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Models to simulate environmental transport of radionuclides and

estimate radiation dose to man are not something new. However, their

proliferation and combination for assessment applications is fairly

recent. Even more recent is the intense interest in quantifying uncer-

tainties in predictions obtained with such model combinations. This

paper is focused on uncertainties in model output used to assess

accidents. We begin by reviewis^ the historical development of assess-

ment models and the associated interest in uncertainties as these evolu-

tionary processes occurred for us in the United States. That is fol-

lowed by a description of the sources of uncertainties in assessment

calculations. Next we identify types of models appropriate for assess-

ment of accidents. Then we provide a summary of results from our

analysis of uncertainty in results obtained with current methodology for

assessing routine and accidental radionuclide releases to the environ-

ment. We conclude with discussion of preferred procedures and suggested

future directions to improve the state-of-the-art of radiological

assessments. NOTICE
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Historical Development

Our development of assessment models at Oak Ridge National labora-

tory (ORNL) dates back to the 1960s when we were participating in the

U.S. PLOWSHARE Program which explored the feasibility of potential

peaceful applications of nuclear explosives [1]. Oar role was to esti-

mate the total potential radiological impact to man. An exposure path-

way diagram became a useful tool to demonstrate the comprehensive

assessment methodology being developed. Figure 1, taken from a previous

publication [2], is representative of many such depictions available in

the assessment literature today. Simple multicompartment models and

associated data bases were developed to implement all of the pathways

shown for each of the dozens of radionuclides comprising the projected

source terms. The level of model complexity and data completeness

varied among radionuclides and exposure pathways. Uncertainties in the

resulting model predictions were little questioned and order-of-

magnitude estimates were sufficient to gauge the reasonableness of

PLOWSHARE projects and to facilitate qualitative comparisons of poten-

tial radiological insults among suggested project sites and among appli-

cation concepts.

Aroused environmental concerns in the U.S. and other parts of the

world contributed to waning interest in peaceful uses of nuclear explo-

sives. The same environmental concerns were being voiced regarding the

growing list of nuclear power reactors in operation or under construc-

tion. The changing social and'political climate led to the advent of

the U.S. National Environmental Policy Act of 1969 (NEPA) and other

environmental legislation. Among .the specific manifestations of that



ES-«)«}*

/—*—7 I 7 I—*—7
/ !•» I Z-. J ran U, ."' A »*TM /

Fignre 1.



movement in the radiological safety ares was the initiative to quantify

the fundamental tenent, "As Low As Reasonable Achievable" (ALARA). Com-

pliance with NEPA also includes the preparation of environmental impact

statements and other environmental documents. Implicit in such docu-

ments are radiological impact analyses used in cost-benefit balances to

compare the proposed project with all reasonable alternatives to that

project. The detailed radiological safety analyses emphasized assess-

ment of routine environmental releases more than potential accidents.

Again, uncertainties were not a principal focus, and somewhat qualita-

tive estimates of potential radiological impact were sufficient because

the results were utilized in a largely comparative process. However, a

definite trend was obvious which would insure increasing need for

predictive methodology to assess potential human health impacts of

nuclear and nonnuclear pollutants released to the environment.

Out of the environmental movement cane widespread public concern

over risk regardless of source, and within that concern developed seri-

ous questioning of any enhancement of radiation exposure, however small,

attributable to man's activities. Although the universally acccepted

radiation safety guidelines of the International Commission on Radiolog-

ical Protection (ICRP) remained unchanged [3], standard setting and

regulatory bodies began to set exposure and dose limits at much lower

levels largely in response to social and political pressures [4]. In

some cases the reduced limits are such that the radiation levels and

radioactivity concentrations are below the detection limits of monitor-

ing instrumentation. In such instances demonstrations of compliance

must be accomplished with theoretical model calculations. In this type

of application models and values used to parameterize thea have come



under severe scrutiny leading to the present-day interest in estimating

the uncertainties in model predictions.

