainty in the estimated doses is due to
the uncertainty in the dose coefficients (Fig. 7). None of

§ No details are provided by Kanyar/Nenyei for these parameters
(IAEA 2003).

Fig. 9. Comparison of thyroid doses from ingestion of 131I by
representative individuals at Farm B (Twin Bridges) as estimated
by various modelers (IAEA 2003) and in this study. The vertical
lines represent the uncertainty range provided by each modeler.
For predictions using the SENES model, the vertical lines represent
the 95% confidence intervals of the predicted doses.

Fig. 10. Comparison of thyroid doses from ingestion of 131I for two
children who lived on Farm B (Twin Bridges) estimated by various
modelers (IAEA 2003) and in this study. Predictions labeled
SENES (1) were obtained using default ingestion dose coefficients.
Predictions labeled SENES (2) were obtained using lower dose
coefficients determined assuming partial saturation of the thyroid
gland due to consistently high milk consumption rates by the two
children. The vertical lines represent the uncertainty range pro-
vided by each modeler. For predictions using the SENES model,
the vertical lines represent the 95% confidence intervals of the
predicted doses.
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the other modelers included uncertainties in the dose
coefficients, and many of them quantified the uncertain-
ties on only a limited number of parameters of their
models (IAEA 2003). One participant (Kryshev) esti-
mated uncertainty ranges in doses by using professional
judgment, and some participants did not report uncertain-
ties for some of the dose endpoints.

A discussion of the transfer of 131I from feed to milk
of dairy cows around Hanford

As mentioned before, the measured concentrations
in milk at a given location are strangely low, relative to
concentrations in fresh pasture grass observed at the
same location. To further investigate this issue, site-
specific Fm values were derived after the model testing
was completed (and they were not used in the modeling
described in this paper). The Fm values were obtained
using the measured time-integrated concentrations of 131I
in milk and in pasture grass measured around Hanford. In
derivation of the Fm values, it was assumed that cows
consumed fresh pasture grass at the rates reported in the
scenario (around 9 kgdry mass d�1 for backyard cows, and
around 8.5 kgdry mass d�1 for commercial cattle; see Meth-
ods section for probability distributions), that the mea-
sured concentrations in pasture grass are indeed reported
per fresh mass, and that the content of water in grass
plants can be described by a dry-mass to fresh-mass
conversion factor uniformly distributed from 0.2 to 0.45
kgdry mass kg�1

fresh mass. For Farm B, where most likely the
cows were managed as “backyard” cows, the Fm was
0.0039 d L�1 (95% C.I. 0.0021–0.0060 d L�1). For the
rest of the farms, where most likely the cows were
managed as “commercial” cows, the average Fm was
0.0022 d L�1 (95% C.I. 0.0013–0.0034 d L�1). These
values are low compared to the Fm values observed
elsewhere and normally used in dose reconstruction
studies (Apostoaei et al. 1999a, 2003a; NCI 1997),
including in the Hanford Environmental Dose Recon-
struction (HEDR; Snyder et al. 1994). This issue is
especially important because the HEDR study used much
larger Fm values to predict doses from 1944–1957
releases of 131I from the Hanford chemical processing
plant (backyard cow Fm � 0.0092 d L�1 with a 95% CI
0.0016–0.052 d L�1 and commercial cow Fm � 0.012 d
L�1 with a 95% C.I. of 0.0073–0.016 d L�1; Snyder et al.
1994).

However, this finding does not automatically lead to
the conclusion that doses estimated in the HEDR study
are overestimated due to a high Fm. For instance, HEDR
model was used in the BIOMASS Hanford exercise by B.
Napier (one of it developers; IAEA 2003). HEDR pre-
dictions in the Hanford exercise indicate an underestima-
tion of the concentration of 131I in both vegetation and

milk, even though HEDR was apparently run using
default (i.e., high-sided) Fm values of 0.092 d L�1 for
backyard cows and 0.012 d L�1 for commercial cows
(IAEA 2003; Snyder et al. 1994).

SUMMARY AND CONCLUSION

A model describing transport of 131I in the environ-
ment that was developed by SENES Oak Ridge, Inc., for
assessment of radiation doses and excess lifetime risk
from releases of radioactivity from Oak Ridge Reserva-
tion in Oak Ridge, TN, and from Idaho National Engi-
neering Environmental Laboratory (INEEL) in southeast
Idaho, was tested using environmental data collected in
September 1963 after an accidental release into the
atmosphere of 2.33 TBq (63 Ci) of 131I from the Hanford
PUREX Chemical Separations Plant, in Hanford, WA.
An additional 0.33 TBq (9 Ci) were released until the end
of September 1963 for a total of 2.66 TBq (72 Ci). Data
assembled by IAEA’s BIOMASS program (IAEA 2003)
allowed testing of the SENES model for various endpoints
(i.e., accumulation in vegetation, milk, and human thyroid
glands). The SENES model was first calibrated and then
applied to all locations without fitting the model parameters
for a given location.

The predicted concentrations in vegetation and milk
showed that the SENES model reproduces satisfactorily
both the time-dependent and time-integrated measured
concentrations in pasture grass and milk. The time-
integrated concentrations in grass and milk are within a
factor of 2 of the observed values, and the time-
dependent concentrations reproduce the temporal pattern
and magnitude of the daily measured concentrations in
grass and milk.

This model was also able to predict the activity of
131I in the thyroid glands of two children. Initial
predictions were within a factor of two of the mea-
sured activities, when the model was used without
adjustments for any parameter of the internal dosim-
etry model. When the transfer of 131I from blood to
thyroid was adjusted downwards based on the alleg-
edly high stable iodine consumption of the children,
the thyroid burdens were predicted within a few
percent. These results are encouraging given that the
observed activity in the thyroid glands of the two
children was quite low, because measurements were
performed at a late date (47 d after the accident), by
which time most of the 131I had decayed.

A model intercomparison showed that the SENES
model produces results consistent with predictions gen-
erated by various models used in the BIOMASS Hanford
modeling exercise (IAEA 2003). However, as opposed to
other models employed with this data set, the SENES
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model quantifies uncertainties in the estimated doses and
risks in a rigorous manner, by accounting for uncertain-
ties in each model parameter and by using Monte Carlo
methods for propagation of uncertainties.

A sensitivity analysis showed that the uncertainty in
the thyroid dose coefficients contributes more than 30%
of the uncertainty in estimated 131I doses. Since no
previous modelers quantified the uncertainties in the
dose coefficients, the confidence intervals of doses esti-
mated by their models are too narrow and do not reflect
the full state of knowledge about estimated doses. Other
major sources of uncertainty in estimated doses include
the predicted or measured concentrations of 131I in air
from which the model starts, the values of the mass
interception factor and deposition velocity for elemental
iodine (which affect the predicted 131I concentration in
grass), and the feed-to-milk transfer coefficient (which
affects the predicted 131I concentration in milk). The
uncertainty in the estimated thyroid doses and the uncer-
tainty in the risk factors contribute almost equally to the
uncertainty in the final estimate of risk.

The exposure to the 1963 PUREX/Hanford accident
produced low doses and risks to the people living at the
studied locations. The upper 97.5th percentile of the
excess lifetime risk of thyroid cancer for the most
extreme situation is about 10�4.
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