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THE ROLE OF PERFORMANCE ASSESSMENT
IN THE

LOW-LEVEL WASTE MANAGEMENT PROGRAM
OF THE APPALACHIAN COMPACT
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Harrisburg, PA 17120

and

Donald Jacobs
Roy F. Weston, Inc.

Weston Way
West Chester, PA 19380

1. INTRODUCTION

This paper presents Pennsylvania's view of the role of performance
assessment in establishing and implementing a program for the develop-
ment of a regional waste disposal site. Performance assessment is the
set of techniques and procedures used to determine whether or not the
facility will comply with the performance objectives and license
requirements. The techniques and procedures used may range in
formality from professional judgement to rigorously developed and
documented computer codes. Pennsylvania views performance assessment
as having a broad role in the decision making process for low-level
waste management in all phases of the life cycle of a facility.

2. USERS OF PERFORMANCE ASSESSMENT

The overall goal in the siting, design, operation, and closure of
a low-level radioactive waste disposal facility is to manage the
wastes in a manner that provides continued protection of human health
and environmental quality for the hazardous lifetime of the waste.
Performance assessment is an important tool for ensuring that the
planning, development, and regulatory oversight at each step of the
facility's life cycle is conducted in a comprehensive and consistent
manner. The performance assessment process considers how the charac-
teristics of the disposal facility, (i.e. site geohydrology, meteor-
ology, facility design) and source term (i.e. chemical, physical and
radiological properties of contaminants of concern), interact to
determine the likelihood that the facility will comply with specified
performance objectives. It is a predictive tool used to guide the
development of regulations, data collection and decision making
throughout the facility life cycle.



Performance assessment plays a role in each of these stages and
examples will be presented later in this paper. The role of perfor-
mance assessment and the techniques applied change significantly as
the facility moves from one stage in the life cycle to the next. It
will be used by the operator in site selection, design, construction,
operation and closure process. It will also be used by The Department
of Environmental Resources (DER) in exercising its regulatory over-
sight responsibilities.

2.1 The Operator

The Commonwealth of Pennsylvania will select a contractor to site,
develop, and operate a low-level radioactive waste disposal facility.
The major uses of performance assessment by the contractor include:

o Site screening.

o Disposal method selection.

o Site characterization.

o Preparation of the license application package.

o Evaluation and verification of site and facility operation
performance.

o Determination of the need and selection of methods for any
corrective or remedial actions that may be needed.

o Selection of procedures for site closure and performance
monitoring during the institutional control period.

2.2 Use of Performance Assessment by the Regulator

The major uses of performance assessment by the regulator include:

o Development of the legislative and regulatory framework to
include risk-based performance objectives.

o Operator selection.

o Review of the license application.

o Regulatory oversight of facility operation and performance.

o Determination of "trigger levels" for corrective or remedial
actions.

o Review of site closure plans.

o Determination of the necessary duration of the institutional
control period and of the performance monitoring needs during
this period.



Pennsylvania, as the host state for the Appalachian Compact, has
developed the legislation and a regulatory framework for controlling
the various stages of development and operation of its low-level
radioactive waste disposal facility. DER has been the facilitator in
getting the process started. Once an operator is selected, DER will
assume its role as the regulator and it will provide guidance to the
operator on the role and expectations of the application of
performance assessment. DER will also use performance assessment as a
tool in its regulatory oversight function which will extend throughout
the period of institutional control.

3. KEY ROLES OF PERFORMANCE ASSESSMENT IN LOW-LEVEL WASTE MANAGEMENT

A carefully developed protocol for performance assessment can be a
useful tool for both the regulator and the site operator. It provides
a consistent means for establishing regulatory requirements and
demonstrating compliance with these requirements. From the regula-
tor's perspective it can be used to ensure that the operator is
focused on the appropriate issues, so that there are no surprises when
a license application is received. Performance assessment can also be
used by the operator to guide the gathering of data, and prepare a
license application to predict and evaluate the performance of the
facility. Specific applications of performance assessment in the key
stages of the LLW disposal facility life cycle are discussed in the
following sections and summarized in tabular form in Appendix A.

3.1 Decision Making

Performance assessment is an important tool to use in supporting
the decision making process throughout the full life cycle of a
low-level radioactive waste disposal facility, beginning with the
development of regulations, regulatory guidance and other facets of
the regulatory framework.

The regulatory authority must develop regulations which are
technically sound with respect to specified performance objectives and
which provide guidance on the selection of an appropriate site and
disposal method to satisfy these performance objectives. Performance
assessment is an important tool in this process to establish and
justify risk-based performance objectives, to relate site/method
selection guidance to the impact on performance, and to establish and
justify allowable residual radionuclide concentration levels.
Limitations in the use of performance assessment include the
uncertainties in relating health impacts to exposure, the complexity
and uncertainty of relationships between measurable parameters and
performance, the wide potential ranges of site-specific environmental
parameters which may influence performance, and the lack of widely
accepted exposure scenarios.



Key decisions that can be supported by performance assessment
include:

o Site and method selection,

o Site characterization,

o Licensing the facility.

o Verification of facility performance with licensing
conditions.

o Projecting monitoring information to estimate long-term
performance.

o Termination of institutional control.

3.2 Site and Method Selection

The site selection process must be designed to ensure that the
selected site will contribute to the satisfactory performance of the
disposal facility. Exclusionary criteria may be specified for condi-
tions that would render a site unsuitable for further consideration.
Performance assessment can be used to provide a justification for such
exclusionary criteria, and to identify and evaluate other important
parameters influencing site performance. Following the initial site
screening, on the basis of the exclusionary criteria, intercomparison
of the projected performance of remaining potentially suitable sites
should be performed using simplified screening-level models initially,
and then progressing to more sophisticated models as the field of
candidate sites narrows. The use of screening models in the site
selection process is essential due to the large data requirements of
the more detailed models and the prohibitive difficulty and expense of
assembling large quantities of site-specific data for all candidate
sites. Use of a comprehensive set of models, such as the PRESTO suite
of codes which have a uniform level of complexity, is necessary to
assure that each site, method, and pathway is evaluated at a compara-
ble level and that final selection is not biased due to an unseen
degree of conservatism that can be introduced when the models vary in
complexity.

Potentially acceptable disposal methods and engineering designs
should be evaluated to assure that site and method selection decisions
are compatible and that there is a defensible analysis to support
those decisions. Performance assessment can be used to evaluate the
projected performance of candidate disposal system designs in terms of
potential radionuclide releases and exposures, identify important
parameters which influence system performance, and permit quantitative
intercomparison of candidate methods. The lack of long-term operating
experience and data for most disposal system designs other than
traditional shallow land burial introduces a significant source of
uncertainty in predictions regarding engineered containment and the
source terms upon which environmental transport must be based.



3.3 Site and Method Characterization

In a sense, the development of exclusionary and site screening
criteria is an exercise in performance assessment. In most cases,
technical experts identify "surrogate11 or "proxy" criteria that can be
readily applied in the site selection process. The technical experts
base their recommendations on past experience on how these site
characteristics are likely to influence site performance. For exam-
ple, the travel time for a contaminant to move from the soil surface
into the saturated ground water zone depends upon a combination of
distance to travel, soil permeability, the incident precipitation (or
hydraulic driving force), and the contaminant interactions with the
soil materials. For site screening, selection criterion may be based
on those factors for which there are available data bases, such as the
depth to ground water, incident rates of precipitation (or precipita-
tion minus evapotranspiration), and soil permeability. Later, as the
number of sites are reduced, these surrogate criteria can be replaced
by progressively more realistic but more complex calculations.

Performance assessment provides a systematic basis for
identification of the needs essential for licensing related to:

o Critical issues;

o Data procurement; and

o Research and development support.

A sensitivity analysis of performance assessment calculations can
be used to identify the critical contaminants, their critical routes
of release and migration pathways, and the critical exposure modes.
These important issues should be given special attention in the
performance assessment and during site characterization. This can be
done by using complex models to more accurately depict actual behavior
along the critical pathways. Screening models can often use regional-
ly applicable data, but the more complex models require input of
site-specific data. Procurement of site-specific data during site
characterization should be driven by the need to conduct the detailed
performance assessment or to meet specific regulatory requirements.

In some cases, even the collection of site-specific data is not
sufficient to support the performance assessment and research and
development (R & D) may be necessary to supply the missing informa-
tion. For example, it may be necessary to study the behavior of
critical radionluclides under the environmental conditions prevalent at
the site. If the chemical behavior of the radionuclide is simple, it
may only be necessary to measure the site-specific distribution
coefficients. However, if the chemical behavior is complex it may be
necessary to determine the distribution of chemical species of the
radionuclide as well. i



3.4 License Application

The generally accepted role of performance assessment is to
support the license application. The principal objectives of the
license application are:

o to demonstrate that the proposed facility will meet the
performance objectives of 10 CFR Part 61 and state regula-
tions (i.e., dose limits for the public, workers, and in-
truders, and long-term stability) and

o to provide an intercomparison of alternatives so that it can
be demonstrated that no other alternative offers significant
advantages over the preferred alternative.

The NRC has developed guidelines for the preparation and review of
a license package for a low-level radioactive waste disposal facility.
The guidance is presented in:

o NUREG-1199, "Standard Format and Content of a License
Application for a Low-Level Radioactive Waste Disposal
Facility - Safety Analysis Report, Revision 1," January 1988.

o NUREG-1200, "Standard Review Plan for the Review of a License
Application for a Low-Level Radioactive Waste Disposal
Facility - Safety Analysis Report, Revision 1," January 1988.

o NUREG-1300, "Environmental Standard Review Plan for the
Review of a License Application for a Low-Level Radioactive
Waste Disposal facility - Environmental Report," April 1987.

o Regulatory Guide 4.18, "Standard Format and Content of
Environmental Reports for Near-Surface Disposal of
Radioactive Waste."

The above guidance describes the material which must be included
in the license application package and identifies the review
procedures and acceptance criteria for the various items.

Predictions regarding compliance with specified performance
objectives at the license application stage require comprehensive
multimedia environmental transport modeling and dose calculations to
evaluate public and intruder exposures, ALARA evaluations of
occupational exposures, and geotechnical evaluations of long-term
stability and intrusion protection.

The license application must be supported by a Safety Analysis
Report and an Environmental Reiport which present analyses in
sufficient detail to demonstrate jthe licensability of the proposed
facility. The Safety Analysis Report should include a technical
performance assessment of the selected method which describes the



operation, including procedures used to protect the workers,
procedures used to limit releases, tha projected modes and levels of
radionuclide releases, and potential mitigative measures. The Environ-
mental Report should summarize the description of the facility and its
environmental setting, and present the results of a performance
assessment to predict the impact of releases from the facility on
public health and environmental quality. These assessments must
include consideration of the proposed action and also of viable
alternatives. Any action taken by the regulatory agency to issue or
to deny a license must be fully defensible in public hearings and in
courts of law.

3.5 Post-Licensing Activities

After the site has been licensed, the performance assessment
protocols can be used as a basis to:

o Design the performance, effluent, and environmental
monitoring programs;

o Evaluate facility performance;

o Refine criteria for corrective or remedial actions which
may be needed should the facility fail to meet
performance objectives;

o Refine guidelines for facility closure and for
performance monitoring during the institutional control
period; and

o Determine the necessary duration of the institutional
control period.

The performance, effluent, and environmental monitoring programs
must be designed to demonstrate that the facility is operating in
compliance with the performance objectives. Performance objectives
are stated in terms which are not directly measurable (e.g., dose or
site stability). Therefore mathematical models are required to
translate the performance objectives into more directly measurable
parameters. The performance assessment used to support the license
application can be used to identify the parameters that need to be
measured to confirm the predicted behavior. As the facility conti-
nues to operate, predictions of behavior are gradually replaced by
evaluations of the actual performance. During operations, the
continued improvement in knowledge of the source term, facility
operations, and site characteristics should result in refinements in
the input parameters and reflect continued improvement in the ability
to predict future behavior. By the end of the operating lifetime of
the facility, it should be possible to significantly narrow the
confidence limits on predictions of future behavior.



If any aspect of the disposal facility does not comply with the
regulatory requirements, corrective or remedial actions may be
required. Performance assessment plays a role in this process through
the development of "trigger levels" for specific measurable criteria
which would require the initiation of action before the performance
ojectives are exceeded. Performance assessment also provides a means
to evaluate the effectiveness of corrective or remedial actions in
restoring compliance with performance objectives.

Performance evaluations of actual operations should provide a
sound basis for developing site closure plans to assure continued
acceptable performance of the site during the institutional control
period. It should be possible during the period of institutional
control to gradually reduce the performance and environmental
monitoring programs to address only the critical contaminants and
pathways.

4. CURRENT STATUS OF THE APPLICATION OF PERFORMANCE ASSESSMENT

There have been a very large number of mathematical models and
computer codes developed over the past few decades to describe the
migration and dispersion of radionuclides in all environmental media.
The models range in complexity from "rule-of-thumb" calculations,
through simple screening models, such as HELP which essentially
calculates a water balance based on regional conditions, to the
complex numerical models, such as the FEMWATER model which requires
input of substantial amounts of site-specific data and a mainframe
computer to make calculations. NUREG/CR-3332, Radiological
Assessments, September 1983, provides considerable detail on the
calculations of radiation dose for a variety of environmental
transport pathways and exposure modes.

A review of available codes indicates that:

o The codes relate primarily to shallow land burial;
shallow land burial is not permitted in many compacts,
including the Appalachian Compact. Only a few codes,
such as the BARRIER code developed by Rogers and
Associates Engineering, Inc., calculate the performance
of alternative disposal methods, but as yet, these codes
have not been widely applied nor have they been
validated. Further, there is little or no operating
experience for most of the alternative methods and thus
no direct means for validation.

o The codes deal primarily with the environmental
transport processes; there are no codes listed which
predict the rates and levels of release from the
facility. This means that subjective judgements are
required regarding j the levels, rates, and modes of
release.



o Many of the codes are rather complex. Simple screening
codes, such as HELP, may be useful in regional screening
exercises involving specific areas or large numbers of
sites.

o Few if any of the codes listed address the operating
performance of an engineered facility or the long-term
stability of the site.

In summary, it appears that we can adequately predict multi-media
migration and dispersion of contaminants once they are released into
the environment, using either the comprehensive suites of models, such
as PRESTO, or the various individual or multi-media transport codes,
such as CRRIS, AIRDOS, ISC, CREAMS, or FEMWASTE. However, our capa-
bility to predict the rate and modes of release from engineered
facilities is not well developed nor is there an adequate experience
base to validate the results.

Most of the models listed in Table 1 require substantial input of
site-specific data. Such data may hot be readily available, may be
costly to obtain, or may lack the precision necessary to provide the
desired level of precision in the results. We need a set of widely
accepted screening models for initial screening exercises and to
identify the areas of performance assessment which require more
detailed attention.

, 5. FILLING THE GAPS

One of the more serious limitations in the. application of
performance assessment lies in the fact that the performance
objectives are stated in terms of radiation dose equivalents or in
other terms which are not directly measurable. Thus the performance
objectives need to be translated into performance criteria which can
serve as proxies (typically, criteria related to site charactaristics
or radionuclide concentrations in environmental media). However, the
relationship between the environmental concentration of a given
radionuclide and dose is highly dependent on the exposure scenario and
conditions assumed, and therefore highly site-specific.

Other significant limitations on the use of performance assessment
include the lack of long-term operating experience for most disposal
system concepts other than traditional shallow-land burial; the lack ,
of data and models for evaluating failure rates and radionuclide
releases from these facilities; and the uncertainties in the long-term
geophysical and climatological characteristics of a selected site.
Also there is little experience in relating specific operational
parameters to long-term stability. ,; These limitations can only be
addressed through additional research. ,

Performance assessments conducted for long time periods must also
address the question of how to interpret dose commitments integrated



over long times. The integration of a great many "trivial" individual
doses to yield a "significant91 collective dose commitment does not
appear justified, and such advisory groups as the ICRP and NCRP have
recently recommended cutoff values for collective dose integrations.

In view of these limitations, "How do we fill the gaps?"

He have to remember that mathematical models are simplified
representations of reality. Thus, there ,must be ongoing efforts to
improve our understanding \of the processes being modeled. One of the
major challenges in developing mathematical models is to achieve the
proper balance between the infinite amount of detail required to
handle all of the possibilites occurring in nature while keeping the
model simple enough to permit its widespread use.

We need to develop models to realistically predict the behavior of
the disposal concepts we actually plan to use. Every computer code
should be verified to show that they properly execute the calcula-
tions. Further, the models need to be broadly applied and refined to
reflect the input from a wide range of users and critics. Finally,
the models need to be validated on the basis of actual field opera-
tions. In many cases we can't wait to validate all aspects of the
model. In such cases - for example, we cannot directly verify the
performance of "500 year" concrete - it will be necessary to rely upon
the results of R & D activities, accelerated testing programs, or
consensus professional opinion and then monitor the performance of the
concrete during the lifetime of the facility, or until its capacity as
a barrier is no longer needed.

Another major action is to improve our "comfort level" with
performance assessments through technical information exchanges such
as this meeting. We understand that DOE plans to establish an
"oversight" committee to provide guidance for conducting performance
assessments to assure compliance with DOE Order 5820.2 performance
objectives. It would be very helpful to the Compacts if they could
participate in these discussions. This would be a useful forum for
identifying common problems and limitations in performance
assessments, for exchanging technical viewpoints with respect to the
relative merits and applications of specific codes, for identifying
measures that could be taken to reduce the uncertainties in the
output, and for intercomparison of various codes when applied to
sample problems.