To this point we have not emphasized the increased complexity of

assessing accidents as contrasted with routine releases. Early radio-

logical assessments of nuclear facilities largely were limited to rou-

tine environmental releases. The estimated doses were low in compari-

son to the accepted limits [5-7]. Thus, the models and selected parame-

ter values sould accommodate large safety factors in the form of conser-

vative, and often unrealistic, assumptions. Prediction and assessment

of impacts due to accidental or episodic releases of radionuclides is a

much greater challenge for developers of assessment models and model

parameter data bases. The estimation of time-dependent exposure rates

•requires dynamic models, and such flexible models require extensive data

bases. At the present time nuclear programs in many countries are

slowed, and one reason is concern over possible accidents and ths poten-

tial radiation exposures which could accompany them. The U.S. experi-

ence at Three-Mile Island did nothing to relieve this concern although

resultant exposures have been shown to be small and followup effects

studies are underway [8]. Rather, the post Three-Mile Island reaction

has been one of enhanced questioning of uncertainty levels in models and

parameter values used to evaluate and compare accident scenarios. The

message to us appears clear that although the accident probabilities may

be low and radioactivity release source terms highly uncertain, the

potential radiological impacts of accidents are large and the reliabil-

ity of the methodology available to assess them must be demonstrated.



Sources of Model Uncertainty

The sources of uncertainty are similar in assessments of routine

releases and assessments of accidents although the relative magnitude of

uncertainty will reflect the complexity of the respective assessments.

Rather than enumerate all possible sources of model uncertainty, we have

found it convenient to place them into four major categories: (1) model

bias, (2) parameter bias, (3) parameter variability, and (4) common

errors in calculation, computation, and computer programming. We limit

our discussion here to the first three of these categories.

Model bias. This is the primary underlying source of uncertainty,

as all models are at their very best only abstractions of real systems.

'iht complexities of physical dispersion, food chain bioaccumulation, and

human dosimetry are such that no model can be expected to exactly repro-

duce the processes affecting radionuclide transport in the environment

and the subsequent impact on exposed individuals and populations. Model

bias may result from unwarranted assumptions of steady-state conditions

or first order kinetics, unrecognized relationships between model param-

eters and extrinsic variables, exclusion of significant exposure path-

ways or important physical processes, and multiple redundancies of dis-

tinct processes due to inconsistencies within the formulation of the

model structure and the derivation of parameter values.

Parameter bias. Parameter bias results from improper estimation

(quantification) of a model's independent variables. A clear distinc-

tion between parameter bias and model bias is not possible since -many

model parameters represent empirical relationships combining a number of

interacting processes.



Proper parameter estimation is difficult because appropriate data

are seldom available. Estimates must often be made from published data

derived from experiments designed for other purposes, and dependencies

on site-specific factors are not commonly determined [6,9-12]. All

current radiological assessment models employ a data base of "default

values" recommended for use in tha absence of site-specific or

population-specific data [9,13-18]. The degree to which these recom-

mended "default values" are applicable to a specific situation is not

usually stated, although they are frequently assumed to be conservative,

i.e., they lead to overpredictions rather than underpredictions of dose

[6,7]. It is our experience that model predictions are highly dependent

on the judgement of the individual investigator or group of individuals

responsible for estimating values for model parameters [19].

Parameter variability. As a source of uncertainty, parameter vari-

ability is related to the general reliance on deterministic models in

radiological assessments [20,21]. Because parameter estimates and meas-

urements are imprecise and ecological systems are afflicted with per-

petual variability, model parameters are best represented by a range, or

distribution, of values for any given assessment situation. This range

of model parameters translates into a range, or distribution, of model

predictions. Deterministic models by contrast use a single value for

each parameter to produce a single prediction (Figure 2}. Heavy reli-

ance on deterministic models fosters the common misconception that the

single number thus generaged is "the" dose to be expected under a given

set of exposure conditions. Keep in mind also the much more generic

application such single numbers receive once generated. By ignoring the

stochastic nature ox radiological assessments, deterministic models also
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present a misleading impression cf accuracy. This is especially evident

when order-of-magnitude estimates of parameters are used to predict

values given to four significant digits (Figure 2).

Types of Accident Assessment Models

Although various classifications of models are possible, we recog-

nize two basic categories of models developed to study the fate of

radionuclides in the environment: assessment models and research models

[22].

Assessment models serve as tools for decision making, whereby

research models emphasize the ability to explicitly simulate the func-

tion and structure of real systems. In assessment models, underlying

processes and mechanisms may be aggregated into general transfer coeffi-

cients that relate the concentration of a radionuclide in a donor model

compartment to that of a receptor compartment. Therefore, assessment

models, as a rule, tend to be less complex in structure than process-

level research models. Although we have often substituted research

models for assessment models in order to quantify key parameters for

which empirical relationships are non-existent or inappropriate, we

recognize that increased model complexity does not guarantee increased

accuracy in model predictions [7,21-24]. For the assessment of conse-

quences due to accidental releases of radionuclides from nuclear facili-

ties, a variety of modeling approaches can be taken. The approach taken

will be dictated by the question asked of the model.

