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ABSTRACT

The United States conducted atmospheric testing of nuclear devices at the Nevada Test Site

from 1951 through 1963. In 1979 the US. Department of Energy established the Off-Site

Radiation Exposure Review Project to compile a data base related to health effects from

nuclear testing and to reconstruct doses to public residing off of the Nevada Test Site. This

project is the most comprehensive dose reconstruction project to date, and, since similar

assessments are currently underway at several other locations within and outside the US.,

lessons from ORERP can be valuable. A major component of dose reconstruction is

estimation of dose from radionuclide ingestion. The PATHWAY food-chain model was

developed to estimate the amount of radionuclides ingested. For agricultural components of

the human diet, PATHWAY predicts radionuclide concentrations and quantities ingested. To

improve accuracy and model credibility, four components of model analysis were conducted:

estimation of uncertainty in model predictions, estimation of sensitivity of model predictions to

input parameters, and testing of model predictions against independent data (validation), and

comparing predictions from PATHWAY with those from other models. These results

identified strengths and weaknesses in the model and aided in establishing the confidence

associated with model prediction, which is a critical component risk assessment and dose

reconstruction.

For fallout from the Nevada Test Site, by fax, the largest intemal doses were received by the

thyroid. However, the predicted number of fatal cancers from ingestion dose was generally

much smaller than the number predicted from external dose. The number of fatal cancers

predicted from ingestion dose was also orders of magnitude below the normal projected cancer
rate.

_

Several lessons were learned during the study that are relevant to other dose reconstruction

efforts. First, although dose reconstruction may initially be subdivided into components related

to external dose, radionuclide quantities inhaled, radionuclide quantities ingested, and internal

dose, there are important interdependencies among these components. Second, estimates of

model uncertainty and sensitivity helped identify where the model could be improved and

revealed important lags in model predictions that resulted from livestock consumption of

stored feeds. Third, testing the model against independent data sets greatly improved model

confidence in the model predictions. Fourth, although the concepts for the PATHWAY model

were developed relatively rapidly, a great deal of effort was required to obtain best estimates

of the parameters; an some cases these estimates were heavily reliant on interviews with those

involved in agriculture during the time period of interest. Fifth, the magnitude of data that had
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to be managed was extremely large: inputs included data on networks of food distribution

across several locations; output included uncertainty estimates for predicted dose from each

radionuclide at each community location.

INTRODUCTION

The quantity of radioactivity released from weapons tests far exceeds that released from

nuclear accidents (Gudiksen et al. 1989) or from the use of nuclear weapons (Shapiro et al.

1993). The majority of the above-ground nuclear tests were conducted from 1945 through

1962; in 1963 a nuclear test-ban treaty was signed by the Soviet Union, the UK, and the USA

(Eisenbud 1987). Releases of radioactivity associated with weapons production and nuclear

accidents are relatively small on a global scale, but may be of concern in regions surrounding

the source term. The radioactive releases from weapons tests, weapons production, and

nuclear accidents remain of concern in several locations in the world because of the risk of

latent health effects, such as fatal cancers and genetic disorders. Compensation for those who

may have suffered as a result of radioactive releases is an issue in many countries. At sites

where contamination is now low enough that current dose is negligible, the main focus

associated with releases is dose reconstruction: evaluating the consequences of what has

already occurred. In contrast, at sites where high levels of contamination remain, dose

projection and evaluation of remediation alternatives may receive higher priority.

The majority of the nuclear tests conducted by the US took place at the Nevada Test Site

(NTS). Several of the tests deposited considerable fallout to the north and east of the test site,

including the town of St. George, Utah (Church et al. 1990). Initial evaluations focused on

exposure to communities surrounding NTS (Anspaugh and Church 1986, Dunning 1959), but

did not include estimates of dose from ingestion. In response to public concern about the

possible consequences of NTS fallout, which corresponded to a paper on childhood leukemia

(Lyon et al. 1979), the US Department of Energy initiated the Oft-Site Radiation Exposure

Review Project (ORERP) in 1979. The objectives of ORERP were (1) to identify and collect

historical information relating fallout in the environs of the NTS and to make this information

available to the public, and (2) to produce a dosimetric reevaluation of the off-site area

(Church et al. 1990). The dose reconstruction was to include estimates of dose resulting from

ingestion of contaminated foods. Dose reconstruction included two regions: Phase I

corresponded to locations within approximately 300 km of the NTS where (gamma) exposure

rates were measured on the ground following tests; Phase II locations extended beyond Phase I
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locations and source terms for deposited fallout were based on relationships between soil

concentrations and gummed-film collectors (Beck et al. 1990).