6. CONCLUSIONS

Performance assessment is an important tool for the planning,
operation, and regulatory oversight of low-level radioactive waste
disposal facilities. It has applications for both the regulator and
operator during all stages of the disposal facility life cycle. The
basic goal of performance assessment is to demonstrate compliance (or
noncompliance) with specified performance objectives; in practice this
is accomplished by translation of performance objectives specified in

10



terms which cannot be directly measured to assess compliance (i.e.,
dose) into proxies which are directly measurable. In order to
accomplish this objective the performance assessment methodology must
be:

o Comprehensive - all significant migration pathways and
exposure modes should be addressed.

o Consistent - the various pathways and exposure modes
should be addressed in a manner that does not bias the
results.

o Conservative - the assessment should not significantly
underestimate potential levels of risk.

o Reasonable - the scenarios, models, and input parameters
should be fully defensible.

While performance assessment is a useful and necessary tool to
support technical decisions, it also has important limitations and
potential for misuse. The models, datap and scenarios used in the
assessment should possess the characteristics noted above to promote
proper application, and all uncertainties and limitations of the
performance assessment process should be understood and carefully
stated.

In conducting these performance assessments, we will use the tools
that are currently available but we need to develop them further. For
example, there is a critical need to develop more capability to assess
the long-term performance of engineered facilities. Until this and
other problems are identified and properly assessed, it will be very
difficult to develp a defensible performance assessment methodology.

11



APPENDIX A

The Role and Application of Performance
Assessment in the Various Stages of Low-
Level Radioactive Haste Disposal.
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REGULATORY FRAMEWORK

REGULATOR OPERATOR

Objectives

To develop draft regulations which are technically sound with respect to specified
performance objectives and regulatory guidance to satisfy the performance objectives.

Role/Application

1. To establish and justify risk based
performance objectives.

2. To create technical criteria that
demonstrate compliance with performance objectives.

3. Establish and justify allowable residual
concentration levels (ARCL).

Limitations

1. Diverse range of environmental parameters that
t-> may influence performance.

2. Complex relationships between measurable para-
meters and performance.

3. Lack of reasonable widely accepted exposure
scenarios.

4. Lack of precision in data bases relating health
impacts to exposure (doses).
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OPERATOR SELECTION

REGULATOR OPERATOR

Objectives

To specify a work statement to assure To develop a facility which will meet the

that the proposed site and facility will meet the performance objectives and be cost-effective
the performance objectives and to establish in resource requirements,
evaluation parameters to determine the adequacy
of the proposal.

Role/Application

1. To identify and justify significant parameters 1. To relate disposal facility performance to specific and
influencing disposal facility performance. measurable criteria.

2. To develop a checklist to ensure that all 2. To assure that the technical approach is comprehensive

parameters are addressed in the scope of work in addressing issues related to facility performance.

and in the technical proposal.

Limitations

1. Hay not allow adequate development of performance assessment protocols.



SITE SELECTION

REGULATOR OPERATOR

Objectives

To assure the selection of a site that will contribute to the satisfactory performance of the -facility.

Role/Application

1. To provide justification for exclusionary 1. To provide justification for exclusionary

criteria inposed by regulations. criteria imposed by the operator for technical

reasons.

2. To provide a framework for reviewing pro- 2. To support the rationale for weighting/sealing
posed site selection criteria of the factors to rank sites.
operator.

3. To provide a method for quantitative intercomparison

of the likely performance of alternative sites.

it. To identify site-specific parameters to be measured

during site characterization.

5. To identify potential "fatal flaws" to be detected
during site "walkovers."

6. To identify so as to avoid activities during site
characterization that might compromise performance.

Limitations

1. Performance objectives must be translated into more directly measurable criteria.

2. May appear to give too little consideration to "non-technical" concerns of the public.

3. Site characteristics may vary from point to point within the site and with time.



METHOO SELECTION

REGULATOR OPERATOR
Objectives

To assure that a broad range of potentially To assure that the selected method will meet

acceptable methods are considered and that no performance objectives in a cost-effective

methods are arbitrarily excluded from con- manner,

sideration.

Hole/Application

1. To provide justification for exclusion of 1. To support the rationale for weighting/scaling
specific methods by legislative or regulatory factors to rank methods.

action.

2. To provide a framework for reviewing 2. To provide a method for quantitative intercomparison
method selection activities of the operator. of alternative methods.

3. To provide justification for terminating

further consideration of a potential method.
i—•
at

I*. To identify parameters which directly influence
performance.

5. To quantify potential releases and exposures arising
from operation of the facility.

6. To identify and develop contingencies for design factors which may

adversely affect performance.

Limitations

1. Experience related to engineered disposal methods is limited.

2. Methods for performance assessment of engineered low-level waste disposal methods are not fully developed.

3. The actual operating performance of the facility may not be directly related to the measurable performance of a single design factor.



SITE CHARACTERIZATION

REGULATOR OPERATOR

Objectives

To assure that the site is adequately characterized with respect to those parameters which significantly influence
the projected performance of the facility.

Role/Appl ication

1. To provide a consistent basis for evaluating 1. To provide a consistent means to identify specific
the adequacy of the proposed site. parameters to be measured during site characterization.

2. To provide a framework for independent 2. To identify site-specific parameters critical to
evaluation of alternative sites. facility performance so that they can receive

special attention during site characterization.

3. To identify potential "fatal flaws" that need to be
recognized during site characterization.

4. To identify the confidence levels required for
site-specific parameter measurements.

5. To identify so as to avoid activities during site
characterization that might compromise performance.

Limitations

1. May appear to give too little consideration to "non-technical" concerns of the public.

2. The migration of contaminants and stability of the site may be significantly influenced by parameters not directly
used as input into the performance assessment.

3. Site characteristics may differ considerably at different locations on the site and may vary significantly with time.

4. It is difficult to adequately account for low probability, drastic events which are not observed during site characterization.



LICENSE APPLICATION

00

REGULATOR

To provide a basis for the objective
evaluation of the license application
package and for issuing or denying a
license.

OPERATOR

Objectives

To assure that the license application
package contains adequate demonstration and
justification that the proposed facility
will meet all performance objectives and
is defensible in legal forums.

Role/Application

1. To provide a detailed analysis to support
preparation of

- the license application
• the Safety Analysis Report
- the Environmental Report

1. To develop the specifications

for a license application package.

2. To provide an objective basis for review
of the license application package.

3. To provide a detailed analysis to support
preparation of an EIS.

4. To justify a decision to issue/deny a license
application.

Limitations

1. Use of conservative scenarios and input parameters may indicate higher levels of exposure than will be
actually experienced.

2. Assessment models and operating experience for engineered facilities are limited.

3. Some of the performance objectives are expressed in terms that are not directly measurable.



FACILITY OPERATION

REGULATOR OPERATOR
Objectives

To determine whether or not the site is To establish a monitoring system to demonstrate
meeting the performance objectives. that the facility is meeting performance objectives.

Role/Application

1. To conduct an independent evaluation of 1. To provide a sound technical basis for the design
facility performance based on information and implementation of performance, effluent, and
provided by the operator and from independent environmental monitoring systems,
measurements.

\o 2. To evaluate the adequacy of the operator's 2. To provide a comprehensive and consistent
protocols for monitoring facility performance, framework for evaluation of monitoring results,
and the environment.

3. To provide early warning of potential for 3. To provide an early warning of potential for
non-compliance with performance objectives. non-compliance.

4. Provide a framework for continuing evaluation
of site performance and projected long-term
performance.

Limitation

1. Some of the performance objectives are expressed in terms that are not directly measurable.

2. Multi-chain calculations give rise to large ranges of uncertainty in calculated exposures, doses, and
health effects • sensitivity analyses are required.

3. There is a lack of precision in databases relating exposures to health impacts.



CORRECTIVE OR REMEDIAL ACTION

REGULATOR OPERATOR

Objectives

To justify action levels which would To establish early warning levels to aliow
require the operator to initiate corrective or intervention before legal action levels for
remedial action. corrective or remedial action are exceeded.

Role/Apotication

1. To identify and justify regulatory action 1. To identify critical pathways and operating
for corrective or remedial action. parameters that result in potential non-compliance.

2. To evaluate the potential effectiveness 2. To identify and evaluate potentially useful

Q of corrective or remedial actions proposed by the corrective or remedial actions.
operator.

3. To evaluate the significance to public health 3. To establish a basis for monitoring performance
and environmental quality if action levels of corrective or remedial action.
are exceeded.

4. To justify regulatory intervention.

Limitations

1. Limited experience with engineered disposal systems increases the uncertainty in selecting appropriate
corrective or remedial actions.

2. It is difficult to adequately account for low probability, drastic events.

3. Projections of long-term behavior are uncertain as site conditions may change.



SITE CLOSURE AND INSTITUTIONAL CONTROL

REGULATOR OPERATOR

Objectives

To justify specifications for site closure To provide a basis for site closure and assuring
plans, transfer to custodial agency and for performance objectives will be met through the
termination of institutional control. institutional control period

Role/Application

1. To support and justify specifications for 1. To support selection of procedures for site closure,
site closure plans.

•-1 2. To justify the transfer of license responsi- 2. To identify site features which may require periodic
bility to a custodial agency. attention during the institutional control period.

3. To determine the requirements for and 3. To demonstrate acceptable, long-term performance on

duration of institutional control. the basis of monitoring results and operational experience.

4. To justify termination of institutional control.

Limitations

1. Projected behavior over long periods of time has a large range of uncertainty.

2. Site and facility degradation may result from unforeseen events.



THE ROLE OF PERFORMANCE ASSESSMENT IN THE EVALUATION OF
REMEDIAL ACTION ALTERNATIVES FOR THF RADIOACTIVE HASTE MANAGEMENT

COMPLEX (RWMC) AT THE IDAHO NATIONAL ENGINEERING LABORATORY

A. S. Rood
M. J. Case

EG&G Idaho Inc
Idaho National Engineering Laboratory

Idaho Falls Idaho 83415

ABSTRACT

The Idaho National Engineering Laboratory (INEL) is operated by the
Department of Energy (DOE) and is involved in nuclear research and
development. The Radioactive Waste Management Complex (RWMC) at the
INEL serves as a disposal facility for low level radioactive wastes
generated onsite. Transuranic (TRU) wastes received from other DOE
sites are currently stored at the RWMC, but were buried at the facility
from 1952 until 1970. Recent findings of the Subsurface Investigations
Program have determined that migration of TRU nuclides and hazardous
materials from the RWMC has occurred. The primary source of organics in
the buried TRU waste was generated by the Rocky Flats Plant.

The INEL has proposed an aggressive four-year action plan for buried
TRU waste. As a part of this plan, a task has been identified to
evaluate existing remedial technologies for preventing further
contaminant migration or removing the source of TRU radionuclides and
nonradioactive hazardous material from the RWMC. A systems approach is
being applied to evaluate, compare and recommend technologies or
combinations of technologies. One criterion used in the evaluation is
the net risk reduction afforded by each proposed remedial action. The
method used to develop the criterion relies on models to assess the
potential pathways and scenarios for the migration of radioactive and
nonradioactive materials and the subsequent exposure of individuals to
those materials. This paper describes the approach used to assess the
performance of various remedial actions and the results obtained to
date.

INTRODUCTION

The Idaho National Engineering Laboratory's Radioactive Waste Management
Complex (RWMC) has been a disposal facility for low level and TRU waste
since 1952. The complex has received waste from generators both on and
off site including the Rocky Flats Plant. Waste from the Rocky Flats
Plant has included 88,400 gal. of chlorinated organic solvents that
contain cuttings generated by machining plutonium. Disposal of this
waste took place over a period of 5 years beginning in 1965. Past
disposal practices are not acceptable by current standards because they
were not designed for waste isolation and containment. As a result,
many of the 55 gallon drums containing the organic waste and plutonium
were breached and began leaking. Environmental surveys [1] have
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detected measurable quantities of chlorinated organics in the soil gas
and the Snake River Aquifer which lies 176 m (580 ft) below the
facility. In addition, plutonium has been detected in an interbed, 33 m
(110 ft) below the disposal pits.

The purpose of this paper is to demonstrate how performance assessment
techniques can be applied to an existing waste site to: 1) understand
the nature and extent of the waste migration problem; 2} design
remediation measures that are cost efficient and effective in removing
both radionuclides and organic compounds. Emphasis will be placed on
organic remediation measures since recent efforts have focused on this
aspect.

FACILITY DESCRIPTION

The Radioactive Waste Management Complex is located in Southeastern
Idaho at the Idaho National Engineering Laboratory (Figure 1). It
comprises approximately 40 hectares of level ground in a shallow
depression. The disposal site is about 1500 m above mean sea level and
is enclosed on three sides by low hills. The central and lowest part of
this depression is where the burial ground is situated. The surface
consists of heterogeneous water and wind deposited sediments, consisting
of clay, silt, sand and gravel. The burial ground is underlain by more
than 183 m of relatively thin basalt flows interbedded with lacustrine,
fluvial and windblown sediments (Figure 2). The layers are
approximately horizontal. Laboratory determinations indicate that the
total porosity of the basalts range between 6 and 25% [2]. The site
receives an average of about 20 cm of precipitation per year with a
range of 13 to 36 cm per year. Surface vegetation includes sagebrush
and scrub pine.

The Snake River Plain Aquifer, whose surface lies at a depth of
approximately 176 meters (580 ft), consists of basalt flows, volcanic
ash and sedimentry interbeds. Flow is primarily toward the southwest.
However, during wet years, the flow has been observed to reverse itself
due to recharge from the Big Lost River which lies to the west of the
facility [3].

WASTE DISPOSAL

Historical records indicate that about 88,400 gallons of mixed organic
wastes were disposed of at the RWMC during a five year period between
1966 and 1970. The waste was emplaced in sealed 55 gallon steel
containers after being sorbed with calcium silicate. The estimated
inventory of organic wastes deposited during the five year period is
presented in Table 1. The waste containers were buried in trenches and
pits within an enclosed area. Some trenches and pits were originally
excavated down to the irregular surface of the basalt while others
maintained a thin covering of soil over the basalt surface. The waste
was buried at an average depth of 2.5 meters.

Radionuclides consist primarily of 60Co, 1 3 7Cs, 90Sr, 2 3 9Pu and 241Am
[4], The 50Co is in the form of activated metal components. The
remaining nuclides consisted of contaminated trash and equipment and
were disposed of in cardboard boxes, wooden boxes and steel drums.
Total radioactive waste inventories are presented in Table 2.
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Figure 1. Map of the Radioactive Waste Management Complex
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Table 1. Estimated inventory of organic waste received from the Rocky
Flats Plant.

Compound Inventory (gallons)

1. Carbon Tetrachloride
2. Machine Oil
3. Trichloroethylene
4. Tetrachloroethylene
5. Chloroform
6. 1,1,1- Trichloroethane

2.47E+04
3.89E+04
6.19E+03
6.19E+03
6.19E+03
6.19E+03

Table 2.

Nuclide

Radioactive waste inventories at the RWMC.

Inventory
(Ci)

9.40E+04
1.55E+03
1.06E+03
1.35E+04
4.64E+04

PERFORMANCE ASSESSMENT MODELS

Organic Source Term Modeling

The source for the organic vapor plume was assumed to be primarily from
waste originating from the Rocky Flats Plant. The following transport
pathways were investigated: Vapor phase molecular diffusion; Aqueous
phase transport; Non-aqueous liquid phase transport. Most of the
compounds present had relatively high vapor pressures and scoping
calculations indicated vapor phase transport was a dominant mechanism
in dispersing the contaminants in the vadose zone. Non-aqueous liquid
transport was considered insignificant due to the sorption of the
organics with calcium silicate. The machine oil was not considered in
the model due to its low vapor pressure and high viscosity. Aqueous
phase transport was considered to be a potentially significant process
however early model simulations did not include it. Later simulations
partitioned the organic vapors in the vadose zone into the moisture in
the basalt and interbeds according to the Henry's Law Constant.

Waste retrieval projects have shown that drum integrity could be
approximated by an exponential function. Twenty percent of the drums
were assumed to have failed initially during waste disposal. Once a
drum was breached, all its contents were assumed to be available for
transport from the pit. For modeling purposes the drums and the pit
were treated as two separate compartments.

Loss of the organics from the waste pits was governed by the vapor
pressure of the compound. Pure component vapor pressures were
multiplied by the mole fraction of the compound remaining in the pits
to account for dilution effects. Release rates fluctuated on an annual
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cycle due to the effect temperature variations have on vapor pressure
(Figure 3). A temperature model was used to predict temperature at the
pit depth. The pit was modeled geometrically as a disk with a radius of
100 m and buried 2.5 m below ground surface.

The basic governing equation for the inventory of organic species, i,
that is remaining in the containers at time t is

^ - i xdi n - kd QI (i)

where Qi = the amount of organic species i in containers (moles)

I = waste input rate (moles/s)

Xd.j = the mole fraction of the ith component in containers

rj = the portion of containers which do not fail at burial

kd = the container failure rate constant (s"1)

Six equations (one for each compound) were solved simultaneously using
numeric, 5th order Runge Kutta routine.

Release rates out the top and bottom of the pit were then calculated. A
one dimensional finite difference solution to the transport equation
was then used to calculate flux to the surface and to the ground water.
The code only considered molecular diffusion; scoping calculations
indicated that advection would play a minor role in the migration of
the plume over the long run and this could be represented by increased
dispersivity.

Output from the model shows a dying source from which peak flux to the
surface occurred in 1971. The majority of the release has been to the
surface and has been dispersed into the atmosphere. The remainder of
the organic releases are in the vadose zone. Peak flux to the ground
water is estimated to occur in the year 2015. Measured vadose zone gas
concentrations were within an order of magnitude of the predicted
values (Figure 4).