Equilibrium and/or Quasi-equilibrium models. If the assessment is

primarily concerned with time-integrated dose resulting from exposure to

acute releases of radionuclides, then concentration factors (equilibrium
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models) or quasi-equilibrium models will suffice, provided that the con-

ditions prevailing at the time of the release are taken into account

[21,22,25]. This is the type of model commonly used to assess routine

releases. The primary source of error in applying these models for

accident analysis will be the bias involved in properly quanitfying

model parameters.

Dynamic models. If, however, the cone rn is with the time follow-

ing an acute release in which specific dose rates or environmental con-

centrations will occur, then dynamic models must be used. Mathemati-

cally, dynamic models have the advantage of calculating both time-

integrated exposures and time-dependent exposure rates [22] . These

models are usually composed of donor controlled linear systems described

by coupled first-order differential equations. The primary disadvantage

of dynamic models is that their mathematical flexibility may be misin-

terpreted as implying an additional level of accuracy.

Loss of accuracy is implicit in the calculation of time-dependent

dose rates or environmental concentrations because of the absence of the

normalizing effect of time-integration or time-averaging. In addition,

transfer coefficients must often be estimated from very limited data.

Estimates of those transfer coefficients are most frequently derived

from steady-state relationships or from experiments i.u which consider-

able time averaging and time integration has been perfcreed [14,17,26-

28]. Therefore, even though it is possible for these models to

natliemeticelly predict dose rates and environmental concentrations as &

function of time, the reliability of these predictions must be seriously

questioned.
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The amount of data needed to improve the reliability of time-

dependent predictions for accident assessments is enormous. Hie deriva-

tion of parameter values relevant to acute releases requires a time

series of measurements that must be repeated both temporally and spa-

tially. If these data were to eventually become available, dynamic

models would take the form of a system of partial differential equations

with coefficients varying as joint functions of time and location [29].

Stochastic models. From our experience, we now consider the most

realistic modeling approach to be a stochastic approach. Stochastic

models treat uncertain input parameters as random variables end predict

environmental concentrations, exposures, or doses as random variables

(Figure 3 ) . In this modeling approach, uncertainties in parameter esti-

mation are translated directly into uncertainties in model predictions.

The approach may be applied with either quasi-equilibrium models [30,31]

or dynamic models [32]. The primary sources of error are related to

bias ir. the formulation of the model structure and bias in estimating

the range of uncertainties for model parameters. These biases are best

detected by testing the model against an independent set of field data

(i.e., model validation). Another approach is to compare the results of

independently developed stochastic models.

Estimates of Uncertainty

We have used the best available information and reasoned scientific

judgement to suggest ranges of uncertainty for model-predicted radiolog-

ical consequences of nuclear accidents. The suggested ranges cf uncer-

tainty for accident assessments (Table 1) are core qualitative than

quantitative. To help place these estimates of uncertainty in proper
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Table 1. Somi-yuuDtilativo estimates of the relative magnitude of the uncertainties associated

with calculations of the radiological impact of accidental releases

Uncertainty factora
Model component

Release (source term)

Physical dispersior.C (atmosphere
ftiitl surface water;

Food chain transport

Usage factors6

Dose factors

Risk factors1

I,
Individual

10-ioV
3-1C0

5-100

3-10

2-30

2-20

Population

10-104?d

2-10

2-10

2-4

1.5-10

1.2-10

References

[34-6J

[7.8.25.33,34]

[25.34.37-39]

[21,40-42]

[34.43-45]

[34.45-50]

The ratio of a likely maximum or ainimum value to the expected Median value; estimated
in^judgement in concert v;ith information given is. the cited lcfcrcres.

cIncludos estimates for critical groups of the population.
^Includes intimates for a\crage individuals.

Uncertainties primarily due to conservative bias in engineering estimates of source
^ question marks indicate a lack of consensus amor* consulted experts.

fDoes not include uncertainties due to precipitation events.

It is expected that environmental monitoring will serve to reduce this uncertainty in
tte event of an actual accidental radionuclide release.