Few measurements of radionuclides in foods were made during the heaviest periods of NTS

fallout between 1951 and 1958. Therefore, a modeling approach was employed to estimate

dose resulting from ingestion of contaminated foods. Colorado State University was

responsible for developing predictions of concentrations of radionuclides in foods and

amounts ingested based on provided estimates of deposition; Lawrence Livermore National

Laboratory was responsible for estimating internal dose to organs resulting from estimated

quantities of radionuclides ingested, as well as inhaled (Church et al. 1990). Although several

other models for predicting food-chain transport of radionuclides existed at the outset of

ORERP, none of them met the objectives of the project. Consequently, the PATHWAY

model was developed to predict the concentrations of radionuclides in foods in the

southwestern US and their subsequent ingestion during the 1950s (Kirchner et al. 1983;

Whicker and Kirchner 1987). To address the ORERP goal of dose reconstruction, the

development of PATHWAY focused on four more specific objectives relative to ingestion

dose: (1) to accurately predict ingestion dose, (2) to quantify uncertainty associated with

model predictions; (3) to obtain credible predictions, and (4) identify future research goals to

reduce uncertainty and improve accuracy. These goals were attained through four types of

model analysis: estimation of uncertainty in model predictions, estimation of sensitivity of

model predictions to input parameters, and testing of model predictions against independent

data (validation), and comparing predictions from PATHWAY with those from other models.

The analysis phase of ORERP has been completed and much of the work has been published in

peer-reviewed journals (e.g. Gesell and Voillequ(e) [1990] and references in this paper);

additional manuscripts are in preparation. Thus, PATHWAY is one of the most rigorously

tested and extensively published models of radionuclide kinetics for food-chain assessment.

Although calculations for dose reconstruction for NTS fallout has been completed, dose

reconstruction tbr many other US DOE locations is now underway: Hanford in Washington

(Shipler et al. 1994), Fernald in Ohio (Meyet et al. 1994), Rocky Flats in Colorado (Ripple and

_ Widner 1994), Oak Ridge in Tennessee (1994), and Idaho National Engineering Laboratory in

. Idaho (Chew et al 1994) Dose is also being evaluated at the Marshall Islands (Simon 1994), at

the Merilinga Test Site in Australia, and at test sites used by the former Soviet Union.

- Remediation is a key issue at many of these sites. Lessons learned during the development,

analysis, and use of PATHWAY may certainly be valuable for other dose reconstructions and

may also be extremely useful for efforts focusing on dose projection and evaluation of effective

remediation alternatives.



The objectives of this paper are to (1) provide an overview of the PATHWAY model and

related data bases and calculations necessary to estimate ingestion dose, (2) highlight the

components of model analysis that were conducted, (3) provide some general results on

ingestion close from NTS fallout, and (4) identify the factors that contributed to credibility of

model predictions and the lessons learned during the process that may be particularly relevant

to other studies. This paper updates an earlier overview paper (Whicker et al. 1990) with final

dose estimates and specifically addresses relevance to other studies.

PA THWA Y AND SUPPORTING DATA BASES

The PATHWAY model simulates the transport of 21 fallout radionuclides through agricultural

ecosystems and subsequent ingestion by humans. The PATHWAY equations are presented in

detail in Whicker and Kirchner (1987), modified from a preliminary description in Kirchner et

al. (1983). Concentrations in pasture, hay, rangeland, and human crops are simulated in

PATHWAY using discrete and differential equations. The compartments modeled for each

type of vegetation (Figure 1) include vegetation surfaces, internal tissues of vegetation, surface

soil (0-0.1 cm), labile soil (0.1-25 cm), non-labile soil (0.1-25 cm), and deep soil (> 25 cm).

Processes that are modeled as continuous include resuspension and rainsplash of contaminated

soil to plant surfaces, weathering and senescence of radionuclides from plant to soil,

percolation and leaching of radionuclides down through the soil profile, absorption of surficial

radioactivity by plant tissues, ingestion and excretion of plant-or-soil-bound contamination by

animals, and radioactive decay. Discrete processes included are fallout deposition, soil tillage,

crop harvest, and livestock diet changes. Concentrations in foods are calculated from the

compartment inventories.