An analytical solution to the ground water dispersion equation [5] was
used to predict ground water concentrations. Model calibration and
validation was based on measured data in wells in the vicinity of the
RWMC. Some of these wells currently have organic concentrations which
are above the Maximum Contaminant Limit (EPA Superfund Maflual, an
attachment to reference [7]). The results obtained were only valid for
dcwngradient wells since the model did not consider flow reversals as
has been noted to occur. Predicted contaminant levels matched measured
contaminant levels reasonably well for down gradient wells. (Figure 5).
Extended model simulations showed the plume reaching the site boundary
and concentrations in the wells surrounding the RWMC reaching
unacceptable levels.

Air dispersion modeling was performed using a standard Gaussian plume
dispersion model modified for an area source [6]. For simplicity and
conservatism, wind speed and stability class were assumed to remain
constant at 0.1 m/s and Class F respectively. These assumed values
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produced the highest estimated
and the site boundary.

air concentration both at the facility

The health effects associated with ingestion and inhalation of
contaminated water and air were calculated according to a methodology
presented by King [7]. Carcinogenic potency factors and reference dose
values were obtained from the EPA IRIS data base. The receptor was
assumed to inhale all their air (20 nr/d) at the waste site boundary
and ingest all their water (2 1/d) from a production well located east
of the facility. Water and air contaminant concentrations were assumed
to remain constant throughout a 70 year period. For conservatism, the
highest predicted contaminant level was chosen as the constant
concentration for the 70 year period.

Noncarcinogenic health effects were not anticipated however carcinogenic
risk estimates indicated further evaluation was needed. The
carcinogenic inhalation risk to site workers appeared to be of greatest
concern however the very conservative assumptions used in the
calculation suggests inhalation exposure may be less of a health
concern as ingestion of contaminated water. In addition, ground water
contamination has the possibility of moving offsite and exposing
members of the general public. Remediation efforts are currently being
focused on removing the organics in the ground water.

Table 3. Projected ingestion and inhalation health effects for an
individual residing near the RWMC.

Inhalation
Carbon Tetra-
-chioride

(A) ********
IQ\ ********

(C) 2.85E-04
Inqestion

Carbon Tetra-
-chloride
********
1.50E-01
1.37E-05

(A)
(B)
(C)

Trichioro-
ethylene
********
********
3.26E-06

Trichloro-
ethylene
********
********
4.29E-07

Tetrachloro
ethylene
********
********
8.65E-07

Tetrachloro
ethylene
********
1.78E-03
9.07E-07

Chloroform

********
********

Chloroform

********
1.58E-03
1.28E-06

Trichloro
ethane
1.13E-06
1.13E-06

Trichloro
ethane
********
2.59E-04

(A) Non-carcinogenic subchronic hazard index; No anticipated health

effects if value is <1.0

Non-carcinogenic chronic hazard index; No anticipated health

effects if value is <1.0

Carcinogenic risk; 10~*> is the point of departure for

acceptability. The range of 10"* to 10'' may be considered acceptable

depending on the circumstances surrounding the exposure. Less than

10"^ is generally considered acceptable.

(B)

(C)

****** N0 Reference Dose values reported at this time
====== Not considered a carcinogen

No Potency Factor value known at this time
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Radionuciide Modeling

Radionuclide release from the waste facility was modeled as a series of
first order processes. Container integrity, infiltration rates,
subsidence, plant uptake-death and decay, animal transport and
bio-accumulation were pathways that were considered in the model.
Output from the model included a source term for air dispersion and a
release rate into the unsaturated zone. The model was calibrated with
measured concentrations of Z 3 9Pu and 2 4 1Am found in the surficial
sediments above the waste pits. Currently, no model exists for
transport of radionuciides in the unsaturated zone.

Movement of radionuclides downward is assumed to be primarily a result
of water infiltration and leaching in the waste pits; subsidence also
plays a minor role. Detection of plutonium in an interbed, 110 ft from
the surface, suggests that water is the dominant driving force behind
radionuclide migration.

The committed effective dose equivelent was determined for an
individual residing at the waste site boundary (Table 4.). Dose
conversion factors were obtained from ICRP 30 [8]. The calculation
assumed the individual resided for a period of a year at the northeast
corner of the facility and particle resuspension occurred 9 months out
of the year. The plutonium and americium in the soil were assumed to
be uniformly distributed across the facility and distributed equally
among the various particle sizes. The following equation was used to
calculate to dose:

n
D = 2 Cs x Pc x BR x Fr x Fpk x DCFi x WTi (2)

where D = the inhalation dose (mrem/y)
Cs = the activity concentration in soil (uCi/g)
Pc = the air particulate concentration (g/m )
BR = the breathing volume per year [m*/y)
Fr = fraction of time particles are available for resuspension

(0.75)
Fp = fraction of particulate size k of the total particulates
DCF^ = c'ose conversion factor (mrem/uCi, units converted from

ICRP 30 units) for the ith organ
WT-j = The weighting facto*1 for the ith organ,
n = the number of organs
k = the number of particle size classifications

AIRDOS-EPA [9] was used to calculate the committed dose equivalent to an
individual residing at the site boundary. The individual was assumed
to spend 100% of their time at that location. These doses were
compared to regulatory limits set forth by the EPA and NRC. Dose
to the site boundary individual was divided by the EPA limit of 25
mrem/y (whole body dose equivalent, 40 CFR 61 subpart H) and the dose
to the facility boundary worker was divided by the NRC annual limit to
radiation workers of 5 rem/y. Results (Table 4) indicate that the
health risk imposed by surficial Z 3 9Pu and Z41Am contamination at the
RWMC soils is not of great of a concern as the organic constituents

32



since the estimated dose is only a fraction of the regulatory limits.

Table 4. Committed whole body effective doses equivalents for
individuals residing at the facility and site boundary.

Fraction of
Location Z 3 9Pu Z41Am Total Limit

(mrem/y) (mrem/v) (mrem/y)

Facility Boundary 4.5 E-02 5.3 E-01 5.8 E-01 1.2 E-04
Site Boundary 1.2 E-03 1.4 E-02 1.5 E-02 6.0 E-04

REMEDIAL ACTION ALTERNATIVES

Modeling efforts at the RWMC have shown that remediation efforts must
consider both the organics and the radionuclides and must be designed
such that remediation of one component does not compound the hazard
imposed by the other. Base line health effects estimates indicate the
principal health hazard to the general public and workers is
consumption of drinking water contaminated with carbon tetrachloride.
Air dispersion models indicated that air inhalation of organic vapors
and radionuclides released from the cover surface is not a significant
health problem.

Organic waste modeling suggests the majority of the organic source has
already been released, most of it being released to the atmosphere. A
significant quantity however was also released in the vadose zone and
has made its way into the Snake River Aquifer. Based on the modeling
efforts, removal of the waste will do little to solve the organic
problem since most of the organics have already been released. In
addition, worker contamination problems involved with retrieval of
2 3 9Pu and 2 4 1Am waste makes this option much less attractive.

Placing a cap over the waste site will limit water infiltration through
the waste. Assuming water is the principal means by which
radionuclides are transported downward (as a leachate) then the
addition of a cap will restrict downward migration by reducing the
amount of water infiltrating the waste pit. This remediation effort
however will have a negative impact on organic plume migration and in
fact, aggravate the problem. Sealing the top will drive the organic
vapor plume down toward the water table. Model predictions show a
decrease in the surface porosity by an order of magnitude results in a
50% increase in the organic vapor ground water flux. Thus this
remediation effort would only serve to increase the volatile organic
problem, not remediate it.

Purging the ground water of volatile organics and capping the
waste was another remedial measure considered. While this measure
would treat both organics and radionuclides, cleanup efforts would
have to continue for an extended period of time due the presence of the
organic vapor plume in the vadose zone. Model predictions indicate
peak flux to the ground water will occur in the year 2010 and will
continue for 50 years after that point. This will mean water purging
will have to continue for over 100 years. This remediation measure is
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both costly and time consuming but has the advantage that radionuclides
and organics will be treated simultaneously.

The last alternative considered treats both contaminants (organics and
radionuclides). The remediation plan is to first cap the waste
disposal area and then vapor strip the vadose zone beneath it. A
sufficient volume of air will be moved through the vadose zone so that
the plume reduction will occur. The air stripping plan is place
injection wells on the periphery of the waste site and place air
pumping wells over the cap. In this way, non-contaminated air will
replace the contaminated air removed by the pumping wells located over
the cap. The cap restricts the flow of air through the waste and also
prohibits water infiltration into the pits. Engineering studies of this
remediation plan have shown virtual elimination of the plume within a
five year period.

The greatest advantage this remediation technique has over other
techniques is that it treats both radionuclides and organics
simultaneously and in a timely manner.

CONCLUSIONS

The transport model developed for assessment of remedial measures at
the Radioactive Waste Management Complex served to both understand the
nature and the scope of the problem at the facility and design an
integrated approach in cleaning up a mixed waste site that involves
both organic and radioactive waste. This assessment will serve as a
model for the cleanup of other facilities at the Idaho National
Engineering Laboratory where mixed waste is concerned.

REFERENCES

1. Subsurface investigations program at the Radioactive Waste
Management Complex of the Idaho National Engineering Laboratory: Annual
Progress Report: FY-1987. DOE/ID-10183.

2. Johnson, A. I., Laboratory report on the hydrologic and physical
properties, Snake River Basalt, Idaho. Hydrologic Laboratory, U.S.
Geological Survey, Denver, Colorado, 1960.

3. Barraclough, J. T., J.B. Robertson and V.J. Janser, Hydrology of the
solid waste burial ground as related to the potential migration of
radionuclides, Idaho National Engineering Laboratory, US Geological
Survey Open File Report 76-471, 1976.

4. Shuman, R. D., M. J. Case, S. K. Rope, Documentation of a simple
environmental pathways model of the Radioactive Waste Management Complex
at the Idaho National Engineering Laboratory. EGG-WM-6916, 1985

5. Till, J. E., Meyer, H. R. Radiological Assessment. NUREG/CR-3332,
ORNL-5968, 1983.

6. Turner, Workbook of Atmospheric Dispersion. US EPA Atmospheric
Research Center.

34



References (cont.)

7. King, C. M., Marter, W. L., Looney, B. B.» 1986. Methodology and
parameters for assessing human health effects for waste sites at the
Savannah River Plant. Environmental Information Document DPST-86-298

8. ICRP (International Commission on Radiation Protection) Publication
30, Limits for intakes of radionuclides by workers, Oxford: Pergamon
Press, 1979.

9. Moore, R. E., C. F. Baes, L. M. McDowell-Boyer, A. P. Watson, F. 0.
Hoffman, J. C. Pleasant, C. W. Miller, 1979. AIRDOS-EPA: A
computerized methodology for estimating environmental concentrations
and dose to man from airborne releases of radionuclides. Oak Ridge
National Laboratory ORNL-5532.

35



METHODOLOGY FOR ASSESSING PERFORMANCE
OF WASTE MANAGEMENT SYSTEMS

N.K. Meshkov, C.L. Herzenberg, and S.F. Camasta

Argonne National Laboratory
Argonne, Illinois

1 INTRODUCTION

The newly revised draft DOE Order 5820.2, Chapter III, requires that "DOE low-
level waste shall be managed on a systematic basis using the most appropriate
combination of waste generation reduction, segregation, treatment, and disposal
practices so that the radioactive components are contained and the overall cost
effectiveness is minimized." This order expects each site to "prepare and maintain an
overall waste management systems performance assessment supporting the combination
of waste management practices used in generation reduction, segregation, treatment,
packaging, storage, and disposal."

A document prepared by EG&G Idaho, Inc. for the Department of Energy called
"Guidance for Conduct of Waste Management Systems Performance Assessment" (EG&G
Idaho, Inc. 1987) is specifically intended to provide the approach necessary to meet the
systems performance assessment requirement of DOE Order 5820.2, Chapter III, and
other applicable state regulations dealing with LLW. Methods and procedures are needed
for assessing the performance of a waste management system. This report addresses this
need.

The purpose of the methodology provided in this report is to select the optimal
way to manage particular sets of waste streams from generation to disposal in a safe and
cost-effective manner, and thereby assist the DOE LLW managers in complying with the
DOE order 5820.2, Chapter III, and the associated guidance document (EG&G Idaho, Inc.
1987). The methodology described in Sec. 2 is designed to review the entire waste
management system, assess its performance, ensure that the performance objectives are
met, compare different LLW management alternatives, and select the optimal
alternative. The methodology is based on decision analysis approach, in which costs and
risks are considered for various LLW management alternatives, a comparison of costs,
risks, and benefits is made, and an optimal system is selected which minimizes costs and
risks and maximizes benefits. A "zoom-lens" approach is suggested, i.e., one begins by
looking at gross features and gradually proceeds to more and more detail.

Performance assessment requires certain information about the characteristics
of the waste streams and about the various components of the waste management
system. These information needs are addressed in Sec. 3. Waste acceptance criteria
must be known for each component of the waste management system. They are
discussed in Sec. 3.1. Performance assessment for each component requires data about
properties of the waste streams and operational and design characteristics of the
processing or disposal components. These data needs are described in Sec. 3.2. As the
waste stream undergoes processing, some of its characteristics (e.g., volume,
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radionuclide concentrations) may change. These changes must be known in order to carry
out performance assessment at subsequent steps. These properties are described in
Sec. 3.3.

A number of tools suitable for performance assessment are currently in use.
Such tools are models, computer codes, and data bases. Computer codes are discussed in
Sec. 4.1. Section 4.2 discusses additional available tools. Section 5 presents conclusions
and recommendations.

2 ASSESSMENT METHODOLOGY

2.1 WASTE MANAGEMENT SYSTEM GOALS AND PERFORMANCE OBJECTIVES

The goal of a waste management system is to dispose of low-level radioactive
waste in a systematic, safe, and economical manner. The performance objectives that
must be met by a waste management system are (1) protection of public health and
safety, (2) protection of occupational health and safety, and (3) management of low-level
waste in an environmentally sound manner. Compliance with basic radiation criteria for
members of general public and for radiation workers is of prime importance. Such
compliance must be achieved without regard to cost. In addition, detrimental effects
must be reduced to levels that are as low as reasonably achievable (ALARA). Cost
becomes a consideration in judging what further reductions are "reasonably achievable."

A number of federal (DOE, U.S. Environmental Protection Agency [EPA], DOT,
and NRC) state guidelines and regulatory requirements address more specific
performance objectives derived from basic radiation criteria. Examples of such
objectives are radiation dose limits for members of the general public and radiation
workers, dose limits outside of packages containing radioactive waste, and water and air
contamination limits. The waste management system must satisfy all these performance
objectives. Regulatory requirements and performance objectives are summarized in the
guidance document (EG&G Idaho 1987).

In addition, nonradiological hazards may exist because of the presence of various
toxic, flammable, or explosive substances in the waste. Reduction of ncnradiological
detrimental effects to acceptable limits is another important goal of waste management
systems.

2.2 COMPONENTS OF A WASTE MANAGEMENT SYSTEM

The waste management system comprises all components of waste management:
generation, packaging, storage, treatment, transportation, and disposal. A number of
options are available for each of the components The options for the various components
are summarized in Table 1. A more detailed description of various options for the
system components is available elsewhere ( Jolley et al. 1986; Meshkov et al. 1988a) The
various disposal options available are described in detail in a number of reports (e.g.,
Dames and Moore 1985; Gilbert et al. 1986; Rogers and Associates 1987).

2.3 DECISION ANALYSIS APPROACH
Methods for selecting an optimal waste disposal system should be explicit and

quantitative, allowing for clear separation between technical and policy issues. An
adaptation of the benefit-cost-risk analysis recommended by the International
Commission on Radiological Protection (ICRP) for optimization of radiation protection in
the design of installations meets both these requirements (ICRP 1983).
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TABLE 1 Waste Management System Options

GENERATION
Waste minimization

Process innovation
Segregation
Material substitution
Recycling

STORAGE

Storage buildings, with
waste stored in:

LSA containers
Steel drums
Plastic-lined drums
Other type A containers
Type B containers
High-integrity containers
Shielded, built-in cells

Transportable storage
modules

Concrete
Stainless steel
Polyethylene

Storage vaults
Aboveground
Belowground

TREATMENT
Solidification

Sorbents
Cement
Bitumen
Organic polymers
Glass
Smelting

Compaction
Supercompaction
Other mechanical treatment

Sorting and segregation
Shredding
Dismantling
Cutting and sawing
Crushing

Dewatering
Evaporation and drying
Filtration and
ultrafiltration
Reverse osmosis
Electrodialysis
Precipitation

Incineration
Ion exchange
Other chemical treatment
Biological treatment

TRANSPORTATION

Truck
Rail
Barge or ship

DISPOSAL
Shallow trench
Deep trench
Belowground vault
Aboveground vault

Uncovered structure
Earth-mounded concrete
bunker

Mined cavity
Coal mine
Metal mine
Limestone mine
Salt mine
Rock cavity

Augered hole
Hydrofracture

PACKAGING

Low specific activity (LSA)
containers
Type A packaging
Type B packaging
High-integrity containers

Special steel alloys
Polyethylene
Concrete
Composites

2.3.2 Selecting the Optimum Waste Management System

Prior to examining individual steps of the LLW management system at a
particular DOE site, one should consider the system as a whole. The volumes and types
of wastes generated at present and the projections into the future should be examined,
and the disposal capacity of the site should be estimated. In estimating the disposal
capacity, it is useful at first to take no credit for engineered barriers or improved waste
forms. The estimate of the capacity may be done by performing a site-specific pathway
analysis of the disposal site for all the radionuclides present in the waste both currently
in place and to be empiaced in the future. One then proceeds to examining the system
step by step.

A waste management system must be examined waste stream by waste stream in
order to select the best management alternative. For a given waste stream, a waste
management alternative is a particular combination of alternatives for each of the steps
shown in Table 1. For example, a waste stream containing mostly paper products is

38



-

Minimize
Waste at •

Generation

Yes

No

r

Treatment

c
<

Waste Stream

^ ^ Is Reduction^"^
of Waste Generation

V Feasible? ^ s

<

- •

M N O

Suitable (or
Disposal?