We assume that following an actual relasc. emergency response measures will reduce the
tumber of pathways through which the population n.ay be closed, with the possill exception cf
iT-tialQtooii ana inii? al exposure to cor.tar.inated suifaccs.

..Includes errors due to extrapolations fro* animal data.

Excludes potential bias due to exrapolations to low doses; uncertainties are expected
to decrease as exposure rates increase
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context, we have provided fox comparison purposes, our estimates of

uncertainties in assessments for routine radioactivity releases (Table

2). In preparing Tables 1 and 2, we have identified and begun to quan-

tify the principal uncertainties in assessment model results [IP]. W«

have also made a number of observations. Our experience with stochastic

modeling has shown that generally only a few radionuclides and exposure

pathways will dominate the overall uncertainty in the predicted quantity

and that uncertainties will increase with decreased time and space

averaging [7,20,31,33]. Therefore, uncertainties will be greater for

accident assessments than for routine emission evaluations, and where

predictions are tsiade for maximally exposed individuals or critical popu-

lation groups rather than for average individuals or entire populations

£19]. Uncertainties are expected to be less in estimates of risk for

the more extensively studied radionuclides and exposure pathways [19].

Estimates of external exposure are expected to be less uncertain than

estimates of internal exposure [24,33]. Uncertainties tend to be less

for near-term (<30 years) assessments compared to far-term OlOO years)

[12,21,56], and generally less when multiple expesure pathways and

radionuclides are involved as compared to single-radionuclide single-

exposure-pathway estimates [19]. Values presented in Tables 1 and 2

summarize these relationships and attempt to identify the components of

an assessment calculation which are of dominant importance to the

overall uncertainty in model predictions.

Prior to an actual release of radionuclides, the uncertainties in

the assessment of accident consequence appears to be dominated by the

uncertainty in the source tern or release rate. If the release rates

tie well known, the retraining xuicertr.iiities arc dominated by



Table 2. Semi-quantitative estimates of the relative magnitude of the uncertainties associated
with calculations of the radiological impact of routine releases

Model component

Release (source term)

Physical dispersion (atmosphere
and surface water)

Food chain transport

Usage factors (rates
of intake)

Dose factors

Risk factors

Unc

Individual

10-100d

2-4

3-50

1.3-7

1.5-30

2-20

a
ertaxnty iactor

Population

10-100d

1.5-2

1.5-10

1.2-2

1.3-10

1.2-10

[51.52]

[7.21.23.33]

[6,9-12.21.22.24.
30,54,55]

[21.40-42.53]

[33,34,43-45]

[45-50]

The ratio of a likely maximum or minimum value to the expected meditn value; estimated
asing. judgement in concert with information given in the cited referencs.

Includes estimates for critical groups of the population.

terms

.Includes estimates for average individuals,
uncertainties primarily due to conservative bias in engineering estimates of source

-Includes errors due to extrapolations from animal data.
Excludes potential bias due to exrapolaiions to low doses.
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meteorological dispersion, provided that environmental monitoring can

feasibly reduce the aiagnitude of uncertainties associated with the con-

tamination of surfaces and agricultural products.

Preferred Procedures and Suggested Future Directions

It is well established that models are very useful assessment tools

and that we have many appropriate uses for them. Those uses range fros

comparative analyses used in policy making and decisions on technology

selection and placement to quantitative estimation of exposure and risk

to demonstrate compliance with regulatory guides and statutory limits.

Accident evaluations are becoming integral parts of these comparative

and quantitative modeling applications. Accepting in principal that the

levels of uncertainty in model predictions suggested here are the proper

result of a thorough and reasonable analysis of the best available

information, where do we go from here to further refine these estimates

cf uncertainty atifi thus iraprove the reliability of model applications

£ox assessments cf accidental releases?

When preparing to evaluate potential accidents for a facility,

develop emergency plans, etc., it is important to carefully select an

appropriate model and site-specific data. We suggest a "screening

model" as a logical starting point. A screening model is conservative,

i. e., it is likely to overpredict potential impact, by design. Such a

model is useful for rapidly defining a level of contamination not likely

to be exceeded t>rd the maximum extent cf the potentially affeedted geo-

graphic area. Screening models car be used to rapidly define areas

v.Lere emergency action and intensified environmental surveillance icay be

needed. A properly designed monitoring system, a system in which
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monitoring data output and moriel input data requirements are compatible,

will serve as backup to an initial screening calculation to fine tune

preevent-generated base-case predictions with monitoring observations

recorded during the course of an accident should one occur.

