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INTRODUCTION

Predictions of potential health risks from geologic disposal of

high-level radioactive waste must rely extensively on various models,

because the time period over which the wcste must be effectively

isolated from man is much longer than the time period over which

practical operating experience for a repository can be obtained. This

paper discusses some of the significant limitations and uncertainties

associated with current risk assessment models for high-level waste

disposal. Such factors must be taken into account (1) in determining

compliance of a repository with applicable technical criteria1 and

environmental radiation protection standards2 and (2) in establishing
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that the-regulations themselves are reasonable.

Models appropriate for risk assessments of geologic waste disposal

may be mathematical, physical, or conceptual. Mathematical models are

the most quantitative, and they usually involve explicit consideration of

processes influencing system behavior; i.e., they are mechanistic. A

physical model may also be quantitative, but the model is a physical

system itself and is usually more descriptive than mechanistic. Concep-

tual models are the least quantitative and process oriented, and may

involve little more than intuition, logic, or subjective scientific

judgment.

This paper focuses on uncertainties associated with models for

predicting (1) groundwater transport of radionuclides between a reposi-

tory and the biosphere and (2) long-term collective dose and health

effects following release of long-lived radionuclides to the biosphere.

We do not present numerical estimates of uncertainties in such predic-

tions. Rather, we emphasize the various sources of uncertainty and

attempt to evaluate the extent to which current models and supporting

data bases can realistically describe long-term repository performance

and health risks. We do not consider uncertainties associated with the

long-term performance of engineered barriers at a repository or with

human intrusion.

UNCERTAINTIES IN RADIONUCLIDE TRANSPORT IN GROUNDWATER

An analysis of uncertainties associated with models for predicting

radionuclide transport in ground,-/ater between a repository and the

biosphere involves consideration of (1) the present geologic environment



and the future effects on that environment of geologic processes, (2)

groundwater hydrology, (3) geochemistry, and (4) the interactions among

these phenomena. Detailed discussions of these topics and their

associated uncertainties are given in Refs. 3-7 and references therein.

Uncertainties in the Geologic Environment and Geologic Processes

Characterization of the geologic environment and the continuous and

discrete geologic processes operating at a given site is essential for

understanding groundwater hydrology and geochemistry. Models of the

geologic environment and geologic processes are more physical than

mathematical, and are based primarily on interpretations of field data.

Uncertainties in our understanding of the present geologic environ-

ment result from the potentially complex spatial variations in tempera-

ture, pressure, geologic structure, and mineralogy. In order to minimize

uncertainties, models based on field data must employ sample sizes and

spacings of sampling locations which match the scale of important

inhomogeneities in the geologic environment between the surface and the

depth of the repository. A model can be considered satisfactory only

when critical field testing does not reveal inadequacies in predicting

the parameters of interest. Uncertainties associated with models of the

present geologic environment are probably quantifiable, because the

models involve extrapolations and interpolations based on field data

which are largely numerical and, thus, are subject to statistical

analyses.8 The uncertainties are site specific and will likely increase

as the size and complexity of the site to be characterized increases.

However, an uncertainty analysis is valid only to the extent that the

important features of the geologic environment have been observed.



Important processes contributing to uncertainties in characterizing

the future geologic environment include climate changes, surface

processes such as erosion and deposition, diagenesis, tectonic processes

such as fracturing, faulting, and deformation, and intrusive magmatism and

VGlcanism. Models for predicting continuous and discrete geologic

processes are based primarily on interpretations and temporal and spatial

extrapolations of the geologic record. Significant uncertainties may

result from the incompleteness and misinterpretation of the geologic

record and from the difficulty of applying tectonic theory for a large

region to a relatively small repository site. Predictions based on the

geologic record are inherently speculative, particularly for discrete

events at specific locations. Therefore, even though mathematical nodels

for simulating geologic processes are being developed,9 uncertainties

associated with predictions of the future geologic environment are

probably unquantifiable. The geologic record can probably be used only

to estimate bounds for the future effects of geologic processes. At

geologically stable sites, the uncertainties in predicting continuous

geologic processes and their effects on repository performance are likely
4

to be unimportant for time periods of about 10 years or less but may

become significant for longer times.10 However, uncertainties in

predicting discrete geologic events, such as earthquakes, may be
4

significant even for time periods less than 10 years.