\ ^ - '

Packaging

Transportation

Storage

>

>

- -

Disposal

incinerated, its ashes are solidified in
a cement matrix, it is packaged in a
steel drum, stored until short-lived
radionuclides decay away, and trucked
to a shallow-land burial trench for
disposal. Here the treatment
alternative is incineration followed by
solidification in cement, packaging
alternative is a steel drum, storage is
for decay, transportation is by truck,
and the burial option is shallow land.
Other alternatives and combinations
of alternatives could be selected for
this waste stream.

Not all alternatives are
possible for a given waste stream.
For example, waste containing a lot of
water cannot usually be incinerated, it
must be dewatered first. Thus, the
first step in waste management
system is to identify all the feasible
options that are available for its
waste streams. Suitability of a
particular treatment option for a
given waste stream depends on the
properties of the waste stream. Two
types of information are required to
determine the suitability of a
particular option for the waste
stream: (1) waste acceptance criteria
for each option at every step in the LLW management system, and (2) characterization of
the waste stream in sufficient detail to determine whether acceptance criteria are met.

Major steps in the decision process for a particular waste stream are illustrated
in Fig. 1. The first decision point is at the generation step. Is reduction of waste
generation feasible? To answer this question all suitable alternatives for waste
generation reduction must be identified for the particular waste stream, performance
assessment (calculation of benefit, cost, and risk) must be carried out for each
alternative (one of the alternatives, of course, is to do nothing), and the optimal
alternative or a set of alternatives selected. In addition, changes in relevant waste
properties, such as volume, radionuclide content and concentrations, etc., which will
occur as the consequence of waste generation reduction must be determined. These
steps are outlined in Table 2.

One can now proceed to the next decision point: is this waste stream suitable for
disposal? Two issues need to be addressed at this point. First of all, the waste stream
must satisfy acceptance criteria for disposal. If the waste acceptance criteria are not
met, the waste stream must undergo appropriate treatment. Secondly, even if waste
acceptance criteria are met, it may be desirable to treat the waste in order to reduce its
volume.

If it is established that the waste stream should undergo treatment, one proceeds
in a way similar to that for the preceding step. All feasible treatment options must be
identified for this waste stream, performance must be assessed for each feasible option,
and an optimal option or a set of options must be selected on the basis of the

FIGURE 1 Major Steps in the Decision Process
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Table 2 Selection of an Alternative for Waste Management Component

1. Identify all feasible alternatives
2. Assess performance, i.e. estimate costs, benefits, risks
3. Select an optimal alternative or a set of alternatives on the basis of the

performance assessment
4. Determine changes in relevant waste properties (does not apply to disposal)
5. Proceed to the next decision point (or next waste stream in case of disposal)

performance assessment. In order to identify treatment options, one must first establish
the purpose for treatment. Is the purpose volume reduction, increase in physical
stability, reduction of teachability, dewatering, or reduction of chemical or biological
hazards? This step will narrow down the number of treatment options to be considered.
The next step is to see whether the waste stream satisfies waste acceptance criteria for
treatment options under consideration. The feasible treatment alternatives are now
identified. Again, performance assessment must be carried out for each alternative, and
the optimal alternatives are selected on the basis of this performance assessment.

A waste stream may undergo more than one form of treatment. Thus, dewatered
waste may be subsequently incinerated, incinerated waste may be solidified, etc. This is
indicated in Fig. 1 by the arrow going from the treatment box back to the second
decision diamond. When no further treatment is desirable the waste may go to disposal.

The selection of a disposal alternative proceeds in a way similar to that in other
waste management steps. All feasible disposal alternatives must be identified by first
considering the waste acceptance criteria of different disposal options, and by applying
these waste criteria to the waste stream under consideration. Performance assessment
must be carried out, and an optimal alternatives selected. At this point one can proceed
to the next waste stream.

Fig. 1 also shows three other steps prior to treatment and/or disposal; these are
packaging, transportation, and storage. These steps may occur in any order before
and/or after treatment. The decision process for selecting appropriate alternatives for
each of these steps is the same as for the selection of treatment alternatives.

In the decision process outlined above one starts from generation, selects the
optimum generation reduction alternative, proceeds to treatment, selects optimal
treatment alternative, and proceeds in this manner step by step all the way to disposal.
The combination of waste management steps selected in this way will constitute a waste
management system alternative. This will not necessarily be the optimal choice for the
system alternative but it is expected that it will be a good approximation to the best
choice. To be certain one would have to go through a much more complex procedure.

To illustrate how this would be done consider a simplified set of waste
management options. A simplified LLW management system consists of only three steps:
treatment (three options: Tl, T2, T3), packaging (three options: PI, P2, P3), and disposal
(four options: Dl, D2, D3, D4), for a total of 36 system alternatives (3 x 3 x 4). The
selection process in which one proceeds one step at a time picked the set (Tl, PI, Dl). In
other words, after all steps in Table 2.4 were carried out the treatment option Tl is
judged to be preferable to T2 and T3; the packaging option most suitable for the waste
stream after it underwent the treatment Tl is PI, and the best disposal option is Dl. It
is possible that the combination of steps (T3, P2, D3) is preferable to (Tl, PI, Dl) even
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though Tl is better than T3. A more accurate approach would be to do a performance
assessment on all 36 system alternatives and then compare these alternatives, rather
than compare alternatives step by step. This procedure would be much costlier and more
time-consuming.

For the sake of time and money economy, it is proposed here that in a
preliminary analysis a simplified step by step procedure be followed as outlined above.
Once the choice of alternative is narrowed down to a manageable number, a more
accurate selection process may be applied.

The decision process for selecting the optimal LLW management system
alternative provides a basis for data requirements. Data are needed for the waste
stream and for the processing and disposal steps. These data needs will be defined by the
acceptance criteria, performance assessment requirements, and to determine changes in
waste properties during processing.

As will be required in DOE order 5820.2, waste acceptance criteria must be
established for each step alternative (treatment, packaging, transportation, storage, and
disposal) specifying the properties of the waste stream to make it acceptable for the
particular processing and disposal step.

Information requirements for performance assessment include all the data
required for performing cost and risk assessments at all processing steps. The data that
must be known for waste streams include radionuclide quantities and concentrations and
their physical and chemical form. The data requirements for the processing and disposal
steps are specifications of design and operational procedures which determine how the
workers and the public becomes exposed to radionuclides in the waste. Economic data
must be known for cost assessments.

In addition, all the changes in important waste properties must be known for each
processing step. Such changes will include changes in volume, radionuclide
concentrations, structural stability, and chemical and biological form.

2.3.1 Benefit-Cost-Risk Analysis

Selection of a waste management system alternative is based on the principle
that the alternative having the greatest net benefit should be chosen. The net benefit
for alternatives that provide different degrees of radiation protection is is obtained by
subtracting the cost and the risk from the gross benefit (ICRP 1983).

The gross benefit and production costs are incurred as a result of the activities
that produce the waste. For the most part, waste managers are not concerned with
balancing the benefits associated with production of the waste against the costs and risks
of waste management. Therefore, the alternative for which the net benefit is largest
will be the alternative for which the sum of disposal costs and disposal risks is the
smallest.

The risks include detrimental effects from exposure of workers and members of
the general public to radiation from radionuclides at all waste management steps,
industrial accidents, and other socioeconomic and environmental effects associated with
radioactive waste management. They are calculated in appropriate units (e.g., in dose
equivalent units [rems or sieverts] for the effects of radiation and in health effects
[illnesses and fatalities] for industrial accidents). A trade-off factor converts the risks
to monetary units.

The trade-off factor is needed to convert the units associated with different
detrimental effects to a common unit so that the detrimental effects can be aggregated
into a total risk and the total cost and total risk can be summed. The size of the

41



w

0 Cost

FIGURE 2 Cost-Risk Plot for Hypothet-
ical Waste Management Alternatives

trade-off factor is a measure of the level
of societal concern attached to a
particular risk. A large trade-off factor
indicates a willingness to pay a lot for
mitigating a particular risk; a small trade-
off factor shows that less importance is
attached to that risk.

Calculating the risk is a technical
matter, whereas assigning a value to the
trade-off factor is a policy matter. It is
important that a clear separation between
technical and policy issues is maintained.

The number of waste management
alternatives to be considered can be
further reduced by looking at costs and
risks alone, prior to selecting a trade-off
factor. For example, if there are a
number of alternatives with the same
costs but different risks, the alternative
with the lowest risk is the obvious
choice. Similarly, among alternatives
with similar risks but varying costs, the
least costly alternative should be chosen.

A more general result can be obtained by representing all feasible alternatives on
a graph, with the cost plotted along the horizontal axis and the risk along the vertical
axis. Such a graph is shown in Fig. 2 for hypothetical waste management alternatives.
The most desirable alternatives lie on a curve concave upward (solid curve passing
through the circled points). The alternatives above this curve are less desirable than the
circled alternatives, regardless of trade-off factors. Different circled alternatives
correspond to different trade-off factors. Selection of optimum alternative from among
the circled alternatives is a policy decision based on the trade-off factor value chosen.

A similar analysis can be performed for comparing two different types of risks
instead of costs and risks. For example, in Fig. 2 the vertical axis could be the
radiological risk to the general public and the horizontal axis the occupational risk for
the workers. The trade-off factor would then be the measure of the relative weight
assigned to the worker risk versus the risk to the general public. The importance
attributed to the worker risk compared to the risk to general public is again largely a
policy issue and cannot be decided solely on technical basis.

The various risks and costs that should be taken into consideration in con-
structing an objective function for different waste management alternatives are
described in the following sections.

Risks

The harmful effects resulting from exposure to ionizing radiation have been
identified and, when possible, quantified in ICRP (1983, 1984). Nonradiological
detrimental effects may be caused, for example, by hazardous materials present in mixed
waste. Thus, both radiological and nonradiological risks should be included in
assessments of waste management systems.

Any comprehensive checklist of potential nonradiological risks should include
detrimental health effects (i.e., illness, death, or genetic changes), adverse socio-
economic impacts, degradation in environmental quality, and public anxiety.
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Nonradiologieal risks should also include health effects from exposure to hazardous
materials, which is of major concern for mixed waste. The major nonradiological risks
for radioactive waste are expected to result from industrial accidents occurring during
the operations phase of waste management and traffic accidents occurring during waste
transport.

Radiological risks can be divided into two categories — public and occupational.
For each of these categories, one must consider risks due to normal operations and risks
due to accidents, in both the short term and the long term. For the purpose of this
report, risks occurring within 100 years are considered to be short term and those
occurring after 100 years are considered to be long term.

Assessment of radiological risk can, in general, be a very complex procedure.
Scenarios must be established for the ways that humans could be exposed to radiation,
and all exposure pathways must be considered. Detailed descriptions of pathway analysis
calculations are available elsewhere (e.g., Gilbert et al. 1986) and will not be repeated
here. A number of computer codes are available to perform these analyses. The models
used in these calculations often require detailed information including knowledge of site-
specific geology, hydrology, and atmospheric conditions. Therefore, a complete
radiological performance assessment can be a time-consuming and expensive task.

In many steps in the the decision process leading to the selection of the optimal
LLW management system, it is not necessary to assess the risk in such detail or with
great precision. Thus, the radiation dose to workers is primarily from direct gamma
radiation and air-borne contaminants. It is a reasonable assumption to neglect other
exposure pathways. For many phases during the waste management operations, the
worker dose is directly proportional to the number of workers, their mean distance from
the waste, and the average duration of exposure. The product of these three quantities
can provide a rough measure of comparative radiation risk of various processing
alternatives, provided the source term remains the same.

During the operational phase the radiation risk to the public is primarily due to
air-borne contaminants; it is expected to be extremely small and could be neglected in
comparative calculations, because most treatment and disposal facilities are located far
from population centers.

Generic cost and risk estimates are available for a variety of disposal options
(Rogers <5c Associates 1987, 1987a; Pasternak and Cohen 1987). In preliminary selection
of disposal options these generic estimates can be used for comparing the options.

As indicated above, rough assessment of risk can be made by means of very
simple calculations or by using known results. These rough assessments may be sufficient
fo narrowing down waste management alternatives to a small number. However, when a
preliminary choice of alternatives has been made, a complete detailed risk assessment
should be carried out to insure compliance with performance criteria. Such detailed
analysis would have to be site-specific and should include all the possible pathways and
all persons that might be potentially exposed.

Costs

Cost should be estimated for all waste management steps (i.e., generation,
treatment, packaging, storage, transportation, and disposal). Cost estimates should
include capital and operational costs for all the system components and closure and post-
closure maintenance costs for the disposal facility. In addition, the time value of money
and the cost of money need to be considered in these estimates. Tools available for
economic analysis of LLW management systems are summarized in a report by Meshkov
et al. (1988).
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3 DATA REQUIREMENTS FOR THE ASSESSMENT PROCEDURE

Data requirements are determined by waste acceptance criteria, performance
assessment models and property changes during processing. Data are needed on waste
properties and on the technologies used in waste management. Most LLW
characterization schemes in current use (ORNL 1984, DOE 1986, NRC 1982) are based on
the source of the waste rather than on where the waste is going. For performance
assessment purposes the latter approach is more desirable. The need for better waste
characterization has been recognized by DOE and addressed in the DOE order 5820.2. A
step in this direction has been taken in the REGINALT system. The data tables for each
waste stream category contain a family of more than 50 parameters characterizing the
physical, chemical, radiological, and other properties of the waste.

3.1 WASTE ACCEPTANCE FOR EACH STEP

Waste acceptance criteria must be known for each stage of the management
process, i.e., for treatment, packaging, storage, transportation, and disposal. The
acceptance criteria will depend on the materials and processes. For example, explosive
material classified as low-level radioactive waste would be unsuitable for treatment by
incineration, and acidic material would be unsuitable for packaging in steel drums.

Waste acceptance criteria will be required by DOE Order 5820.2A (DOE 1988).
These criteria are to address the allowable quantities or concentrations of specific
radioisotopes to be handled, processed, stored, or disposed of, and other physical,
chemical, and radiological properties of the waste.

3.1.1 Waste Acceptance for Treatment Options
Waste acceptance criteria for some treatment options are available in the

REGINALT Project Information System (PINS), the technical database system designed
to complement the REGINALT analysis syst?m (DOE 1986). The treatment options
considered in REGINALT are supercompaction, solidification in concrete or bitumen, in-
plant sizing, and incineration. The acceptance criteria are in the form of exclusion
statements specifying waste properties that would make the waste unacceptable for
treatment, and warning statements specifying waste properties that may cause problems
in treatment.

Methods of treatment of liquid, wet, and solid wastes are described by Gilmore
(1977) and the NLLRWMP (1984). A methodology for selection of processing techniques
for low-level waste has been developed that considers the generic physical forms of the
waste and the regulatory constraints related to transportation, packaging, and land
disposal (NLLRWMP 1984).

3.1.2 Waste Acceptance for Packaging Options
Waste acceptance criteria for packaging originate from the need to ensure that

dispersion of contamination should not occur. Transportation and packaging criteria and
standards are outlined in the Code of Federal Regulations (10 CFR 71 and 49 CFR 170-
189). Criteria for packaging and shipping of low-level defense waste for particular
disposal sites can be found in waste acceptance criteria documents from the site in
question (e.g., INEL Low-Level Radioactive Waste Acceptance Criteria [INEL 1987]).

3.1.3 Waste Acceptance for Storage Options
In general, waste requires packaging prior to storage, and the packaging should

be appropriate to the anticipated conditions and duration of storage. It appears that
specific criteria for waste acceptance for storage are not now in place at all DOE
facilities. However, DOE Order 5820.2A requires that waste acceptance criteria are to
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be established for each low-level waste storage facility and be submitted to the
cognizant field organization.

3.1.4 Waste Acceptance for Transportation Options

Federal, state, and site-specific regulations may apply to the shipment of low-
level radioactive waste to various federal disposal sites. Regulation of the transport of
radioactive materials is covered in the Code of Federal Regulations, Title 49, Parts 100
to 199; 49 CFR 173.389 through 173.398 in particular provide information on waste
acceptance and packaging criteria. Packaging is necessary prior to transportation, and
the transport regulations place constraints on the type of packages which can be used.
Additional regulation of low-level radioactive waste shipments is detailed in DOE Order
5820.2A and includes compliance with labeling requirements of DOE 1540.1 (DOE 1988).
Requirements for shipment of defense low-level waste to particular disposal sites can be
ascertained from documents from the site (e.g.,Operational Radioactive Defense Waste
Management Plan for the Nevada Test Site [DOE 1985a]; INEL Low-Level Radioactive
Waste Acceptance Criteria [INEL 1987]).

3.1.5 Waste Acceptance for Disposal Options

Each LLW disposal site has waste acceptance criteria, both general and specific,
which must be met by shipments of low-level radioactive waste intended for disposal at
that facility. These criteria are generally specified in documents from the site (e.g.,
DOE 1985a; INEL 1987). It can be expected that there will continue to be differences in
disposal criteria among the DOE sites because of the site-specific approach taken in the
the DOE regulation, DOE Order 5820.2A.

While the DOE regulates low-level waste disposal at its sites, the NRC together
with the Agreement States regulate low-level waste disposal at commercial sites.
Standards are being developed by the EPA for land disposal of low-level radioactive
wastes and for wastes considered BRC. In addition, regulations for ocean disposal of
low-level radioactive wastes are under consideration (EPA 1987; Holeomb et al. 1988).
An important point is that they would cover all low-level waste disposal facilities owned
and operated by the federal government, as well as commercial facilities, whereas
current NRC regulations apply only to facilities licensed by the Agreement States or
NRC itself (Holcomb et al. 1988). A final standard is anticipated in 1989.