A large amount of effort in the dose reconstruction project focused on developing the best

possible data ba_s for estimating parameter values in PATHWAY (Ikenberry 1982, Otis 1983,

Ward and Whicker 1987, 1990). Ward and Whicker (1990) developed a data base for diets of

livestock and for the distribution of milk and milk products for the southwestern US that were

applicable during the 1950s. Livestock diets are specified combinations of pasture, alfalfa hay,

grain, and silage, which vary through-out the calendar year and by geographic region.

Representative diets for dairy cattle obtaining relatiwAy high and low proportions of their diet

from pasture are presented in Figure 2; these diets were used in uncertainty and sensitivity

analyses (Breshea_s et al. 1989; 1992). The data base for milk distribution networks (Figure 3)

was used to identify, for each location of interest, the locations serving as sources of milk for



that location, the proportion of milk obtained from each source location, and delay times

associated with milk from each location (Ward and Whicker 1990).

Other data bases had to be used in conjunction with the PATHWAY code and its agricultural

and milk distribution databases. A flowchart of how these data bases were linked is presented

in Figure 4. Calculations were made for each location of interest and for each event. A data

base on regional lifestyles was used to set different conditions for model calculations Foods

consumed such as vegetables, poultry, and beef were assumed to have been obtained from

local sources for each location. In contrast, milk and milk-derived products were known to

have been distributed through the milk networks documented by Ward and Whicker (1990).

Thus, data from numerous locations had to be extensively linked to calculate the

concentrations of radionuclides in milk. The agricultural data base was used to determine

livestock diets at each location. Initial estimates of the concentration of a radionuclide in a

food item were based on per unit of radioactivity deposited. The exposure data base was then

used to estimate a concentration for the location and event of interest. (The exposure data

base resulted from the merger of two data bases: (1) the proportion of radionuclides in fallout

clouds was estimated by Hicks [1990], factoring into account the physical form and height of

the test device; and (2) estimates of exposure rates and fallout times for each test event as

estimated by Thompson [1990] based on survey meter readings and information on the

prevailing weather systems at the time of the event.) For milk and milk-derived products, the

radionuclide concentration was then estimated using a weighted average based on the

proportion of milk obtained from each milk source location and the radionuclide concentration

in milk from that location.

People were grouped by sex into four age categories to estimate consumption rates of foods.

Rates of ingestion for people in urban areas were based on the data of Rupp (1980), whereas

consumption rates for people in rural areas were also based on interviews with residents of
Utah and Nevada.

Initially it was anticipated that these estimates of radionuclide concentrations in foods would

be modified with ingestion rates and that the results would then be passed _oLawrence

Livermore National Laboratory to independently estimate internal dose resulting from

ingestion. However, it became apparent that an important covariance term was being ignored.

The estimates of concentrations of radionuclides in foods are correlated because several factors

affect all radionuclides at a location. For example, a relatively high rate of consumption of

forage by dairy cattle would result in a relatively high rate of ingestion of all radionuclides for a

given location. Model predictions at this step were based on stochastic Monte Carlo



simulations to generate uncertainty estimates. To incorporate these correlations, were used the

technique of common random numbers for all radionuclide-independent parameters in a

simulation for a given location. Covariance matrices for each food were generated for each

month and each agricultural scenario. These results were needed to estimate the uncertainty

when food ingestion and internal dose calculations were merged.

For each location and event, the total quantity of a radionuclide ingested (which was generated

including the covariances as described above) was then linked to the dose conversion data base

developed by Lawrence Livermore National Laboratory (Ng et al. 1990). Uncertainty was

propagated analytically based on the uncertainty estimates for ingested concentrations and for
dose conversion.

' Ingestion dose was summed across radionuclides to estimate a total dose form ingestion for

each location and event; these estimates were made for each critical organ and whole-body.

These calculations were performed for three different types of populations: (1) dose an

unspecified individual and the uncertainty associated with the individual, (2) dose to an

unspecified individual and uncertainty associated with the mean value for that category of

individuals, and (3) collective dose for a location, calculated as the product of ingestion dose

and population for a location, as estimated from census data.