Thermal and mechanical perturbations of the natural geologic

environment caused by development and operation of the repository must

also be taken into account in determining the suitability of a gcolojic

environment for waste disposal.11 For about the first 10 years, when

the decay heat generated in the waste is important, it is likely that these



perturbations will have more'important effects than the natural geologic

processes on the geologic environment in the near-field zone of the

repository. In principle, uncertainties associated with predicting the

•effects of thermal and mechanical perturbations are quantifiable on the

basis of field tests and mathematical models, but realistic testing is

difficult because of the long time period over which the decay heat is

significant and because the physical size and layout of a test facility

should simulate expected repository conditions. It seems reasonable,

however, that the uncertainties can be rendered relatively unimportant by

choosing a repository site where the far-field zone would provide the

requisite waste isolation even if the near-field zone were not an

effective ba Tier, because the far-field zone is presumably not affected

significantly by the perturbations.

Uncertainties in Groundwater Hydrology

Mathematical models of varying complexity have been developed and

widely used for predicting groundwater flow (e.g., Refs. 12-16), and

hydrologic data bases for potential repository sites are being developed

for use in the models.17"20 However, these models have the potentially

serious problem that model validation is generally lacking for expected

field conditions. The most widely used hydrologic models, which assume

Darcian flow through porous media, have been validated under relatively

fast-flow conditions (i.e., aquifers), but not for the slow-flow

conditions expected in the vicinity of waste repositories. In addition,

fracture flow will likely be of primary importance in many host

lithologies, but the development of fracture-flow models is in its

infancy16*21"24 and the utility of these models for predictive purposes



has not been demonstrated.

In principle, uncertainties associated with mathematical models of

groundwater flow can be estimated quantitatively by means of parameter

sensitivity analyses and statistical sampling techniques.25"27 However,

. uncertainties estimated in this way may be largely meaningless with

regard to actual flow at a repository site. In addition to the lack of

model validation for slow-flow and fracture-flow conditions, the models

may not properly account for (1) the diverse and heterogeneous geologic

environments which may be encountered over the long distance of ground-

water travel from the repository to the biosphere and (2) the effects of

natural geologic processes and the thermo-mechanical perturbations in the

near-field zone, which may significantly alter .̂ jundwater flow patterns

over the time period required for wast isolation.

Groundwater dating provides a potentially attractive alternative to

mathematical Lodeis for estimating groundwater travel times between a

repository and the biosphere,28"33 because the technique involves

observations on realistic geologic systems and it bypasses explicit

consideration of the complex processes which influence groundwater flow.

However, groundwater dating involves uncertainties which are potentially

important, including uncertainties in initial isotope ratios, chemical or

physical processes which could alter isotope ratios or

concentrations along the flow path, and mixing with groundwaters from

other sources between measurement locations. At present, groundwater

dating techniques applicable to waste repositories are mostly in the

early stages of development, except for Methods using C.31 Because

groundwater dating and mathematical models are quite different techniques

involving uncertainties which are largely mutually exclusive, the most



convincing characterization of groundwater hydrology would be obtained if

the two meth 's produced compatible predictions.

Uncertainties in Geochemistry

Most risk assessment models for geologic waste disposal use the

empirical retardation factor to describe the complex geochemical

processes which affect radionuclide transport in groundwater. The

retardation factor is described in terms of the equilibrium distribution

coefficient, K,, which accounts for the chemical interactions between a

radionuclide, the constituents- of the groundwater, and the host rock, and

parameters describing the geologic medium (e.g., bulk density and

porosity for porous-media flow).

A large body of experimental data on K.'s has been obtained

for many of the important radionuciides in high-level waste

(e.g., Refs. 20,32,33). However, these data have not. been validated for

geochemical and thermo-mechanical environments which are expected to

occur near waste repositories. Therefore, quantitative statistical

uncertainty analyses of radionuclide transport in groundwater31*"37 based

on laboratory K. data are not likely to contribute to our understanding

of uncertainties associated with geochemical processes.38

It has recently been suggested that the important long-lived

radionuclides in high-level waste can be categorized according to the

sensitivity of their1 migration to variations in geochemical conditions.38

The retardation of iodine, thorium, and americium is expected to be

relatively insensitive to the geochemical environment, so that laboratory

K, data should be indicative, at least qualitatively, of retardation

effects in the field. Technetium is expected to be either highly

retarded or highly mobile depending primarily on the oxidation-reduction
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environment, which can change significantly over relatively short

distances. Finally, uranium, neptunium, and plutonium appear to have a

complicated solid vs. solution partitioning depending on the oxidation-

reduction environment, solute composition of the groundwater, and

characteristics of the sorption surfaces, so that predictions of

geochenn'cal behavior based on laboratory K, data for these elements may

have the largest uncertainties. Such a radionuclide classification

scheme is potentially useful as a means of circumventing the difficulties

in rreasuring retardation effects in the field and may lead to a reduction

in geochemical uncertainties.