A methodology has been developed for establishing waste-acceptance criteria for
greater-confinement disposal based on quantitative performance factors that
characterize the confinement capabilities of a waste-disposal site and facility (Gilbert
and Meshkov 1987). The method is based on explicit, straightforward, and quantitative
relationships among individual risk, confinement capabilities, and waste characteristics.
Waste-acceptance criteria are specified as concentration limits on radionuclides in the
waste streams and expressed in quantitative form as a function of parameters that
characterize the site, facility design, waste containers, and waste form. These waste-
acceptance criteria for disposal can be represented visually as activity/time plots. These
plots show the concentrations of radionuclides in a waste stream as a function of time
and permit a visual, quantitative assessment of long-term performance, relative risks
from various radionuclides in the waste stream, and contributions from ingrowth of
daughter radionuclides. We recommend this methodology for developing waste
acceptance criteria for disposal.

3.2 INFORMATION NEEDED FOR PERFORMANCE ASSESSMENT

In assessing the performance of a Waste Management System, what ultimately is
required is an estimate of radiological risks and monetary costs for system operation.
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All steps relevant to the particular system must be identified and the costs and risks for
each step must be estimated.

Regardless of the step being considered, the specific waste and ; ts radionuclides
must be identified in terms of type, chemical form, quantity, concernr.ition, and waste
form. Next, other components in the waste that may influence the migration of the
radionuclides must be identified. For example, colloids may complex with the nuclides
and render them more mobile, organics might be metabolized by microorganisms, and
acids would make the use of metal containers undesirable. This information will help
determine what, if any, packaging or processing is necessary, and those options most
appropriate.

If packaging or other processing is done, the specifics of the process are needed
to calculate costs and radiological risks. During processing, how many workers will be
involved? How many hours per day will they work? What will their distance from the
waste be? How is the waste shielded? How are they shielded? Will they wear protective
clothing, or will they use remote control technologies? For each type of processing,
scenarios for incident-free operations need to be written, along with accident scenarios.
Then possible exposure pathways can be identified.

While processing is occurring population exposure is possible. Demographic data
would be needed. General population radiological risk can be estimated if we can
identify the pathways through which human exposure could occur. Scenario development
for accident occurence and accident-free operation will determine exposure pathways.
Fires, for example, would create an inhalation risk, direct gamma exposure, and food
chain exposure if deposition occurs.

The transportation of radioactive waste incurs costs that can be estimated, once
method of transport, and transport distance are known. Radiological risks depend on
waste packaging, and other shielding, as well as person-hours and proximity to the
waste. Accident scenarios need to be established to estimate extraordinary exposure and
also general population exposure. Again, once a scenario is determined, exposure
pathways are identified.

During storage, facility employees may be exposed to radiation. To estimate
this, information is needed on shielding (waste and worker), worker proximity to the
waste, and time of worker exposure to the waste. Accident and normal operation
scenarios should be developed. General population exposure is possible through pathways
determined by the scenarios. Cost estimates should be straightforward.

Finally, burial of the waste involves radiological risk. This can be estimated
once the emplacement procedure is specified and the barriers known. Distance from the
waste, time working with the waste, and information on shielding (of waste and workers)
must be provided. Accident scenarios will determine conceivable nuclide migration
pathways, and thus, exposure pathways, for workers, inadvertent intruders, and the
general population.

3.3 CHANGE IN PROPERTIES AT EACH PROCESSING STEP

All of the changes in important waste properties at each processing step must be
known, such as changes in volume, radionuclide concentrations, chemical form, and
structural stability of the material. A treatment model would simulate the changes in
the variables during the processing of each waste stream.

Changes in waste properties during treatment are modeled in the REGINALT
(DOE 1986) for supercompaction, solidification, incineration, and in-house sizing.
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4 PERFORMANCE ASSESSMENT TOOLS

Various tools exist for performance assessment including experimental data, such
as from isotope tracer studies, decision trees (in which an if/then sequence is followed),
peer review and expert judgment, audits, mathematical equations or models, data bases,
and computer programs. A comprehensive text on radiological assessment is available
(Till and Meyer 1983).

4.1 COMPUTER CODES

Informative discussions of performance assessment codes in general can be found
in Case and Otis (1987), Robinson (1987), Liebetrau (1987), Mills et al. (1983), and Smith
and Cohen (1980).

Many codes are available for performance assessment of LLW management
systems. Sources of codes and information on them include the National Energy
Software Center, the Radiation Shielding Information Center, and the NEA Data Bank.
Published code summaries can be found in Computer Codes (DOE 1985), Till and Meyer
(Chapt. 13, 1983), Mills and Vogt (1983), and Science Applications (1981).

Computer codes useful for the performance assessment have been recently
reviewed and summarized (Meshkov et al. 1988). This review includes pathway analysis
codes, occupational exposure codes (exposure during waste transportation, processing,
and disposal), accident analysis codes, and economic analysis codes.

There are literally hundred of codes available for one aspect of performance
assessment or another. Some are too site-specific for expanded use, and others are too
general to be meaningful; however, there seems to be something applicable for every
need. One area that codes are just beginning to consider is barrier degradation, and more
work is needed here.

Uncertainties exist about the models on which the codes are based. In some
cases, not all of the variables for the process being modeled have been identified, and in
other cases we do not know how the identified variables behave, individually or in tandem
with others. Geochemistry is an example of an area in which there are significant
unknowns. The solution has been to simplify the system and/or to consider the variables
that appear to be most influential in determining the system behavior. Perhaps this is an
adequate response to the problem.

A further problem is lack of sufficient input data to use with the models and lack
of field data to validate them. How much data is needed? How site specific does it need
to be? On a heterogeneous site, how much sampling needs to be done and to what extent
can a site be generalized?

There is a multitude of codes available. Probably as a result, there sometimes
appears to be a lack of coordination among and between code writers, theoreticians,
those trying to synthesize the code inventory, and those operating in the field.

Codes should be only one of several tools utilized for performance assessment.
At times it may be desirable to use multiple codes for a specific phase of the assessment
and to compare their predictions.

4.2 OTHER TOOLS FOR PERFORMANCE ASSESSMENT

Other quantitative and qualitative tools are available in addition to codes.
Mathematical models used in the codes are often simple enough for hand calculations.
Numerous examples of such simple models are described in Till and Meyer (1983).
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Field and laboratory data should be collected to assess the performance of a site
and its related operating systems (and to validate the mathematical models). Infiltration
tests, flow rate measurements and radioisotope tracer tests can be used. Eichholz and
Wang (1987) describe their use of tracer tests to analyze radionuclide migration under
unsaturated flow conditions, as an example.

Professional judgment is, in some cases, the appropriate tool. Identifying
relevant scenarios for post-closure intrusion or occupational radiation exposure requires
an overall perspective, field experience, and sound scientific reasoning. Data will be
needed to aid in these judgments, and here, various data bases (described in Meshkov et
al. 1988) could be utilized. Data bases such as the DOE Waste Information Network,
sponsored by the Oak Ridge-based Office of Defense Waste and Transportation
Management, could be useful. Expert judgment might also be utilized in the development
and use of decision or logic trees.

Performance assessment of an existing waste management system might utilize
the Environmental Audit, to assess actual conditions with respect to goals and
requirements (Morgan and Sargent 1987; East and Marcus 1987).

In parallel, professional judgment and experience are useful in a peer review
committee or expert panel convened to assess the performance of a proposed facility, in
view of all the information available. A wide variety of experts would be called on to
pull together all of this information and interpret it. Informed citizens might be included
in this panel to raise critical questions and offer alternative perspectives.

Each tool has its limitations. A prudent strategy would employ several tools,
selected to complement each other and to address the identified weaknesses of their
companions.

5 CONCLUSIONS AND RECOMMENDATIONS

The methodology for assessing DOE LLW management systems presented in this
paper is straight forward in principle but may be quite complex in practical
applications. The basic approach used is to first look at the system as a whole,
determine the waste streams, disposal capacity, and other facilities already in place.
The next step is to narrow down the choice of feasible alternatives to a manageable
number by using waste acceptance criteria, and rough estimates of costs and risks.
Existing generic studies could be used in these estimates. This step may have to be
iterated a few times. It is hoped that the application of this procedure will narrow down
the choice of alternatives to a small number. Finally, a full site specific performance
assessment will have to be carried out to insure compliance with performance
objectives.

A large number of technological alternatives available for each of the LLW
management steps is one of the factors contributing to the complexity of the assessment
procedure. A preliminary screening based on the waste acceptance criteria for each of
the steps in the LLW management system is the first step in reducing the alternatives to
a manageable number. Some work has already been done in this area (NLLRWMP 1984,
DOE 1986). Waste acceptance criteria for processing technologies are characteristic of
specific technologies and consist of limitations on waste stream properties. We
recommend that a data base of processing technologies be maintained, in which waste
acceptance criteria are included. It would be efficient to maintain such a data base
centrally, because the information in it would not be site-specific. The data base would
be valuable for management of both DOE and civilian waste. The REGINALT PINS
information system already contains much useful information on processing technologies
and it could serve as a starting point for such a data base.
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Producing reliable cost and risk estimates for waste management system
alternatives may require the use of a large number of sophisticated computational
models and codes that may need periodic revision and updating. Complete performance
assessment codes for the LLW disposal should be site-specific, containing pertinent
r. jological and hydrological information. Monitoring programs should be implemented to
validate the performance assessment models and codes.

While generic codes may be useful for preliminary rough estimates, site-specific
codes will ultimately be required. While a multitude of codes is presently available much
work still remains to be done in constructing site-specific codes designed specifically for
performance assessment. Many of the existing codes may be adapted and modified for
this purpose. Also, much work remains to be done on the verification and validation of
codes.

Performance assessment for various processing steps relies on site specific data
to a lesser extent since the dominant pathways are external gamma radiation and
atmospheric transport. Use of generic codes may be justified here in many cases.

Waste characterization currently in use is not adequate for selecting appropriate
waste management options. We recommend that waste characterization be based on
data requirements for the performance assessment of its management.

Finally, as the uncertainties involved in the performance assessment increase,
one should be hesitant to rely on computer codes or any other single tool to provide the
estimate. Rather, estimates should be confirmed by employing multiple tools.
Site-specific monitoring data, for example, should be used to complement computer code
estimates of radionuclide uptake by vegetation, and site supervisors should work with
code users to confirm scenario selections.
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Low-Level Radioactive Waste
Site Selection and Site Characterization Handbooks8

J. A, Tullis and B. D. Reyes
Idaho National Engineering Laboratory

EG&G Idaho, Inc.
Idaho Falls, ID 83415

ABSTRACT

Two resource documents have been developed to provide technical assistance
to states and compact regions in selecting and characterizing sites for
disposal of low-level radioactive wastes (LLW). The Site Selection
Handbook provides basic information on the components of a comprehensive
site selection program. It also serves as the basis for a two-day
workshop on site selection. The Site Characterization Handbook is a
reference document for developing and managing a comprehensive site
characterization program which will support a license application for a
LLW disposal facility.

INTRODUCTION

The Low-Level Radioactive Waste Policy Amendments Act of 1985 (LLRWPAA)
requires the Department of Energy to provide technical assistance to
"...those compact regions, host States and nonmember States determined by
the Secretary to require assistance." A need for technical assistance in
site selection and characterization has been identified by states who are
currently in the planning stages or are implementing these tasks. In
response to this need, the EG&G Idaho, Inc., Nuclear Energy Low-Level
Waste Management Program (NE LLWMP) developed two technical resources: the
Site Selection Handbook - Workshop on Site Selection for Low-Level
Radioactive Waste Disposal Facilities and the Site Characterization
Handbook. The work was performed for the NE LLWMP by Golder Associates
and Roy F Weston, Inc.

SITE SELECTION HANDBOOK AND WORKSHOP

The Site Selection Handbook provides technical guidance and information on
selecting sites for LLRW disposal facilities. The major elements of the
Handbook include:

0 Laws and regulations
0 Components of a site selection program (approaches, major

participants, public participation, and contingency planning)
0 Technical site suitability requirements
0 Criteria development and site selection methodologies
0 Data collection and management considerations
0 Decision-aiding tools
0 Quality assurance/quality control requirements.

a. Work supported by the U. S. Department of Energy under DOE Contract
No. AC07-76-ID01570.
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Appendices to the Handbook include a glossary, an annotated list of site
selection references, detailed information on technical siting factors,
examples of state siting legislation, and sources of technical data and
information needed to support site selection.

Information in the Handbook supports a two-day workshop presented by NE
LLWMP staff at the request of states or compact regions. The workshop is
designed to encourage creative exchange and exploration of ideas and
information among participants representing a spectrum of viewpoints
regarding site selection.

The workshop includes lectures, group discussions, and exercises, all
designed to encourage active participation by attendees. It focuses on
the major elements of site selection and the tools that can be used to
implement a site selection program. It is oriented to the specific
approach of the state hosting the workshop by the active participation of
appropriate state speakers. The workshop is not prescriptive and does not
endorse a preferred methodology for selecting sites.

SITE CHARACTERIZATION HANDBOOK

The Site Characterization Handbook is a reference for use in developing
and implementing a comprehensive site characterization program. The
objectives of each state and/or site developer/licensee conducting site
characterization will vary depending on licensing requirements,
schedules/budgets, physical characteristics of the site, proposed facility
design, and the specific concerns raised by government agencies and the
public. The Handbook therefore is a guidance document only, and is not
prescriptive.

The Handbook summarizes management planning techniques typical of any
project of comparable magnitude and complexity, with emphasis on those
management planning and technical elements that are specific to a site
characterization program. The elements discussed include: developing
scopes of work for technical tasks; scheduling, with emphasis on critical
path activities and phasing of technical studies; and basic elements of a
quality assurance/quality control program.

The Handbook contains two appendices for use as references in identifying:
(1) the technical data required to support a license application, and (2)
supplemental information on collection of that data. To develop the
appendices, a typical site characterization program was divided into
eighteen technical disciplines or data types. These include geology,
groundwater, surface water, geochemistry/hydrochemistry, geotechnical
investigations, water resources, natural resources, geography, demography,
land use, meteorology, air quality (nonradiological), radiological
assessment, ecology, socioeconomics, cultural resources, transportation,
and aesthetics. Each data type is further subdivided into specific
technical parameters for which data will be collected. For example, the
data type "Geology" is broken down into geomorphology, stratigraphy,
lithology, tectonics, structure, seismology, and geologic hazards. Each
of these technical parameters is fully described in the appendices.
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Appendix A consists of a set of eighteen matrices developed to help
program planners identify the data required to support a license
application to the NRC or designated State licensing authority. Each
matrix Includes specific passages from pertinent NRC documents and lists
technical parameters that are explicitly or implicitly treated in each
passage.

Appendix B also contains a table for each of the eighteen data types. For
each technical parameter associated with the data type, the tables provide
Information on technical activities/study methods that can be used to
collect or analyze the data, typical data formats, sources of data, and
references that provide additional information.

CONCLUSION

The Site Selection Handbook and workshop are available to all states and
compact regions upon request to the EG&G Idaho Inc. Nuclear Energy
Low-Level Waste Management Program. The Site Characterization Handbook
was distributed to all Host States and compact regions in June, 1988 and
will be available from the National Technical Information Service.

54



INTRUDER SCENARIOS FOR SITE-SPECIFIC
WASTE CLASSIFICATION(a)

W. E. Kennedy, Jr.
Pacific Northwest Laboratory
Richland, Washington, USA

ABSTRACT

The U.S. Department of Energy (DOE) is currently revising its low-level
radioactive waste (LLW) management requirements and guidelines for waste
generated at its facilities that support defense missions. Specifically,
draft DOE 5820.2A, Chapter III, describes the purpose, policy, and requirements
necessary for the management of defense LLW. The draft DOE policy calls for
DOE LLW operations to be managed to protect the health and safety of the public,
preserve the environment, and ensure that no remedial action will be necessary
after termination of operations. The requirements and guidelines apply to
radioactive wastes but are also intended to apply to mixed hazardous and
radioactive wastes as defined in draft DOE 5400.5, "Hazardous and Radioactive
Mixed Waste." The basic approach used by DOE is to establish overall per-
formance objectives in terms of ground-water protection and public radiation
dose limits and to require site-specific performance assessments to determine
compliance. As a result of these performance assessments, each site shall
develop waste acceptance criteria that define the allowable quantities and
concentrations of specific radioisotopes. Additional limitations on waste
disposal design, waste form, and waste treatment shall also be developed on a
site-specific basis. As a key step in the site-specific performance assess-
ments, an evaluation must be conducted of potential radiation doses to intruders
who may inadvertently move onto a closed DOE LLW disposal site after loss of
institutional controls must be conducted. This paper describes the types of
intruder scenarios that should be considered when performing this step of the
site-specific performance assessment.

INTRODUCTION

In support of revised U.S. Department of Energy (DOE) Orders on low-level
radioactive waste (LLW) management, a special working group was established
by the Defense LLW Management Program managed by the Idaho National Engineering
Laboratory (INEL). During a meeting held on May 7-8, 1987, the working group
reviewed the draft DOE approach to waste classification and also established
overall performance objectives. The performance objectives define the basic
standards that serve as the primary regulation for defense LLW disposal within
the scope of the DOE Order. The performance objectives from the working group
included protection of: 1) workers and the public during site operation (con-
sistent with other DOE Orders), 2) intruders who may inadvertently move onto
a closed DOE LLW disposal site after loss of institutional controls (100 yr
after site closure), 3) members of an offsite population group, and 4) water
resources by means of enforcing of applicable standards. These performance

(a) This work was supported by the U.S. Department of Energy under Contract
DE-AC06-76RL0 1830.
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objectives have been revised and included in draft DOE 5820.2A, Chapter III as
follows:(a)

• Protect public health and safety in accordance with standards specified
in draft DOE 5400.3(b) and other DOE Orders.