Models available for selection are numerous in the literature and

they vary in complexity 156] . In general it is best to select for use

thr simplest model which will do the job in an acceptable manner [21].

First, the more simple model will Lave less input data requirements.

This is important to the model user because the probability of success-

ful application of any model is optimized whenever sife-specific data

are used in preference to the default generic parameter values commonly

provided by the author(s) of the model. Second, studies have shown that

a more complex model may not necessarily provide results which are more

accurate [7,21-24].

Model selection should also include realization of a responsibility

to avoid misuse cf the model. Once they are developed, models are sub-

ject to many applications for which they were not designed or intended.

Often this is done by the user out of desperation because of pressures

to provide quantitative answers to questions previously addressed in

more qualitative ways. One example of model misuse is the growing ten-

dency to use deterministic model results to establish the basis for

regulatory dose limits and guides while ignoring the inherent uncertain-

ties in the model results. Thus, situations may arise whereby the

reduction cf rndiclogical impact is not cormrenstrate with the econocic

costs associated with regulatory actions.

It is clear that validation studies covering ranges of exposure

conditions are needed to improve confidence in the application of models
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for accident assessments [7,15,21,24,57]. We must realize, however,

that even after such efforts have been completed some uncertainties will

remain essentially irreduceable for a number of reasons including bio-

logical variability and our limited ability to measure some parameters.

In tho absence of extensive model validation results, other alter-

natives should be explored. We recoisneisd increased development and

application cf stochastic models to supplement validation studies,

because stochastic models will provide ranges of dose or risk estimates

reflecting the ranges of values which characterize model input parame-

ters. Studies completed with that type of model will assist in priori-

tizing future efforts to establish an improved basis for the limitation

and control of radiation exposures, and to better define the extent to

which models can be i°sed as tools for decision making when evaluating

the potential consequences of accidental releases.



19

REFERENCES

1. Cowser, K. E., Kaye. S. V., Rohwer. P. S., Snyder W. S., and Stnx-
ness, E. G., Dose-Estimation Studies Related to Proposed Constrac-
tion of an Atlantic-Pacific Interoceanic Canal with Nnclear Explo-
sives: Phase I, Oak Ridge National Laboratory. Oak Ridge, Tennes-
see, ORNL-4101, (March 1967).

2. Meyer, B. R., Till, J. E., Bomar, E. S., Bond, W. D., Morse, L. E.,
Tennery, V. J., and Yalcintas, M. G., "Radiological Impact of Tho-
rium Mining and Milling," Nncl. Safety 20(30):319-30 (1979).

3. International Commission on Radiological Protection, Recommenda-
tions of the International Commission on Radiological Protection
(Report of Committee 2 on Permissible Dose for Internal Radiation),
ICRP Pnbl. 2, Pergamon Press, London (1959).

4. U.S. Environmental Protection Agency fUSEPA). 40 CFR Part 190,
"Environmental Radiation Protections Standards for Nuclear Power
Operations," Fed. Resist. 42(9)2858-61 (1977).

5. Hoffman, F. 0. and Kaye, S. V. "Terrestrial Exposure Pathways:
Potential Exposures of Man from the Environmental Transport of
Waste Nuclides," in Proceedings of the International Symposium on
the Management o£ Wastes from the LWR Fuel Cycle. CONF-76-0701, pp.
524-53 8, Denver. Colorado, (1976).

6. Vaughan, B. E.. Soldat, J. K.f Schreckhise, R. G., Watson, E. C ,
and McEenzie, D. H. "Problems in Evaluating Radiation Dose via
Terrestrial and Aquatic Pathways," Environ. Health Pers. 42:149-161
(1981).

7. Hoffman, F. 0., Shaeffer, D. L., Miller, C. W., and Garten, C. T.,
Jr. Proceedings of a. Workshop on the Evaluation of Models Used for
the Environmental Assessment of Radionuclide Releases. CONF-770901,
U.S. Department of Energy (1978).

8. Cotter, S. J., Miller, C. W., Moore, R. E., and Little, C. A.,
Estimates of Dose Due to Noble Gas Releases from the Three Mile
Island Incident Using the AIRDOS-EPA Computer Code., Oak Ridge
National Laboratory, Oak Ridge, Tennessee, ORNL-5649 (December
1980).