- MODEL TESTING AND ANALYSES

,. Four types of analyses were used to evaluate the performance of PATHWAY" comparison of

PATHWAY predictions with those of other models (both steady-state and dynamic);

estimation of uncertainty associated with model predictions; evaluation of the sensitivity of

model predictions to changes in parameter values, and testing of model predictions against

independent sets of data that were not used in model development. These analyses were

valuable in documenting model strengths and weaknesses and in increasing the credibility

associated with model predictions. They also suggested issues to focus on for improving the

model or for applying it to other situations or environments.

PATHWAY predictions of time-integrated concentrations of radionuclides in milk were

compare0 to predictions from steady-state models (Figure 5; Whicker et al. 1990, Hoffman

1984). In contrast to the steady-state models, PATHWAY predictions are highly dependent

on the date that fallout is deposited. The generally lower eslimates by PATHWAY in relation

to the other models results largely from the lower value assumed for the fraction of fallout



intercepted by foliage that is used in PATHWAY; the lower value reflects the larger particle
sizes that dominate the 400 km area near the NTS site. Predicted concentrations of Cs-137 in

milk are greatest for fallout events that occur in late spring to early summer; this reflects

periods consume relatively large amounts of fresh pasture and then consume hay that was

harvested in the early summer.

PA'HqWAY predictions of time-dependent concentrations of several radionuclides in milk

were compared with observed values in the southwestern US to test the model (Kirchner and

Whicker 1984; Whicker et al. 1990). For 1-131 concentrations, PATHWAY predictions of the

geometric means for five of seven data sets were within 20% of the geometric means for the

data; in two cased the observed geometric means were about 50% of the predicted means

(Whicker et al. 1990). For Cs-137 in milk, PATHWAY tended to over predict concentrations

by a factor of 1.5 to 5, although the dynamics predicted by the model generally corresponded

with the temporal trends in the data. These results suggest PATHWAY is sufficiently accurate

to address our objectives. Model prediction accuracy was always within an order of

magnitude, usually within a factor of three, and in several cases differed by less than 20%.

Assessment of uncertainty in model predictions further indicates that in most cases we cannot

distinguish significant differences between model predictions and observed data, suggesting

this model is the best we can do without further data on parameter values or additional studies

to improve modeling of processes.

There are several components of uncertainty associated with model predictions (Loehle 1987).

Our analyses of uncertainty in PATHWAY predictions focused on uncertainty in parameter

values. We used Monte Carlo simulations to propagate the uncertainty in parameter values to

uncertainty in concentrations'of radionuclides in foods. Geometric means and geometric

' standard deviations were initially estimated for I-131, Cs-136, and Cs-137 in five food

categories (Otis 1983): milk, vegetables, eggs, poultry, and beef. These results provided a

contrast in uncertainty associated with shorter vs. longer-lived radionuclides. After the

agricultural data was compiled (Ward and Whicker 1990); the uncertainty analyses for milk

were redone based on the high and low pasture diets shown in Fig. 2. (Breshears 1987;

Breshears et al. 1989). The uncertainty varied with diet, with radionuclide, and by date of

deposition (Figure 7). High uncertainty in time-integrated concentrations of I- 131 in milk

were tightly related to uncertainty associated with dates when cows were on or off pasture

(Simon [1988] reached obtained similar results using a similar model). The relationship

between date of deposition and geometric standard deviation in time-integrated concentrations

of Cs-137 in milk are less straightforward due to time-lags that result from contaminated hay

being harvested, stored, and latter fed to dairy cattle.
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The importance of time-lags and the roles of different parameters in estimating time-integrated

concentrations in foods was improved by evaluating model sensitivity (Breshears et al. 1992).

The relative importance of different parameters on prediction of the time-integrated

concentration in milk differed between 1311and 137Csand changed as a function of the

integration interval for both radionuclides (Figure 8). For the short-lived 131I, the timing and

amount of pasture strong influence milk concentration estimates, as do the milk production

rate and the initial fraction of the radionuclide source deposited on foliage (the foliar

interception constant). For the longer-lived 137Cs, the production rate of milk remained

important. The foliar interception constant was the most important parameter for fallout

events occurring during the season which cows are on pasture. Resuspension was most

important for fallout events occurring at other times. These sensitivity results provide valuable

insight on model performance and clearly guide future research objectives. This type of

information is particularly valuable in evaluating the utility of PATHWAY for other situations:

dose reconstruction and projection in other locations and environments; and identifying factors

to be considered in for remediation that effectively reduces risk (Breshears et al. 1993).