• Assure that external exposure to the waste and concentrations of radio-
active material which may be released into surface water, ground water,
soil, plants and animals results in an effective dose equivalent that
does not exceed 25 mrem/yr to any member of the public. Releases to the
atmosphere shall meet the requirements of 40 CFR 61. i Reasonable effort
should be made to maintain releases of radioactivity in effluents to the
general environment as low as is reasonably achievable.

• Assure that the committed effective dose equivalents received by indi-
viduals who inadvertently may intrude into the facility after the loss
of active institutional control (100 years) will not exceed 100 mrem/yr
for continuous exposure or 500 mrem for a single acute exposure.

• Protect ground-water resources consistent with federal, state and local
requirements.

The requirements and guidelines in the draft DOE 5820.2A, Chapter III, are
applicable to radioactive wastes but are also intended to apply to mixed hazard-
ous and radioactive wastes as defined in draft DOE 5400.5, "Hazardous and
Radioactive Mixed Waste."(c) To determine compliance with these performance
objectives, draft DOE 5820.2A, Chapter III, requires that the DOE field organi-
zations with operating disposal sites prepare and maintain a site-specific
radiological performance assessment. Radiological performance assessment is
defined as "a systematic analysis of a LLW treatment, storage, or disposal
facility and its local environment for purposes of demonstrating compliance
with the performance objectives."(d) It should be noted that this definition
does not address the nonradiological components of LLW (because they are assumed
to be covered under other DOE Orders), and it does not address worker protec-
tion.

The analysis of intruder scenarios during the performance assessment is
useful in setting site-specific limits on waste concentration, whereas analysis
of transport through ground water is useful in setting site inventory limits.
Concentration limits set by intruder scenarios are intended to be used along
with practical consideration of the waste form and disposal design to establish
site-specific waste classification systems. The steps in this part of the

(a) U.S. Department of Energy. 1988. Radioactive Waste Management. DRAFT
DOE Order 5820.2A (5/11/88), Washington, D.C.

(b) U.S. Department of Energy. 1988. Radiation Protection of the Public and
Environment. DRAFT DOE Order 5400.3 (3/18/88), Washington, D.C.

(c) U.S. Department of Energy. 1988. Hazardous and Radioactive Mixed Waste
Management. DRAFT DOE Order 5400.5. Washington, D.C.

(d) Case, M. J., and M. D. Otis. 1987. Guidelines for Radiological Performance
Assessment of DOE Low-Level Radioactive Waste Treatment, Storage, or
Disposal Sites. D0E/LLW-62T (DRAFT), National Low-Level Radioactive Waste
Management Program, Idaho Falls, Idaho.
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performance assessment include: 1) establishing the site-specific scenarios,
parameters, and assumptions; 2) performing draft calculations for unit con-
centrations of selected radionuclides found in defense LLW; and 3) performing
an "inverse-type" calculation to establish the waste concentrations that would
be permitted at the time of burial so that the intruder dose performance objec-
tives can be met at the assumed time of intrusion.

When considering human-intrusion scenarios, an effort should be made to
match the scenarios with the site-specific disposal and waste form conditions
encountered. This means that scenarios must be considered in addition to
those identified by the U.S. Nuclear Regulatory Commission (NRC) in their
analysis supporting 10 CFR 61, "Licensing Requirements for Land Disposal of
Radioactive Waste."2 A generic evaluation of similar scenarios was conducted
for long-lived radionuclides by an Expert Group to the Nuclear Energy Agency
of the Organization for Economic Cooperation and Development (NEA/0ECD).3
The scenarios considered by the NRC and the NEA/OECD, and most scenarios in-
volving human intrusion, are deterministic. This means that they are assumed
to occur with no probability assigned to occurrence. It also means that each
scenario may be controlled by additional key assumptions concerning the waste
dilution and environmental transport. These assumptions may cause an over-
estimate or underestimate of the actual conditions in the future. However,
this approach has been justified because of a lack of long-term performance
data that would permit the use of more sophisticated probabilistic methods.
Computerized models are available from the NRC that permit the rapid calculation
of radiation doses for a wide variety of intruder scenarios.*,5 The following
sections provide a review of the generic human-intrusion scenarios used by
the NRC and of additional scenarios that may be used to describe DOE site-
specific waste disposal.

10 CFR 61 INTRUDER SCENARIOS

In developing the 10 CFR 61 waste classification systems the NRC considers
three intruder scenarios that would result in human exposure. These scenarios
are entitled: 1) Intruder-Construction, 2) Intruder-Discovery, and 3) Intruder-
Agriculture. For setting their Class A and C waste classification limits,
the more restrictive of scenarios 1 and 3 (by radionuclide) was used.
Scenario 2 was used for setting the Class B limits. These scenarios are
described in the Draft Environmental Impact Statement on 10 CFR Part 61
"Licensing Requirements for Land Disposal of Radioactive Waste"e and a document
entitled Update of Part 61 Impacts Analysis Methodology.'* The following para-
graphs describe the Intruder-Construction and Intruder-Agriculture scenarios.
No description of the Intruder-Discovery scenario is provided because it is con-
sidered to be a sub-set of the Intruder-Construction scenario (i.e., only the
exposure duration is altered).

INTRUDER-CONSTRUCTION SCENARIO

The NRC assumes that this scenario would occur after the shutdown of
operations at a disposal facility. Institutional controls are assumed to
break down (temporarily), and an intruder inadvertently constructs a house on
the disposal facility. The major assumptions and parameter values used by the
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NRC for this scenario are summarized in Table 1. The NRC assumes that the
intruder contacts the disposed wastes while performing excavation work
associated with the construction of a basement for a house.e(p. 6-58) This
construction work is assumed to last for 500 working hours or the equivalent
of a 3-month construction period. The NRC represents the basement by a 3-m-deep
hole with bottom surface area of 20 m x 10 m (200 m2) and a top surface area
of 26 m x 16 m (416 m2), giving a 1:1 slope for the side of the excavation.
The volume of the excavation is equal to 906 m^.e The NRC assumes that the
cover material placed over the waste during disposal operations is 2 m thick
for a volume of 675 m2, or about 75% of the volume of the entire excavation.
Of the remaining volume (232 m2 or the bottom 1-m layer in the excavation), a
portion is assumed by the NRC to be decomposed waste, and a portion is assumed
to be soil or other backfill mixed with the waste during disposal operations.

The equation describing human exposure for the intruder-construction
scenario is given by the NRC as:6(p. G-58)

H = I (fofdfwfs)air C w PDCF-2 + E (fofdfwfs)DG C w PDCF-5 (1)
n n

Where H is the 50-yr dose commitment in mrem, PDCF-2 and PDCF-5 are the pathway-
specific dose conversion factors for the air and direct gamma exposure pathways,
and Cw is the concentration of radionuclide, n, in the waste. The first term
in the NRC equation accounts for exposures resulting from suspended contaminated
dust, and the second term accounts for direct exposure to penetrating radiation
during the excavation. The factor fo is the time-delay factor to account for
radioactive decay between the time of burial and the time of excavation. For
Class A and B waste calculations, this time is assumed by the NRC to be 100
years, and for Class C wastes it is assumed to be 500 years. This factor is
the same for both the air and direct gamma pathways.

The factor fd is the site design and operation factor and denotes the
dilution of the waste resulting from the particular disposal practice. Its
value is assumed by the NRC to be 0.5 for random and decontainerized wastes,
and 0.75 for stacked wastes.

The waste form and package factor, fw, was included by the NRC in evalua-
tions to allow for improved waste forms that may reduce intruder impacts by
accounting for wastes that may be less dispersible or accessible. For the
waste form no-credit option, fw for air is set to 1.0. For the direct gamma
pathway, fw is the product of an accessibility multiplier and a solidification
multiplier. The NRC set the accessibility multiplier to 1.0 for the no-credit
option. The solidification multiplier is assumed to be 0.8 for solidified
wastes, but for the no-credit option it is set to 1.0.

The site selection factor, fs, is different for the air and direct gamma
pathways in the intruder-construction scenario. For the air pathway, it is
the product of the soil-to-air transfer factor T s a and the exposure duration
factor. The soil-to-air transfer factor is dependent on the environmental
conditions of the region where the facility is located. The exposure duration
factor is the fraction of a year that the construction takes place. For the
case evaluated by the NRC, the exposure duration factor is 500 h/8750 h (in a
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TABLE 1. Scenario Assumptions and Para
10 CFR 61 Class A and C Waste

Scenari o/Parameter

INTRUDER-CONSTRUCTION

Exposure Duration
fd (air & gamma)
fs (gamma)
fs (air)
Dust Loading

INTRUDER-AGRICULTURE

Exposure Duration

fd (all pathways)
fw (food)
fs (air)
fs (food)
fs (gamma)
Dust Loading
Inhalation Duration
Vegetable Consumption
Meat Consumption
Milk Consumption
Cow Grass Consumption

BOTH SCENARIOS

fo

fw (air & gamma)
Volume of Excavation
Volume of Waste
Volume of Cover
Class C waste form
Credit

NRC Values

500 h/yr
0.5
0.057 (500 h/yr)
2.01 x 10-H
0.565 mg/m3

4380 h/yr
2000 h/yr
250 h/yr
330 h/yr
100 h/yr
1700 h/yr
0.125
1.0
3.18 x 10-H
0.5
0.27 (1670 h/yr)
0.154 mg/m3
6180 h/yr
190 kg/yr
95 kg/yr
110 L/yr
50 kg/d

e-XT

1.0
906 m3
232 m3
675 m3

10

Waste Classification Limits^e

Discussion

3 Months of Construction
Site Design and Operation Factor
Site Selection Factor
Site Selection Factor
Dust Concentration in Air

At Home
At Work
Commuting
Vacation
Gardening
Outdoors
Site Design and Operation Factor
Waste Form and Package Factor
Site Selection Factor
Site Selection Factor
Site Selection Factor
Average Dust Concentration in Air
Total Hours of Inhalation
NRC Total Diet Assumption
NRC Total Diet Assumption
NRC Total Diet Assumption
NRC Total Diet Assumption

Time Delay Factor(a)

Waste Form and Package Factor
Volume of Basement
Bottom 1-m of Excavation
Top 2-m of Excavation

Class C wastes are assumed to
reduce the impacts of intrusion
scenarios by a factor of 10

(a) Note: For Class A wastes the time delay is assumed to be 100 years, and
for Class C wastes it is assumed to be 500 years after waste burial.
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year), or 0.057, and the site selection factor for air uptake is 2.01 x 10-
(p. G-60) For the direct gamma pathway, the site selection factor is equal
to the exposure duration factor (0.057).

Combining these factors for the intruder-construction scenario,
Equation (1) would be rewritten with the constants shown as:

H = I
n air

Cw PDCF-2 + Z (0.285fo)DG Cw PDCF-5 (2)

INTRUDER-AGRICULTURE SCENARIO

The second scenario used by the NRC in setting the Class A and C limits
is the intruder-agriculture scenario. For this scenario, it is assumed that
an intruder inadvertently lives on and consumes food grown on the disposal
facility. Because farming does not involve penetrating the overburden at a
closed site, this scenario is applied as an extension of the intruder-
construction scenario. The waste/soil mixture that is excavated during the
basement construction activities of the intruder-construction scenario is
assumed by the NRC to be used as backfill around the house and spread around
the house to a radius of about 25 meters.6(p. G-61) The intruder is then
assumed to live in a house at this site and consume vegetables from a small
garden located in the waste/soil mixture.

The NRC considered exposure through three major pathways for this scenario:
1) inhalation of air contaminated by the resuspended waste/soil mixture,
2) inqestion of garden products grown in the contaminated waste/soil mixture,
and 3) direct exposure to gamma radiation. For the analysis of DOE wastes,
the long-term exposure performance objective of 500 mrem/yr EDE is used.

The equation used by the NRC to describe the intruder-agricultural scenario
is given as:s(p. G-62)

H = I (fofdfwfs)air C w PDCF-2 + I (fofdfwfs)food C w PDCF-4 +
n n

I (fofdfwfs)DG Cw PDCF-5
n

(3)

Where H is the annual dose, PDCF-2, PDCF-4, and PDCF-5 are the radionuclide-
specific dose conversion factors for inhalation, ingestion of garden crops,
and direct gamma exposure, and C w is the radionuclide concentration in the
waste.

The time delay factor, fo, accounts for radioactive decay, and the site
design and operation factor, f<j, are identical to the assumptions made by the
NRC for the intruder-construction scenario. An additional factor of 0.25 is
included by the NRC in the site design and operation factor to account for
dilution resulting from mixing the diluted waste (232 m3) with the excavated
cover soil (680 np). Thus the resulting value of fd for this NRC scenario is
0.125.
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The waste form and package factors for the air uptake and direct gamma
pathways, fw, are the same as those assumed by the NRC for the intruder-
construction scenario. See Equation (1). For the food ingestion pathway, two
options for the calculation of fw are available in the NRC model. However,
for the waste form no-credit option, the fw is determined to be 1.0. The NRC
assumed specific dietary values in calculating the PDCF-4 values for ingestion
of vegetables, meat, and milk.

The site-selection factor, fs, for the air uptake pathway relies on the
average of all activities conducted during the year.*(p. 4-33). The overall
estimate was calculated by the NRC by assuming that the air concentration for
construction activities applies during the 100 hours of gardening activity, a
dust loading of 0.1 mg/m3 applies during other outdoor activities, and an
indoor air concentration of 0.05 mg/m3 applies for 4348 h of indoor activities.
For the NRC reference southeastern site, the time weighted average of these
values is 3.18 x 10-H. The average dust concentration for all of the
activities conducted during a year is 0.154 mg/m3. For the soil uptake pathway,
fs, or the fraction of food consumed by the individual that is grown on site,
is assumed by the NRC to be 0.5.

For the direct gamma radiation pathway, fs is the product of the exposure
duration fraction multiplied by a correction factor to account for the limited
area! extent of the source and the limited time spent near this source. The
NRC assumes that the intruder spends 1800 h outdoors and 4380 h indoors with
an assumed shielding factor to account for the house structure. The overall
correction factor applied for the direct gamma pathway is 0.27, accounting for
about 1670 h of exposure to a finite disk source while at home (on the waste
site).4(p. 4-34)

Combining these factors and parameters for the intruder-agriculture
scenario, Equation (3) could be rewritten with the constants shown
as:

H = I (3.98E-12fo)air C w PDCF-2 + I (0.0625fo)^nH Cw PDCF-4 +
n n food w

E (0.0338fo)DG C w PDCF-5 (4)
n

ADDITIONAL INTRUDER SCENARIOS

In addition to varying parameters and assumptions based on site-specific
conditions, the types of intruder scenarios considered may also vary depending
on the wastes, engineering methods, and environmental conditions. For example,
if wastes are processed into a special form (so that they resist human in-
trusion) or if they are buried at depths greater than 5 m, the intruder
scenarios defined by the NRC for surface excavation may not directly apply.
Disposal with special waste forms or at depths greater than 5 m resemble the
conditions anticipated for "Greater Confinement Disposal" operations for LLW
at many of the operating DOE burial grounds. For these conditions, additional
intruder scenarios must be defined. Two scenarios that should apply to most
sites and disposal systems are the drilling and post-drilling scenarios.

61



These scenarios were considered in Disposal of Hanford Defense High-Level,
Transuranic and Tank Wastes - Environmental Impact Statement.7 Although this
document does not address LLW directly, the near-surface storage of these
wastes does approximate shallow-land LLW disposal. Because the volume of
waste encountered during drilling is small compared to the volume of waste
encountered during basement excavation, the individual doses resulting from
drilling are generally smaller than for excavation. The following sections
contain brief descriptions of these scenarios and the types of radiation
exposure conditions that may be included in a site-specific performance
assessment.

DRILLING SCENARIO

Drilling through buried LLW means to penetrate the waste and remove waste
and soil material up to the land surface. Drilling can occur during the
exploration for natural resources (i.e., oil, gas, or water) or as part of
site characterization as required by the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA) or the Resource Conservation and
Recovery Act (RCRA). Drilling is likely to penetrate the waste zone at all
shallow-land burial sites, independent of the waste form, engineered barrier,
or near-surface depth. The use of monuments, barriers, or markers can reduce
the likelihood of drilling, but they cannot preclude it. The total volume of
waste brought to the surface during drilling is a function of the drill core
diameter, the thickness of the waste disposal zone, and the time after disposal
that the drilling is assumed to occur. For example, if a well 0.3 m in diameter
is drilled through a 5-m-thick waste zone, the volume of waste brought to the
surface is about 0.35 m3. This waste volume can expose the drilling crew
through two major pathways: inhalation of resuspended material and direct
exposure to penetrating radiation. The air concentration, dilution with non-
active soils, and exposure duration will all be functions of site-specific
conditions and the drilling method used. For example, wash boring, jet per-
cussion, cable-tool (percussion), and mud rotary drilling techniques all involve
the use of water or a wet slurry that substantially reduces the airborne dust
concentration. Previous assessments that include the drilling scenario have
assumed about one hour to drill through the waste, an air concentration of
10-4 g/m3, and external exposure to a distributed soil source (finite slab
geometry) to last for up to one week.8

POST-DRILLING SCENARIO

The post-drilling scenario is similar to the Intruder-Agriculture scenario
defined by the NRC because it considers the long-term exposures that result
after wastes have been mixed with surface soils. This scenario has three
major exposure pathways: inhalation of resuspended material, direct exposure
to penetrating radiation, and ingestion of contaminated vegetables grown on
the site. For this scenario, the volume (and quantity) of waste brought to
the surface by the drilling scenario is assumed to be diluted with surface
soil and spread around the site. Previous studies have considered uniform
mixing of the wastes with the soil in the plow layer (the top 15 cm of soil)
and distribution over a 2500 m2 area.a Roughly 25% of an individual's diet
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could be grown in this area of contaminated soil. The individual is further
assumed to spend a major portion of the year (up to 6 months) residing on the
site.