9. Baes, C. F., Ill, Sharp, R. D., Sjoreen, A. L., and Shor, R. W. A
Review and Analysis of Parameters for Assessing Transport of
Environmentally Released Radionuclides through Agriculture. Oak
Ridge National Laboratory, Oak Ridge, Tennessee, ORNL-5786 (1983,
in press).



20

10. Ng, Y.C. "A Review of Transfer Factors for Assessing the Dose from
Radionuclides in Agricultural Products," Nncl. Safety 23:57-71
(1982).

11. Ng, Y.C., Colsher, C. S., and Thompson, S. E. Transfer Coeffi-
cients for Assessing the Dose from Radionunlides in Heat and Eggs,
Lawrence Livermore National Laboratory, Livermore, California,
NUREG/CR-2976 UCID-19464, (1982).

12. Ng, Y. C , Colsher, C. S., and Thompson, S. E. Soil-to-Plant Con-
centration Factors for Radiological Assessments, Lawrence Livermore
National Laboratory, Livermore, California, NUREG/CR-2975, UCID-
19463, (1982).

13. Baker, D. A., Hoenes, G. R., and Soldat, J. K. FOOD An Interac-
tive Code to Calculate Internal Radiation Doses from Contaminated
Food Prodncts. Battelle Pacific Northwest Laboratory, Richland,
Washington, BNWL-SA-5523 (1976).

14. Hay-wood, S. M., Simccnds, J. R., and L ins ley, G. S. The Develop-
ment jof Models for the Transfer of £s-132 and Sr-£0 in the
Pasture-Cow-Millc Pathways Using Fallout Data. NRPB-R110 (1980).

15. International Atomic Energy Agency, Generic. Mode 1s and Parameters
for Assessing the Environmental Transfer of Radionuclides in
Predicting Exposures to Critical Groups from Routine Releases,
Safety Series No. 57, IAEA, Vienna (1982).

16. Moore, R. E., Baes, C. F., III, McDowell-Boyer, L. M., Watson, A.
P., Hoffman, F. 0., Pleasant, J. C , and Miller, C. W. AOHDOS-EPA:
A Computerized Methodology for Estimating Environmental Concentra-
tions and Dose to mau from Atmospheric Releases of Radionuclides.
EPA 520/1-79-009 (1979).

17. Simmonds, J.R., Linsley, G. S., and Jones, J. A. A General Model
for the Transfer of Radioactive Materials in Terrestrial Food
Chains. NRPB Report P89 (1979).

18. U.S. Nuclear Regulatory Commission (USNRC). Calculation of Annual
Doses to Man from Routine Releases of Reactor Effluents for the
Purpose of Evaluating Compliance with 10 CFR Part 50, Appendix I,
Regulatory Guide 1.109, rev. 1, October 1 (1977).

19. Hoffman, F. 0. and Miller, C. W., "Uncertainties in Assessment
Models and Their Implication," (in press).

20. Hoffman, F. 0., and Gardner, R. H., "Evaluation of Uncertainties in
Radiological Assessment Models, " Chap. 11 in Radiological Assess-
ments, U.S. Nuclear Regulatory Commission, Washington, D.C. (1983,
in press).



21

21. National Council on Radiation Pxotection and Measurements. Radio-
logical Assessment: Predicting the Transport. Bioaccumulation. and
Intake b_y. Btan p_£ Radionnclides -Released .to the Environment. Report
of NCRP SC-64. National Council on Radiation Protection and Meas-
urements, Bethesda, Maryland (1983, in press).

22. Kaye. S. V., Hoffman, F. 0., McDoweil-Boyer, L. M., and Baes, C.
R., III. "Development and Application of Terrestrial Food Chain
Models to Assess Health Risks to Man from Releases of Pollutants to
the Environment, " in Proceedings of the International Symposium on
Health Impacts o£ Different Sources of Energy. IAEA-SM-254/63,
International Atomic Energy Agency, Vienna (1982).

23• Buckner, M. R. Proceedings of the First SRL Model Validation
Workshop, November 19-20, 1980, at Hilton Head, S.C., DP-1597
(1981).