Additionally, PATHWAY predictions have been tested against fallout from 1957 accident at

the Windscale reactor in the United Kingdom (Kirchner and Whicker 1984) and from the 1986

accident at Chernobyl (Hagg and Johansson 1988; Kohler and Nielson 1988, Ng and Hoffman

1988, Kohler et al. 1991). These results suggest wet and dry deposition processes will need to

be incorporated carefully in PATHWAY in applying it to situations where deposition estimates

are not provided. Prediction of concentrations of 137Cs in forage for samples collected more

than 30 days after deposition of Chemobyl fallout was predicted within a factor of two by

PATHWAY and two other models. PATHWAY and one of these models include

resuspension and all three model pasture dynamics in more detail than other models, including

processes such as dilution of contaminant concentrations as a result of plant growth and plant

senescence (Kohler et al. 1991). The_ results again helped delineate the strengths and

weaknesses of PATHWAY and again are useful in dose projection and evaluating remediation

alternatives. Professional credibility in model predictions was increased by comparing

PATHWAY predictions with other models and test data from other locations.

PREDICTED INGESTION DOSES

By far, the largest internal doses were received by the thyroid gland. Thyroid doses in

communities relatively close (within -- 20 miles of NTS) were dominated by a few events, even
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though many events have contributed to long-term dose. Variations in dose produced by

different fallout events depend primarily on the amount of fallout deposited in the main food-

producing areas for a particular community, and secondarily on the seasonal timing of

deposition. Age differences also had a large effect on thyroid dose. Although strong

correlations were expected and found among internal doses to various organs, there was some

variability that resulted due to differences in the availability of different radionuclides to

various organs as a result of composition of the fallout and seasonal patterns related to

agricultural anu Loodsource patterns.

Collective dose estimates (in person Gy) were computed for each organ, taking into account

dose to the mean unspecified individual and the number of individuals by location, time-period,

age and sex (Kirchner and Whicker 1992). Uncertainties in the collective dose estimates were

much lower than was the case for dose estimates for unspecified individuals. The number of

predicted cancers in a population is affected by both the number of exposed people and the

median dose, as evidenced in high collective doses for the urban areas of Salt Lake City, Utah;

Las Vegas, Nevada; Albuquerque, New Mexico, and Los Angeles, California. Less than 1

fatal thyroid cancer would be predicted for St George, Utah, based on the predicted ingestion

doses, in comparison to three lifetime cases of spontaneous, fatal thyroid cancer would be

expected in a population the size of St. George (UNSCEAR 1988) based on a mortality-
incidence of about 6 x 10-4. Total collective dose estimates for all events and all locations are

presented in Table 1.

The ingestion dose calculations for collective dose support the concept that although ingested

NTS fallout potentially caused from perhaps a dozen to a few hundred cancers in the Phase I

and Phase II regions, this incidence is probably not sufficient to statistically alter the overall

fatal cancer rate in the region. Assuming a spontaneous fatal cancer incidence of roughly 20%,

the Phase I and II region should experience approximately 4 x 106 cancer deaths.

Individual dose risks were more variable and in some cases quite higher than collective dose

estimates(Table 2). The individual risks for St George, Utah residents are much higher than

those for people chose randomly from the Phase I and II region. The chance of the average

individual living in St George getting a fatal thyroid cancer due to ingestion of NTS fallout was

about 2 in 10,000. Certain individuals by virtue of age, food habits, and other factors may

have had a higher risk.

With the exception of the thyroid gland and possibly the lower large intestine in some cases,

the external gamma ray exposures from fallout on the ground (Henderson and Smale 1990)



dominated the total organ doses from all pathways, largely because of the importance of short-
lived radionuclides. For different source terms without the shorter-lived radionuclides or for

individuals exposed to sources only after physical-decay of the short-lived radionuclides, dose

from 137Cs and 90Sr would be expected to contribute more to total dose.

ESTABLISHING CREDIBILITY: LESSONS LEARNED

Many lessons were learned ia evaluating ingestion dose to address the objectives for ORERP.

Although the final dose estimates are very specific to location and type and time of event,

several of the results have much broader utility. Indeed, many of the results and lessons

learned during ORERP can contribute to current objectives of the SCOPE RADTEST

Workshops and to the many other dose reconstruction and projection efforts underway.