DISCUSSION

As part of its revised Orders on LLW management, the U.S. DOE has estab-
lished basic performance objectives that allow for the protection of the public
and environment. To determine compliance with these performance objectives,
the draft DOE 5820.2A requires its operating defense LLW disposal sites to
prepare and maintain a site-specific radiological performance assessment. As
part of these performance assessments, the estimation of radiation dose re-
sulting from human intrusion can be used to set site-specific limits on waste
concentration whereas evaluation of ground-water transport is useful in setting
disposal quantity limits for a site. The concentration limits derived from
human-intrusion scenarios are intended to serve as the basis of site-specific
waste classification systems that also take into account other waste form and
disposal design conditions.

In support of the commercial LLW regulations, the U.S. NRC defined three
intruder scenarios that served as the basis for their classification system.
These scenarios were all initiated by a shallow excavation event (i.e., basement
construction) and are noted as the Intruder-Construction, Intruder-Discovery,
and Intruder-Agriculture scenarios. In addition to these excavation scenarios,
scenarios that represent site-specific conditions should be evaluated as part
of the DOE site-specific assessments. An example class of scenarios in addition
to excavation involve drilling and post-drilling operations.

In establishing site-specific scenarios, attempts should be made to assure
that the scenarios are representative of the likely events for the specific
waste form and disposal technology encountered. The human-intrusion scenarios
that are most often considered are deterministic; that is, they are simply
assumed to occur with no probability assigned to their occurrence. This
approach is often used because of a lack of long-term performance data that
can be used in a probabilistic analysis. Because deterministic analyses are
performed, the scenarios, parameters, and assumptions should be "realistically
conservative;" that is, they should be selected to reasonably overestimate the
doses resulting from a given disposal system. This approach should assure
compliance with the DOE LLW performance objectives, thereby assuring the safe
disposal of defense LLW.

To better evaluate the potential impact of parameter uncertainty on
performance assessment results, uncertainty analysis techniques have been
developed.9 These techniques can be used with previously defined deterministic
analyses to produce a probabilistic assessment. Assessments conducted in
this manner may more realistically represent the range of potential outcomes
without relying on assumed conservatism. If single results are desired, they
may be produced by assuming an upper confidence limit.
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PERFORMANCE ASSESSMENT OF LLW DISPOSAL FACILITIES

V. ROGERS
ROGERS AND ASSOCIATES ENGINEERING CORPORATION

INTRODUCTION

The overall performance of a low-level radioactive waste (LLW)
disposal facility is determined by the facility design and the site
environment. Recently, disposal facilities being considered have included
engineered barriers such as concrete vaults or modular concrete canisters.
The role that these enginered barriers play in facility performance should
be adequately characterized in the performance assessment. The manner in
which engineered barriers have been incorporated in performance assessments
recently conducted by Rogers and Associates Engineering Corporation (RAE)
personnel provides several insights into the method of analyzing engineered
barriers and overall disposal facility performance.

The overall performance objective is to minimize the radiation dose
potentially received by members of the public and disposal facility
workers. Consequently, the end point of the RAE performance assessments,
completed in the last year, is peak annual doses to members of the critical
population group (CPG).

DOE - DISPOSAL TECHNOLOGY COMPARISONS

The conceptual design report sponsored by the Department of Energy and
issued in the summer of 1987, contained performance assessments of five LLW
disposal technologies.^1' The disposal technologies listed in Table 1 all
contained concrete engineered barriers with the exception of shallow land
burial, which was analyzed as a base-line for comparisons to the other
technologies. In the performance assessment, a generic site was
characterized by parameters typical of the northeast region of the country
and a nuclide inventory was developed for the 200,000 m3 capacity facility.
The performance assessment analysis was conducted with PATHRAE-EPA^2' and
with PRESTO-EPA-CPG codesA3' In the analysis, the peak doses were
dominated by the long-lived mobile nuclides, specifically, 1-129. The peak
doses and time of the peak dose are given in Table 1. As observed, the
peak doses are all very similar with the exception of the above-ground
vault. The peak dose and the time of the maximum dose are very similar,
except for the AGV. However, for SLB and MCCD the annual dose reaches a
value very similar to the peak at about 150 years after closure, and for
the EMCB analysis, a value near the peak is reached at about 250 years.
The concrete canisters provide structural stability but do not greatly
inhibit the influx of water. The similarity of the peak doses is
attributed to the fact that the engineered barriers and waste form were
assumed to have degraded completely by 500 years after closure, and the
annual leach rates beyond that time were all assumed to be equal for the
various facilities. Since 1-129 is very mobile, has a relatively high
leach rate without waste form retardation, and has an extremely long
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half-life, it dominated the peak doses that occurred shortly after year
500. In the inventory for 1-129, the historical ratio of 1-129 to Cs-137
of 1 x 10~4 was used. The dominance of the 1-129 in the performance
assessment created controversy concerning the iodine inventory for nuclear
power plant waste streams and the iodine-to-cesium ratio values. This
issue was discussed at the last DOE LLW Conference.(4)

TABLE 1

DISPOSAL TECHNOLOGIES AND CPG DOSES FOR THE DOE-CDR ANALYSIS

Techno!ogy
Dose

(mrem/yr)

46

39

330

40

33

Time of
Maximum Dose

(yr)

560 (150)

570

580

560 (150)

570 (250)

Shallow Land Burial (SLB)

Below-Ground Vault (BGV)

Above-Ground Vault (AGV)

Modular Concrete Canister Disposal (MCCD)

Earth Mounded Concrete Bunker (EMCB)

The above-ground vault peak doses were significantly higher that the
below-ground technologies because of the increased surface contamination
that could occur and the lack of environmental dilution for persons
occupying the contaminated land. It was also observed in this analysis
that worker doses increased significantly for those technologies that used
concrete barriers.

EPRI BARRIER ANALYSIS

The Electric Power Research Institute (EPRI) sponsored the development
of the BARRIERED) coc|e for calculating the long-term performance and
degradation of concrete barriers, associated water infiltration and release
rates from the facility, and doses to the CPG from the boundary well. In
the course of developing BARRIER, a generic analysis was performed for SLB,
BGV, AGV, and MCCD conceptual facilities in a humid, permeable environment,
and in an arid environment. The BARRIER code estimates surface water
balance and unsaturated moisture flow and conditions with a one-dimensional
finite-difference algorithm.'6' For the southwest analyses, no groundwater
pathway was calculated. Although it was postulated that a deep aquifer
exists beneath the site, the region of the facility was not a recharge area
for the aquifer, and no net downward movement of water was calculated for
the hydrological and meteorological conditions postulated for the site.
However, concrete degradation with time was predicted to occur due to the
presence of sul fates in the soil and the residual moisture content of the
soil. For the humid southeast site, nuclide releases and associated doses
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to the CPG were calculated for all of the facilities analyzed except the
below-ground vault which maintained its integrity for the entire simulation
time. The doses obtained in the analysis are given in Table 2, as are the
year in which the peak dose occurs, and the dominant nuciide contributing
to the peak dose. Once again, the peak doses for the AGV and MCCD
facilities were very similar, however, the peak dose for the SLB was
somewhat higher due to the early release of the short-lived nuclide,
tritium. Once again, the year in which the peak dose occurred was
significantly later for the vault facilities than for SLB and MCCD. The
canister wall thickness of 4 to 6 in. allowed infiltrating water to come in
contact with waste at an earlier time than for the vaults, whose walls and
roof are a few feet thick.

Dominant
Type (mrem/yr) Peak Dose Nuci ides

EPRI

Peak Dose
(mrem/yr)

16

6

0

6

TABLE

- BARRIER

2

ANALYSIS

Year of
Peak Dose

48

1768

—

45

SLB 16 48 H-3

AGV 6 1768 1-129

BGV

MCCD 6 45 H-3

BARRIER also calculates a lifetime dose to members of the CPG, and
these lifetime doses are shown in Figure 1.'"' The lifetime doses and
annual doses as a function of time are all characterized by relatively high
leading peaks followed by a rapid decline to an intermediate value. This
dose dependence on time indicated another important characteristic of
nuclide releases from engineered barrier facilities. Depending upon the
mode of the concrete failure, and the initial moisture and geochemical
conditions inside the facility, some of the mobile radionuclides can leach
from the packages and may accumulate on the facility floor before a
significant amount of water is released from the facility. When the floor
fails and the initial pulse of water is released from the facility,
relatively high concentrations of these mobile nuclides are released.
After this initial pulse passes the vicinity of the well, concentrations at
the well are once again dominated by the long-term leach rates of the
nuclides.

The evaluation of the long-term performance of the concrete barriers
also reveals some interesting design characteristics. For example, the
critical role that reinforcing steel plays in the structural integrity of
the concrete barrier and the relatively rapid corrosion of that steel once
corrosion is initiated is demonstrated for the below-ground vault in Figure
2. For both the roof and floor of the Class A vaults and the Class B/C
vaults, the initial degradation rate is relatively slow until conditions
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500 1000 1500 2000 2500 3000 3500

TIME (yr)
EPRI88

FIGURE 1. LIFETIME DOSES FROM BARRIER ANALYSIS FOR HUMID SITE.

ROOF - CLASS A WASTE

FLOOR - CLASS A WASTE

ROOF - CLASS B/C WASTE

FLOOR - CLASS B/C WASTE

SOO 1000 1500 2000 2500 3000 3500

YEAR (yr)
EPRISB

FIGURE 2. STRUCTURAL SAFETY FACTOR VERSUS TIME FOR BGV FROM BARRIER ANALYSIS.
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occur such that corrosion of the rebar is initiated. Once rebar corrosion
occurs, the rebar corrodes at a much faster than the bulk concrete
degrades, resulting in a rapid decrease in the failure safety factor for
the structures. This is noted in Figure 2 by the rapid decrease in the
safety factor near year 500. After the rebar is completely corroded, the
remaining bulk concrete continues to degrade until it can no longer support
the load. At this time, significant cracking of the concrete occurs and
further degradation to failure occurs wery rapidly, around year 2,000 for
this particular example. A similar dependence was noted for the concrete
degradation analysis of the AGV, as shown in Figure 3. The initial safety
factors for the AGV were similar to those for th2 BGV except for the roof
of the Class A vault and the initial degradation of the vault occurred at
about the same rate. However, once the rebar began to corrode it corroded
at a much faster rate and had a larger effect on the overall strength of
the vault so that failure occurred at much earlier times, particularly for
the vault floor.

TEXAS PRELIMINARY DESIGN

The State of Texas is considering modular concrete canister disposal
for their low-gamma Class A waste, an<47f> below-ground vault for their
high-gamma Class A and Class B/C waste.(') Performance assessments were
calculated for these facilities at an arid site. As reported in the
conceptual design report for Texas,(8) there was no groundwater pathway.
Cl imatol ogical and hydrol ogical conditions were such that there was no net
downward movement of groundwater. Even under conservative conditions, the
groundwater travel time to the aquifer was calculated to be approximately
300,000 years.(3) Consequently, just as in the performance assessments for
the conceptual design, the critical pathway is surface contamination.

In estimating the potential doses that could occur from surface
contamination, there are at least three critical factors that must be
characterized. First is the method of contamination. It may be from
residual surface spills during operations, facility water overflow from
severe thunderstorms, or from natural upward migration during the
precipitation-moisture evaporation cycle. The second factor is associated
with the method of contamination and relates to the period of time the
surface contamination occurs. It may occur just for a short period of
time, such as one year, during a severe thunderstorm, or as spillage during
operations. It may be a chronic mechanism extending over a few hundred
years. The third factor is the detailed contour of the surface, and
associated surface water flow. This factor determines the location,
extent, and concentration of the surface contamination. The site berms may
contain the contamination to just the site area. The seepage and runoff
fractions may cause a significant fraction of the contamination to be
transported to a relatively small collection area and then settle out, or
it may infiltrate into the ground near the disposal units. For the Texas
performance assessment, it was assumed that the surface contamination was
mainly from residual surface spillage during operations and that it
occurred in the truck parking and inspection area, with runoff occurring
from the area. The peak annual dose was from the adjacent farm scenario,
and was mainly external gamma from Co-60.
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DOE PROTOTYPE LICENSE .PLICATION PROJECT

RAE is performing for the DOE, through a contract with EG&G Idaho,
Inc., a prototype license application project for a BGV disposal
facility.(9) The facility is at a reference site in the northeast,
however, the site has a relatively high permeability. A shallow aquifer
discharges to a stream approximately one mile away. Because the soils of
the site cannot support steep side slopes, the Class A vaults are placed
side-by-side in large pits. The nuclide inventory was reanalyzed based on
recent available data and the 1-129 to Cs-137 ratio was reduced by an order
of magnitude recognizing that this was still a conservative assumption.
Finally, for this assessment, samples of concretes that were postulated to
be used in such a facility were obtained and several laboratory tests were
performed on them to obtain needed data for the concrete structural and
degradation analysis. Much of these data were not available in the
1iterature.

Several performance assessment codes were used in this project. The
first was the EPA's HELP code(10) for performing the surface water balance.
Then, the UNSAT codeUl) was usec| to determine water flows in the
unsaturated regime, and the BARRIER code(°> was used for water flows
through the intact vault, degradation of the vault as a function of time,
and water flow through the degraded vault. Finally, PATHRAE' 2' was also
used for dose assessments to the critical population group for many
scenarios and pathways. For this analysis, the long-lived mobile nuclides
still dominate the peak doses, principally, C-14 and 1-129. Two types of
analyses were performed for this project: One, the worst case analysis,
presumed that the vault satisfied the NRC's criteria and 500 years of
credit was given for the Class B/C vault and 200 years for the Class A
vaults. At those times, the vaults were presumed to fail catastrophical ly
and the subsequent nuclide releases and associated annual doses were
calculated. The second analysis, the best engineering estimate analysis,
utilized the BARRIER code to determine the failure times and failure modes
for the vaults and related nuclide releases and doses. The peak dose
occurred in year 570 for the worst case analysis, and in year 1420 for the
best engineering estimate analysis. Because the mobile long-lived nuclides
dominated the peak doses for both cases, the peak doses were very similar
for both cases. The leach rate of nuclides from the waste was assumed to
be dominated by diffusion mechanism when the waste form maintained its
integrity and was not degraded. As the waste form degraded, equilibrium
partitioning leaching occurred for the degraded portion. Because of the
alkalinity of the concrete vaults, the leachate inside the vault was
assumed to have a high pH. This affected the leach rate of some nuclides
in the degraded portion of the waste form.

INSIGHTS GAINED FROM RECENT ANALYSIS

Conducting the performance assessments for these four projects and
other recent projects has revealed several features to be considered in
conducting performance assessments. The first is that under many
circumstances, simple models are appropriate for pathway and dose
assessment analysis of radionucl ides. In general, complex models can be
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used for site characterization and to determine detailed hydrologic
conditions. These complex models can then provide appropriate lumped
parameters that are used by the simpler dose assessment models. Typical
lump parameters are the travel time to the aquifer, total groundwater path
length to the receptor location, aquifer groundwater velocity, and aquifer
dilution.

In some circumstances, the simple analytical models can provide more
appropriate results for the performance assessments of LLW facilities than
can the numerical multidimensional complex models. The complex models
generally require a considerable amount of benchmarking and fitting of
field test-well data in order to be applicable to a particular site. The
complexity of the models and the availability of the test-well data may
dictate a spatial mesh size that is too large to be valid for peak nuclide
concentrations at the boundary well. For example, in one recent project in
which PATHRAE was compared to a multidimensional numerical model, the
numerical model had only one mesh point to represent the entire disposal
site and the adjacent mesh point to represent the receptor location. The
results from that numerical analysis were clearly unreasonable compared to
the application of the simple analytical model. Therefore, when using
complex numerical models it is important to use the correct mesh and other
related parameters.

It is possible to benchmark components of performance assessment
models with actual field data. While a comprehensive validation of a model
may not be possible due to the lack of field data and the inability to
control all key parameters, general comparisons and benchmarking of certain
components of the models is feasible and a larger effort should be directed
towards this activity. As an example, the PATHRAE-EPA code was used to
estimate groundwater concentrations in nearby wells as part of the
Environmental Impact Statement for the Department of Energy's Savannah
River operations. Extensive nuclide concentrations from test wells were
available for comparison to the PATHRAE predictions. A comparison of the
calculated and observed well water concentrations for 40 observations is
shown in Figure 4.(*2' The calculated concentrations agree with the
observed concentrations to within a factor of 10 for 80 percent of the
data. The agreement is extremely satisfying considering the relatively
large uncertainties in the source term and the diverse conditions
associated with the various test wells.