24. Lindackers, H. H. and Bonnenberg, H. Proceedings of a. Workshop on
Accuracy in Dose Calculations for Radionoclides Released to the
Environment. September 10-M> 1979. Aachen, Federal Republic of
Germany, 61JV, Aldehoven (1980),

25. Nuclear Energy Agency. Comparison of Reactor Accident Consequence
Models. Organization for Economic Co-operation and Development,
Paris, France (1983, draft).

26. Booth, R. S., Kaye, S. V., and Rohwer, P. S., "A Systems Analysis
Methodology for Predicting Dose to Man from a Radioactiveiy Contam-
inated Terrestrial Environment, " pp. 877-893 in Proceedings cf the
Third National Symposium on Radioecoloev, May 10-12, 1971, ed. by
D. J. Nelson, Oak Ridge, Tennessee, CONF-710501,

27. Pleasant, J. C , McDowell-Boyer, L. M., and Killough, G. G. RAG-
TIME: A FORTRAN IV Implementation p_f a Time-Dependent Model for
Radionuclides in Agricultural Systems First Progress Report, Oak
Ricge National Laboratory, Oak Ridge, Tennessee, NUREG/CR-1196,
ORNL7NDREG/TM-371 (May 198C).

28. McDowell-Boyer, L. M., Killough, G. G., and Pleasant, J. C ,
"Dynamic Modeling of Radionuclides in Terrestrial Food Chains, "
Trans. Amer. Nncl. Soc. 34:85-6 (1980).

29. International Commission on Radiological Protection. Radionnclide
Release into the Environment: Assessment of Doses to Man. ICRP
Publication 29, Pergamon Press, New York (1978).

30. Schwarz, G. and Hoffman, F. 0., "Imprecision of Dose Predictions
for Radionuclides Released to the Environment: An Application of a
Monte Carlo Simulation Technique," Environ. International 4:289
(1981).

31. Hoffman, F. 0., Garten, C. T., Jr.. Huck&bee, J. W., and Lucas, D.
M., "Interception and Retention of Technetium by Vegetation and
Soil,'" J. Environ. Qual. 11(1)134-141 (1982).



22

32. Matthies, M., Eisfield, K., Paretzke. H., and Wirth, E., "Stochas-
tic Calculations fo Radiation Risk Assessment: A Monte Carlo
Approach to the Simulation of Radiocesium Transport in the
Pastare-Cow-MiIk Food Chain," Health Phvs. 40:764 (1981).

33. Miller. C. W. and Little, C. A. A Review of Uncertainty Estimates
Associated with Models for Assessing the Impact of Breeder Reactor
Radioactivity Rleases, Oak Ridge National Laboratory, Oak Ridge,
Tennessee, ORNL/5S32 (1982).

34. Brussermann, K. (Ed). Proceeding of the Workshop on Evaluation and
Mitigation of Accidental Releases of Radioactivity Identification
of Uncertainties. Bonnenberg and Drescher, Aldenhoven, Federal
Republic of Germany (1983, in press).

35. Berger, C. D., Lane, B. B., Cotter, S. J., Miller, C. W., and Glan-
don, S. R. Population Dose Estimation from a Hypothetical Release
of 2.4 x 10° Curies of Noble Gases and 1 x 104~Caries p_f I-13J, a±
the Three Mile Island Nuclear Station, Onit 2, Oak Ridge National
Laboratory, Oak Ridge, Tenessee ORNL/TM-7980 (1981).

36. Niemczyk, S. J. and McDowell-Boyer, L. M. Interim Source Term
Assumptions for Ener&erusy. Planning and Eonipment Qualification. Oak
Ridge National Laboratory, Oak Ridge, Tennessee NUREG/CR-2629,
ORNL/TM-8274 (1982).

37. Shaeffer, D. L. and Hoffman, F. 0., "Uncertainties in Radiological
Assessments A Statistical Analysis of Radioiodine Transport via
the Pasture-Cow-Milk Pathway," Nuclear Technol. 45:99-106 (1979).

38. Crick. M. J. and Linsley, G. S. An Assessment of the Radiological
Impact of the Windscale Reactor Fire, October 1957, National Radio-
logical Protection Board, Chilton, Didcot, Oxon, United Kingdom,
Report NRPB-R135 (1982).

39. Erb, T.C., "An Assessment of the Environmental Transport of
Radioiodine in the Air-Grass-Cow-Milk Pathway Using Reported
Environmental Monitoring Data, " in Proceedings .of the Health Phy-
sics Society 12th Midyear Topical Symposium. February 11-15, 1979,
Williamsburg, Virginia (1979).