The goal of the ORERP dose reconstruction effort was to obtain the best scientifically credible

estimates resulting from the NTS dose. The ORERP project took several steps to develop

credibility for this project, which are presented in Table 1. Many of these aspects are discussed

more thoroughly in Kirchner (1990). An independent review panel had oversight obligations;

- the project was required to be responsive to the committees recommendations (Church et al.

1990). The ORERP project drew on national experts to work on the project and to

independently review the project. The results have been presented at national scientific

meetings, annual meetings of the Health Physics Society in particular. Importantly, much of

the work has been published in peer-reviewed literature and some manuscripts are still

forthcoming. The various components of model analysis (comparison with other model,

testing against independent data, estimation of uncertainty in model predictions, evaluation of

sensitivity in model predictions to changes in parameter values) were valuable through the

coarse of the project but also contributed in important ways to develop credibility. It was

valuable to openly show how well the model performed, and also to show where and when it

failed. Participating in the Biospheric Model Validation Study using Chemobyl data was

valuable because it allowed a much more thorough comparison with other models and tests

against several data sets that would not have been feasible on our own. The concepts and

equations used in PA'I_IWAY have been used in coarse work a:_Colorado State University for

well over a decade now, and modifications of PATHWAY are now appearing in the literature

(Abbott and Rood 1994); this too adds credibility.

We highlight five lessons from the ingestion estimates for dose reconstruction that might be

particularly valuable to others working on related efforts of dose reconstruction or projection
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and to those needing to use predictive models to evaluate remediation alternatives for reducing
risk:

(1) Although dose reconstruction may be initially subdivided into components related to

external dose, radionuclide quantities inhaled, radionuclide quantities ingested, and internal

dose, there are important interdependencies among these three components that require

integration.

(2) Estimates of model uncertainty and sensitivity helped identify where the model could be

improved and revealed important lags in model predictions that resulted from livestock

consumption of stored feeds.

(3) Testing model predictions against independent data sets greatly improved confidence in

the model predictions.

(4) Although the concepts for the PATHWAY model were developed relatively rapidly (a first

cut of the model was published in 1982 by Kirchner et al.), a great deal of effort was required

to obtain best estimates of the parameters. In some cases these estimates were heavily reliant
_

on interviews with those involved in agriculture during the time period of interest (Ward and

Whicker 1990). As the interval between the time-period of interest and the period of dose

construction increases, using interviews of original participants will become less feasible.

(5) The magnitude of data that had to be managed was extremely large. A major investment

was required in data management. Advanced distributed computing techniques across

workstations were required for the comprehensive set of calculations needed for the ORERP.

In conclusion, the estimates of dose from ingestion were obtained through development of the

PATHWAY code. Extensive testing, comparison, and analysis has increased confidence in

model predictions. Other projects can build on the results and lessons learned from evaluation

of dose ingestion for fallout from the Nevada Test Site.
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Figure 1. Structural features of the PATHWAY model. Boxes represent compartments or
state variables; arrows represent transfers resulting from indicated proces_s; circles
connect process arrows between the upper and lower diagrams (from Whicker and
Kirchner 1987).
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Figure 2. Representative dairy cow diets for regions with (A) high and (B) low pasture
consumption. Arrows within the diagrams indicate variations in pasture practices.
Arrows beneath the diagrams indicate harvest dates for alfalfa and silage (fi'om
Breshears et al. 1989).
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Figure 3. Maior features of milk networks for Phase I and Pha_ II areas of the Off-Site
Radiation Exposure Review Project (ORERP) of the U.S. Department of Energy (from
Ward and Whicker 1990),
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Figure 4. Flowchart for calculation of total dose from ingestion for a location and a test event.
Boxes represent data bases.
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• Figure 5. Comparison of several food-chain models in the predicted time-integrated 137Cs
concentrations in milk per unit deposition vs. calendar date of the deposition event
(from Whicker et al. 1990; estimates for models other than PATHWAY originally
obtained from Hoffman 1984).
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Figure 6. Predicted vs. observed 137Cs concentrations in milk from Salt Lake City, Utah.

Fallout deposition measurements (Health and Safety Laboratory were used to drive the
PATHWAY simulation (from Kirchner and Whicker 1984).
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Figure 7. Geometric standard deviations for integrated concentrations of 131I (upper figure)
and 137Cs (lower figure/in milk per unit deposition for regions with high and low
pasture consumption for various dates of fallout deposition. Estimates are based on
1000 simulations (from Breshears et ai. 1989).