Theoretical geochemical models have recently been developed to

investigc -2 element speciation in realistic geochemical environments.39*

40 However, the requisite field data and thermodynamic data, particular-

ly for transuranic elements, are difficult to obtain. Most of the

available thermodynamic data assume a temperature of 25°C and standard

atmospheric pressure,1*1 conditions which are not likely to apply at a

repository, although data at elevated temperatures are being developed.42

In addition, the models involve important assumptions, such as that of

chemical equilibrium, which may be unrealistic. Finally, theoretical

models do not yet incorporate kinetic effects in the predictions of

element speciation, nor do they relate speciation to predictions of

retardation in groundwater transport. At present, theoretical geochemi-

cal modeling probably cannot provide an adequate substitute for empirical

data on radvonuclide retardation obtained under conditions which approxi-

mate those near a repository.38

Uncertainties in Coupled Processes

Radionuclide transport in groundwater results from complex



interactions between thermal, mechanical, hydrologic, and geochemical

processes. Mathematical models which couple the effects of these

processes are generally not as well developed as models for the processes

separately, and no existing models incorporate more than three of these

processes. Uncertainties in coupled models result from uncertainties in

the individual processes compounded by the lack of understanding of the

process interactions.' On the other hand, significant uncertainties in

models of single processes may result from the exclusion of the other

phenomena.

UNCERTAINTIES IN LONG-TERM DOSE AND HEALTH EFFECTS

Risk assessments of geologic waste disposal must also consider

models for estimating the health risk to human populations following

discharge of long-lived radionuclides to the biosphere. An analysis of

uncertainties associated with models for predicting long-term collective

dose and health effects per unit release of a radionuclide to the

biosphere involves consideration of the following components: environ-

mental transport of radionuclides, intake of radionuclides by exposed

individuals, the dose per unit intake, the number of exoosed individuals,

and the cancer risk per unit dose.

For the radionuclides in high-level waste which present the greatest

potential health detriment to man (i.e., Tc, I, " * > " u T h and

237 239 240daughter products, long-lived uranium isotopes, Np, ' Pu, and

' Am), 6 the uncertainties in many of the components of a calculation

of long-term dose and health effects described above appear to be
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quantifiable on the basis of current models and experimental data.7

Furthermore, many of these uncertainties are only a few orders of

magnitude or less, so that uncertainties associated with some aspects of

predictions of long-term dose and health effects may be insignificant

compared with uncertainties associated with predictions of radionu-

c'lide transport in groundwater. Nonetheless, there are several important

gaps in the models for long-term dose and health risk. Data are lacking

on the environmental transport and bioaccumulation of technetium and

neptunium. Predictions "•' long-term environmental transport of the

artificial actinide elements besides neptunium involve temporal extrapo-

lations of data which have been obtained only over a period of a few

years and, thus, may be quite uncertain. In this regard, however,

the environmental behavior of naturally occurring thorium may serve as a

convenient analog for the long-term behavior of plutonium and americium

(e.g., Ref. 42). Gastrointestinal absorption in man following ingestion

of artificial actinide elements may also have large uncertainties.

Finally, it is clearly impossible on the basis of scientific evidence to

estimate the risks of cancer induction at levels of radiation exposure

comparable to or less than natural background.4'1 In estimating cancer

risks, therefore, a sensible procedure from the point of view of

radiation protection standards for the general public is to assume a

dose-response relationship which is expected to provide conservative

overestimates of actual risks.

CONCLUSIONS

This discussion has focused on the many potentially important
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sources .of uncertainty in predicting radionuclide transport between a

geologic repository and the biosphere and the resulting health risks. In

principle, many of the different uncertainties are quantifiable, but,

in many cases, validation of current models and data

bases is insufficient to provide quantitative uncertainties which are

derr.onstrably meaningful with regard to actual repository performance.

Other uncertainties, particularly those assoc^ted with predictions of

geologic processes, appear to be inherently unquantifiable.