40. International Commission on Radiological Protection. Report of the
Task Group on Reference Man, ICRP Publication 23, Pergamon Press,
New York (1975).

41. Rupp, E. M., "Age Dependent Values of Dietary Intake for Assessing
Human Exposures to Environmental Pollutants," Health Phvs. 39:151-
163 (1980).

42. Rupp. E. M., Miller, F. L., and Baes, C. F., Ill, "Some Results of
Recent Surveys of Fish and Shellfish Consumption by Age and Region
of U.S. Residents," Health Phvs. 39(2):165-75 (1980).



23

43. Dunning, D. E,, Jr. and Schwarz, G., "Variability of Human Thyroid
Characteristics and Estimates of Dose from Ingested 1-131," Health
Phvs. 40(5):661-75 (1981).

44. Schwarz, G. and Donning, D. E., "Imprecision in Estimates of Dose
from Ingested Cs-137 Due to Variability in Human Biological Charac-
teristics, " Health Phvs. 43(5):631-45 (1982).

45. Kocher, D. C , Leggett, R. W., Dunning, D. E., Jr., Ryan, M. T.,
and Eckerman, K. F. Uncertainties in the Calculation of Long~Term
Collective Dose and Health Effects A Preliminary Assessment. Oak
Ridge National Laboratory, Oak Ridge, Tennessee, NUREG/CR-1303,
ORNL/NUREG/TM-378 (1980).

46. United Nations Scientific Committee on Effects of Atomic Radiation.
Sources and Effects of Ionizing Radiation, UNSCEAR report (New
York: U.N.) (1977).

47. National Academy of Sciences, committee on Biological Effects of
Ioni;ing Radiation. The Effects on Populations of Exposure to Low
Levels of Ionizing Radiation (Washington, D.C.: NAS) (1980).

48. Bates, R., "Critical Appraisal of Current Toxicological Approches
Utilized in Context of Health Risk Evaluation, " in Symposium on
Health Risk Analysis, Gatlinburg. Tennessee. October 27-30., 1980
(P. J. Walsh, ed.) Oak Ridge National Laboratory, Oak Ridge,
Tennessee (1981).

49. Cohen, B. L., "Proposals on the Use of the BEIR-III Report in
Environmental Assessments," Health Phvs. 41(5):769-74 (1981).

50. National Council on Radiation Protection and Measurements. Review
of ̂ he Current State of Radiation Protection Philosophy, National
Council on Radiation Protection and Measurements, Bethesda, Mary-
land, NCRP Report No. 43 (1975).

51. Meyer. H. R. Personal communication to C. W. Miller (1983).

52. Tichler, J. and Benkovitz, C. Radioactive Materials Released from
Nuclear Poer Plants, Annual Report 1978, U.S. Nuclear Regulatory
Commission, Washington, D.C. NUREG/CR-1497, BNL-NUREG-51192 (1981).

53. Hoffman, F. 0. and Baes, C. F., Ill (Eds.). A Statistical Analysis
of Selected parameters for Predicting Food Chain Transport and
Internal Dose of Radionuclides, Oak Ridge National Laboratory, Oak
Ridge, Tennessee, ORNL/NUREG/TM-282 (1979).



24

54. Hoffman, F. 0., Gardner, R. H., and Eckerman, K. F. Variability in
Dose Estinates with the Food Chain Transport and Ingestion of
Selected Radionaclides. NUREG-CR-2612 (1982).

55. Kocher, D. C. (Ed.). Proceedings of the Symposium on Uncertainties
Associated with the Regulation of Geologic Disposal of High-Level
Radioactive Waste. Gatlinbnrg, Tennessee. March £-13.. 1981, CONF-
810372, NUREG/CP-0022 (1982).

56. Hoffman, F. 0., Miller, C. W., Shaeffer, D. L., and Garten, C. T.,
Jr., "Computer Codes for the Assessment of Radionuclides Released
to the Environment," Nucl. Safety 18(3):343-54 (1977).

57. U.S. Nuclear Regulatory Commission. Proceedings of the Workshop on
Environmental Assessment Held at National Bureau <>f Standards.
Gaithersburg. Maryland, December 15-18, 1981, NUREG/CP-0Q25 (1982).



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liabiliiy or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, cr represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