2.5"_ ,,
2.4

I=: Pasture ConstJmplionO.-- 2.3
"_ o---------4 High
"_ 2.2 o ...... -o Low

, I_ 2.1-

_ 2,0-
r- 1.9-

rJ_ 1.8-
o

-z-- 1.7 - '_

"_ ,oo4_ --o--_ .... -o-----<>- --.o- -o-
E 1.6-
o J

¢_ 1.5- _ ]

(.9

.--t_--, ---._ -, --t'3-"- -

1.3- J I F I M I A I M-I--J--T-3-T_--[%-i o I N I D
Mo Date of Fallout Deposition

1 .9 '-[ ............................................
!

._ I / "r_. /P.X

> C:,/"\....... ?,£3 " \ ,
1

"E3 J

1 7 .- \ ,0O_ ',\ ,f

1 '", \ / l
O9 1.6

o i

5 Past,,,eCoo_,,r,r,,,_.,,, ', \ " /

o. o....... -,-_tow " J I

141 J IFI M] A I M 1 J 1 J [ A [ S-; o-[-+N--IDI

Mo Date of Fallout Deposition



u

Figure 8. Sensitivity to dominant paranaeters for time-integrated concentrations of 1311and
137Cs in milk for fallout deposited on 15 May. Sensitivity is measured by the absolute
value of the partial correlation coefficient (roan) from input and output of 1000 Monte
Carlo simulations. Parameters shown are those with an absolute rpart" value > 0.4 at
some point in time following deposition, or: foliar interception constant; Mp:
production rate of milk; OnP: date dairy herd was placed on pasture; PF: fraction of
dairy herd diet obtained from pasture; RF: soil resuspension factor. (from Breshears et
al. 1992).
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Table i. •

Collective Ingestion Dose Estimates (person-Gy) for All Events in All
Phase I and II Locations.

Lower Large

Age Group Thyroid Intestine Bone Surface Total Body

Infant (0-12 mo) 1.8 X 10 4 4.7 x 102 1.5 x 102 1.9 x 10_

Child (I-11 yr) 8.4 X 10 4 2.5 X 103 3.2 X 102 1.2 X 102

+Teen (12-18 yr) 1.6 X 10 4 5.5 X 102 1.8 X 102 4.0 X 10_

= Adult (> 19 yr) lo8 X 10 4 2.2 x 103 4.3 x 102 1.7 x 102

: * GSDs ranged from 1.04 to 1.11.
_



Table 2. Estimated individual lifetime risk of a fatal cancer in all age groups resulting from ingestion
of NTS fallout. All NTS events are included.

Median Dose Median

Population Collective Dose Per Individual Risk Factor a Individual(rad I) Risk
Organ (1955 Census) (erson-rads) (rad)

......=..=.--.=.

Thyroid Phase l&ll 1.4 x 107 0.70 8 x 10.6 5.6 x 10.6
(2.0 x 107) 1.8 x 10.4
St. George, UT 1.07 x 10s 22 8 x 10.6
(4 8 x l0 s)

Lower Large Phase l&ll 5.7 x I0 S 2.9 x 10.2 8.5 x 10s 2.4 x 10.6
Intestine 8 5 x 10.5 8 0 x I0 s

St. George 4.5 x 101 0.94 • •

Bone Surface Phase l&ll 1.1 x i0 s 5.5 x 10.3 5 x 10.6 2.8 x 10.8

St. George 7.9 x 102 0.17 5 x 10.6 8.5 x I0 "7

Total Body Phase l&ll 3.5 x 104 1.8 x 10.3 5 x 10.4 9.0 x 10.7

2,8 x 102 5.8 x 102 5 x 10.4 2.9 x 10.5
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0 Table 3. Factors increasing credibility in dose reconstruction for nuclear fallout from the
Nevada Test Site.

Use of an independent, technical review panel.
Obtaining technical leaders in the field to work on the project.
Presenting results at national meetings.
Publication of results in peer-reviewed scientific journals.
Estimation of model uncertainty and sensitivity.
Testing model with validation data.
Participation in model comparison and testing exercises
Extending concepts beyond original objectives
Improving the model and parameter estimates based on lessons learned from uncertainty,

sensitivity, and validation results.
Independent complimentary analyses
Teaching methodology in University classes.
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