The central issue for rirk assessments is whether or not current

models are adequate for obtaining realistic predictions of potential

health risks from geologic waste disposal. Any such evaluation of models

is difficult and necessarily subjective. Although it is generally

agreed that model predictions have large uncertainties, consensus is

currently lacking on such fundamental issues as (1) what is an acceptable

level of risk and for what time period must the requisite waste isolation

be provided, (2) what constitutes an adequate risk assessment model

(i.e., how good is good enough), (3) which of the uncertainties and

omissions in current models are significant for risk assessments, and (4)

are detailed mathematical models required for demonstrating that geologic

waste disposal is safe?

The adequacy of risk assessment models for geologic waste disposal

depends not only on scientific judgment, but also on the social,

political, and regulatory climate in which the models operate. Technical

issues regarding the adequacy of r. Jels and the importance of uncertain-

ties cannot be resolved until an acceptable level of risk and the

appropriate regulatory framework have been firmly established. For

example, the importance of uncertainties in predicting the future effects



of continuous geologic processes clearly depends on the required time

period for effective waste isolation.

Definitive evaluation's of the adequacy of many of the current risk

assessment models cannot be made'in the absence of validation experiments

performed under realistic conditions. However, the requirements on the

accuracy of models and, thus, the difficulty in demonstrating the

required accuracy, clearly become more stringent as the predicted level

of risk approaches statutory limits. An evaluation of the relative

importance of the various uncertainties and omissions in current models

requires an integratr assessment of all aspects of repository perform-

ance, including the long-term performance of the engineered barriers.

For example, if the expected performance of the engineered barriers alone

provides reasonable assurance that an acceptable level of risk will be

achieved, then uncertainties associated with predictions of radionuclide

transport in groundwater are of little importance. On the other hand, if

the natural geologic barriers are important in demonstrs ing an accept-

adle level of risk, then uncertainties in the geologic environment,

groundwater hydrology, and geochemistry become quite important. As

another example, the importance of ur..:.~-"tainties in retardation in

groundwat'.f or some radionuclides (e.g., Plutonium and americium)

depends significantly on the groundwater travel time between tha

repository and the biosphere.

With regard to the importance of detailed mathematical models in

risk assessments for geologic waste disposal, we note only that the

development of regulatory standards in terms ~f fixed numerical limits

seems to require that models provide quantitative predictions in order to

demonstrate compliance with the standards. Such a requirement might
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eliminate appropriate, but primarily qualitative, physical or conceptual

models from due consideration. The use of probabilistic mathematical

models alsc presents a potential difficulty for fixed numerical standards

if the models predict that a standard would be exceeded with a small but

finite' probability.

We conclude with a few subjective comments on the adequacy of

current risk assessment models for geologic waste disposal.

1. If the safety of geologic waste disposal depends on the perform-

ance of natural geologic barriers, then current understanding of the

significant processes affecting radionuclide transport in groundwater is

insufficient to ensure that mathematical models which are adequate for

risk assessments can be identified.

2. ExtensivQ reliance on current mathematical models to assess long-

term repository performance may not inspire confidence in the results,

because model validation under realistic conditions is generally lacking

and important processes may be misrepresented or left out of account.

The use of increasingly complex models, even for >..iose processes which

are relatively well understood, cannot compensate for the exclusion or

inappropriate treatment of any of the other important processes which are

poorly understood.

3. The inherent complexities of geologic environments provide strong

motivation for developing risk assessment models which are more descrip-

tive than mechanistic, because the objective is to predict the gross

response of a geologic system to an input of radionuclides in ground-

water. Models which integrate over the details of system response, such

as models based on groundwater dating or other observations on natural
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systems,, are thus potentially quite useful in compensating for our lack

of knowledge of geologic, hydrologic, and geochemical processes.

4. The most convincing arguments for the safety of geologic waste

disposal would involve the use of different kinds of models which produce

compatible results, especially if some of the models irvolve observations

on natural systems which are expected to approximate repository

conditions.

It may be a reasonable supposition that repositories in carefully

chosen geologic media can provide safe containment of radioactive wastes.

It is difficult to believe, however, thai many of the current risk

assessment models can demonstrate this safety with a high degree of

confidence. Rather, it seems likely the", subjective scientific judg-

ment and a willingness to accept sc:.c le.el of risk and uncertainty v/ill

always play an important role in the debate over the safety of geologic

waste disposal.
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