It appears that if a site is well chosen, and if engineered barriers
perform adequately, nuclides with moderate or high retardation coefficients
will not migrate to the nearby well within the timeframe of interest, so
that peak nuclide doses will continue to be dominated by the mobile
long-lived nuclides. Consequently, it is constructive to examine the main
parameters contributing to the peak dose from a long-lived mobile nuclide.
The inventory is obviously a major parameter and additional information
about the inventories of long-lived mobile nuclides is needed, particularly
since these nuclides are relatively difficult to measure. Another
important factor relating to the peak dose is the annual leach rate, or
leach fraction. The mobility of C-14 and 1-129 is assumed to be very high
and, by inference, it is assumed that the leach rates associated with these
nuclide may also be very high. This may not be the case. The nuclides may
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be in a relatively immobile chemical form. The chemical form, mechanisms
and the magnitudes of leach rates for mobile nuclides needs further
investigation. The third parameter is the extent of aquifer dilution.
Some performance assessment codes assume no aquifer dilution so that
concentrations occurring in the leachate leaving the disposal facility are
essentially the same concentrations used in the aquifer at the well. Other
performance assessment codes assume complete mixing in the aquifer.
Although some mixing can occur, if the aquifer path length is quite long,
for the boundary well problem it is highly unlikely that significant mixing
will occur. An additional factor is the total uptake through foodchain
analysis. This is a critical issue, particularly for C-14 and 1-129.
While some codes assume the Regulatory Guide 1.109 uptake factors for C-14
through the foodchain, other more reasonable approaches, such as in
PRESTO-EPA, assume no C-14 uptake from the groundwater through the
foodchain except for direct consumption of the well water. Furthermore,
the uptake and retention of 1-129 depends upon the ingestion of stable
iodine.

With respect to the 1-129 inventory, it was pointed out historically
that the 1-129 to Cs-137 ratio is taken to be around 10"4. New data and
ongoing studies performed by EPRI indicate that this ratio is about 10"6 or
less. For C-14, the historical ratios to Co-60 are about 10"^; for the
DOE-Prototype License Application Project, a ratio of one-third that value
was used, mainly from adjustments to the institutional and industrial waste
streams. EPRI is also conducting a study to determine the C-14 to Co-60
ratios for nuclear power plant waste streams. There is some initial
evidence that these ratios may be lower than previous values.

CONCLUSIONS

Performance assessments are used to understand the site, to aid in the
design of the facility, and to compare the calculated doses to performance
criteria. In general, concrete barriers provide a significant delay in
nuclide releases and peak doses. However, if long-lived mobile nuclides
are dominant they may not significantly reduce the peak doses. Some
components of performance assessment models should be benchmarked and
compared to field data.

For sites with simple geology and hydrology, complex models can
adequately characterize the site and provide appropriate lumped parameters
for simple analytical performance assessment models. The simple models may
be adequate to demonstrate compliance to regulatory performance objectives
using improved site- and waste-specific data. In addition, emphasis should
be placed on extending the data base to determine concrete degradation,
determining leaching mechanisms and leach rates in a concrete vault
environment, and improving the nuclide inventories in important waste
streams. Finally, since the performance assessments are used to
demonstrate compliance with a design standard, and since part of the basis
for the design standard is also a calculational performance assessment, the
results of the analysis should be considered in the context of being
consistent with the design standard.
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The calculated dose should not be considered to be directly related to
a dose that may occur in the future.
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PERFORMANCE ASSESSMENT STRATEGY FOR
LOW-LEVEL WASTE DISPOSAL SITES

by
R. John Starmer, Lynn G. Deering and Michael F. Weber

U. S. Nuclear Regulatory Commission

1 INTRODUCTION

This paper describes U.S. Nuclear Regulatory Commission (NRC) staff views on
predicting the performance of low-level radioactive waste disposal facilities.
Under the Atomic Energy Act, as amended, and the Low Level Radioactive Waste
Policy Act, as amended, the NRC and Agreement States license land disposal of
low-level radioactive waste (LLW) using the requirements in 10 CFR Part 61 or
comparable state requirements. The purpose of this paper is to briefly
describe regulatory requirements for performance assessment in low-level waste
licensing, a strategy for performance assessments to support license
applications, and NRC staff licensing evaluation of performance assessments.
NRC's current activities in developing a performance assessment methodology
will provide an overall systems modeling approach for assessing the performance
of LLW disposal facilities. NRC staff will use the methodology to evaluate
performance assessments conducted by applicants for LLW disposal facilities.
The methodology will be made available to states and other interested parties.

2 RELEVANT REQUIREMENTS

Performance assessments of LLW disposal facilities are needed to demonstrate
compliance with performance objectives in Subpart C of 10 CFR Part 61. A
performance assessment is a systematic quantitative analysis of radionuclide
release, transport, and dose to man. Two performance objectives require
performance assessment: (l) protection of the general population from releases
of radioactivity [61.41] and (2) protection of individuals from inadvertent
intrusion [61.42]. Demonstrations that a proposed facility can be expected to
meet these two requirements are based almost entirely on results of
site-specific performance assessments.

The performance objective in 61.41 states that concentrations of radioactive
materials released to the general environment via groundwater, surface water,
air, soil, plants or animals must not result in an annual dose exceeding an
equivalent of 25 millirems to the whole body, 75 millirems to the thyroid, and
25 millirems to any other organ of any member of the public. In addition, this
performance objective requires that licensees expend reasonable efforts to
maintain releases of radioactivity to the general environment as low as
reasonably achievable.
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The second relevant performance objective is 61.42, which states that the
design, operation, and closure of land disposal facilities must ensure
protection of any individual inadvertently intruding into the disposal site and
occupying the site or contacting the waste at any time after removal of active
institutional controls over the disposal site. The purpose of this requirement
is to protect inadvertent intruders from receiving whole body equivalent doses
greater than 500 millirems during a reasonably short period of exposure to
waste.

In 10 CFR Part 61.13, NRC requires that license applicants demonstrate
compliance with the performance objectives in Subpart C of 10 CFR Part 61.
These demonstrations must include:

(1) Analyses demonstrating adequate protection of the general population
from releases of radioactivity via air, groundwater, surface water, soil,
plant uptake, and exhumation by burrowing animals; and

(2) Analyses of individual protection from inadvertent intrusion
demonstrating compliance with waste segregation and classification
requirements and that barriers are adequate to deter inadvertent
intrusion.

Compliance demonstrations for the two other performance objectives in 61.43 and
61.44 are based more on hydraulic engineering, nuclear engineering,
geotechnical engineering, occupational health physics, operations management,
and other types of assessments than on performance assessment.

3 APPROACH TO PERFORMANCE ASSESSMENTS

The overall approach to performance assessment used by the applicant to
demonstrate compliance with the performance objectives should consist of two
phases. In the first phase, the applicant should identify a complete set
of possible release scenarios and pathways, and eliminate those which are trivial,
restricted, or obviated by other scenarios. Combinations of events that have
an extremely low probability of occurrence need not be considered. The
applicant should provide details of the process used to eliminate potential
pathways and scenarios. The remaining set of defensible pathways and release
scenarios represents the conceptual model of the waste disposal system.

In the second phase of the performance assessment, the applicant should
quantitatively analyze site performance based on the conceptual model to
estimate doses to maximum exposed individuals and demonstrate compliance with
performance objectives. Applicants' performance assessments should be
supported by use of modular systems modeling, which quantifies potential
release and transport of radionuclides through significant environmental
pathways. NRC staff expects that at a minimum, depending on site conditions
and facility design, the systems modeling will consist of the following
discreet submodels:
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infiltration and leaching, near-field transport within and near disposal units,
groundwater transport, atmospheric transport, plant and animal uptake, and
human dose. The results of individual models should be available for
inspection to assist in understanding estimated doses. The NRC staff will
compare results of the systems modeling with general population dose
requirements in 10 CFR Part 61.41 and the 500 mrem dose criterion relative to
the inadvertent intruder protection requirement in 61.42.

In support of compliance demonstrations for performance objective 10 CFR 61.41,
performance assessment should provide a calculated equivalent annual dose to
the maximally exposed individual with corresponding maximu and minimum values.
In support of compliance demonstrations for the intruder performance objective
in 61.42, the performance assessment should provide a description of assumed
scenarios used to estimate dose to inadvertent intruders, maximum calculated
doses to inadvertent intruders and corresponding maximum and minimum values of
dose.

The radioactive source term in the systems model used to estimate releases
should be derived from waste generator information, inventory databases, and
projections of waste volumes and activities. Transport modeling of environ-
mental pathways and dose modeling should consider a reasonable range of
scenarios, including reasonably foreseeable and unlikely natural and human
induced conditions. The probability of given scenarios will be based on expert
judgement and historical data. The source term should be representative of
expected release of radionuclides from various waste forms under alternative
environmental conditions and should consider degradation of engineered barriers
such as cover systems and waste packaging. The source term inventory should be
used to justify the necessary duration of the performance assessments. For
example, relatively large quantities of transuranic and other long-lived
radionuclides in the waste warrant assessments of long durations, on the order
of thousands of years, compared to wastes that primarily contain short-lived
radionuclides.

NRC staff expects that the applicant will use more complex models to
demonstrate an understanding of individual systems components, to support
results of the systems model, and to defend the inherent simplifying
assumptions of the systems model. Use of complex models may be essential to
characterize the site or disposal system and is expected to vary in scope and
rigor depending on the complexity of the particular system component. Examples
of such sophisticated models might be three-dimensional, finite element
groundwater codes used to assess hydrologic boundary conditions and temporal
variability of water levels if physical characteristics or groundwater
monitoring suggests the need to understand the system at an advanced level of
sophistication. Use of codes that mechanistically describe the behavior of
engineered materials in terms of degradation with respect to containment or
structural stability may be required depending on the facility's reliance on
such materials.
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Reasonable conservatism should be built into performance assessment from the
beginning. A simple deterministic modeling approach is preferred for its
efficiency, cost effectiveness, and defensibility. Based on available data and
knowledge of the system or similar systems, assumptions and generalizations
should be formulated to avoid underestimating release and transport of
radionuclides or the exposure of the inadvertent intruder. Worst case analyses
are not necessarily required to demonstrate that the public and the environment
will be adequately protected; however, realism should be tempered with healthy
pessimism. Any decrease in the original conservatism used in the analysis will
require more complex modeling efforts, more data, and a rigorous defense.
Therefore, the simple conservative, but realistic, approach is considered the
best starting point for performance assessments.

Modeling must be defensible. The most suitable model will be that which is
consistent with the modeling objectives and easiest to use considering the
complexity of the system and the data which can practically be obtained for the
site and intended facility. The model should be verified for appropriateness
of application, validity of assumptions, accuracy of algorithms, and
representativeness of input data. A critical consideration for the user will
be the adequacy of the data available and uncertainty associated with the data.
Generally, more complex models require more abundant and detailed data, while
less sophisticated models rely more on simplifying assumptions and more
generalized data. Where data is inadequate for complex models, there may be a
temptation to use approximations based on assumptions. In this case, a more
complex model provides no more support for licensing decisions than does a
simple systems model.

The modular nature of systems models allows for substitution of results from
complex models used to characterize the physical system of the site, for
results of simpler submodels. For example, characterization modeling may
indicate that model simplification is not supportable, as more complex modeling
supports site and facility acceptability. In such a case, it may be acceptable
to substitute results of a more sophisticated analysis for results of a simpler
submodel, provided that the results are logical and consistent with the
complexity of the particular subsystem. This approach allows flexibility and
reduces effort when only parts of the system need sophisticated modeling in
order to ensure that the results are technically defensible. Benefits of this
approach can be significant when the more-sophisticated model provides added
assurance that the disposal site and facility will perform in an acceptable
manner.

Intruder analyses, on the other hand, tend to be logical discussions of cause
and effect. Those discussions are supported by technical analyses of the
longevity of materials used in the intruder barrier if one is used, and the
long-term stability of the design when depth of burial is considered the
intruder protection medium. Generally if the waste classification system of 10
CFR Part 61 is followed and waste segregation, disposal site stability, and
intruder protection measures specified in the regulations are met, additional
analyses are not necessary. If, however, an applicant projects waste
production for a state or compact different from the analyses used by the NRC
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staff to develop the waste classification requirements of 10 CFR Part 61, the
applicant may need to consider new scenarios and analyses to demonstrate
compliance with performance objective 61.42. Such analyses should be similar
to those presented in NUREG-0782 and NUREG-0945, prepared in support of the
requirements of 10 CFR Part 61.

Performance assessments should include assessments of uncertainty associated
with dose estimates based on analysis of uncertainties in model output,
assumptions, and calculations. Dose estimates should be presented as expected
values accompanied by a range of maximum and minimum values to portray
reasonable associated uncertainties. Dose estimates should be presented as a
function of time, considering half-lives of specific radionuclides and expected
waste inventories and durability of natural and engineered barriers.

Finally, NRC staff expects all codes used by the applicant to support the
license application should be sufficiently documented, verified, and
benchmarked in accordance with NUREG-0856 to assure that independent,
technically competent reviewers can successfully reproduce the performance
assessment modeling and develop comparable, defensible results. Data
collection and modeling should be performed using an acceptable quality
assurance plan following the guidance provided in NUREG-1293. Models should
also be at least partially validated by calibration and by comparison with
independent data collected at the site.

4 NRC STAFF EVALUATIONS LLW PERFORMANCE ASSESSMENTS

The burden of proof to demonstrate compliance with the regulatory requirements
of 10 CFR Part 61 resides with the license applicant. NRC staff performance
assessments provide an independent evaluation of the design performance of LLW
disposal facilities by confirming or verifying assertions and conclusions
submitted by the applicant in support of license applications. The results of
performance assessments are, however, only part of the demonstration of
compliance with NRC requirements. Expert judgment and operational experiences
should also be considered to ensure adequate protection of the public and the
environment from any potential adverse effect of LLW disposal.

NRC staff is currently upgrading its capability to conduct independent
performance assessments in support of license application reviews. NRC staff
has engaged Sandia National Laboratory (SNL) to develop a performance
assessment methodology that will provide an overall systems modeling approach
to be used in assessing compliance with the performance objectives of 10 CFR
Part 61. The methodology will integrate models needed to describe release,
transfer, and dose, and will include the mathematical codes and code
documentation needed to implement the methodology.

As a critical first step in developing the performance assessment methodology,
SNL is compiling a list of viable pathways for release and migration of
radionuclides from LLW facilities and for intruder scenarios, and generically
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assessing their relative importance. SNL will complete the following interim
products prior to completing the documented methodology: 1) identification of
pathways, 2) ranking of pathways, 3) identification of quantitative models for
the methodology, 4) integration of quantitative models, and 5) implementation
and documentation of the methodology. Additional products that will be
available include an evaluation of existing codes needed to implement the
methodology and a self-teaching curriculum (SNL, 1988). The methodology
developed by SNL will assist NRC and applicants in defining an acceptable set
of procedures for assessing performance of LLW disposal facilities. NRC will
make these products available to states as they are developed.

In addition to the work being done at SNL to support NRC's performance
assessment capabilities, NRC has employed Brookhaven National Laboratory (BNL)
to develop a source term leaching model to be used in conjunction with the
performance assessment methodology (BNL, 1988), and Pacific Northwest
Laboratory (PNL) to compile hydrogeologic databases for several existing LLW
sites and perform hydrogeologic assessments to gain insight into historical LLW
facility performance. PNL's work should facilitate development of scenarios
and approaches to model groundwater transport for performance assessments.

Following the guidance presented in Chapter 6 of the NRC's Standard Review Plan
for LLW License Applications (NUREG-1200), the staff will critically evaluate
and comment on an applicant's performance assessment, emphasizing (1)
definition of the physical system, (2) integration of system and subsystem
models, (3) basis for selection of model input, model validation and
verification (4) model application, (5) analysis of uncertainties and
sensitivities, and (6) application of the modeling results in support of the
license application. The amount of independent modeling to be conducted by NRC
staff is determined based on technical judgment, the level of confidence the
staff has in the codes and models used by the applicant, and the relative
significance of the modeling results with respect to the compliance
demonstration.

The staff may also perform relatively simple and conservative or best-estimate
assessments to evaluate the validity of performance assessment results
submitted in support of license applications. Simple models and codes are
preferred, provided their use can be defended considering the full range of
processes and phenomena that may significantly affect the performance of the
waste disposal system. Staff modeling should be compatible with the quality
and amount of data available to support performance assessments. NRC staff
analysis will ensure sufficient data have been provided by the applicant to
assure that performance modeling is representative of the disposal system. The
NRC staff will review the applicants' modeling and evaluate whether the
applicants' performance assessment provides reasonable assurance of compliance
with the regulatory requirements.

Review of the application and preparation of comments does not necessarily
require-NRC staff execution of performance assessment codes. The NRC staff
may, however, conduct independent performance assessment modeling in selected
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areas to confirm and verify the design performance of LLW disposal facilities.
While staff does not necessarily need to develop and use independent models and
codes to confirm performance assessments that support license applications, the
performance assessment methodology developed by SNL will define procedures
acceptable to NRC staff for assessing the performance of LLW disposal
facilities.

A typical level of independent NRC review would consist of the following
elements:

(1) Critical review of the applicant's performance assessment, including
commenting and evaluating responses to the comments;

(2) Selected audits of model applicability using simple, conservative
models;

(3) Independent verification of the most significant performance
assessment results using computer codes that have been verified,
benchmarked, and documented in accordance with NRC guidance; and

(4) Assessment of uncertainties inherent in performance
assessments and determination whether that they have been adequately
reflected in the results.

5 SUMMARY

License applicants for LLW disposal facilities must conduct performance
assessments to demonstrate compliance with performance objectives 10 CFR Part
61.41 and 61.42. License applicants should use performance assessment to
support compliance demonstrations with 61.41 and 61.42. Performance
assessments should consist of (1) identification of defensible pathways and
scenarios through which radionuclides may escape from the disposal facility, or
by which intruders could be exposed to radioactivity, and (2) quantitative
analyses of site performance in terms of estimated human doses based on the
pathways and scenarios. NRC staff expects that the applicant's performance
assessment will be supported by modular systems modeling, that is supported, as
appropriate, with more complex modeling, expert judgement, and operational
experience.

The NRC staff reviews performance assessments submitted by license applicants
for LLW disposal facilities to confirm or verify assumptions and conclusions
used to demonstrate corcpMance with the requirements in 10 CFR Part 61. These
reviews consist of thorough evaluations of the applicant's conceptual modeling,
input data, computed results, documentation and verification of computer codes
or other techniques used in the assessment, and quantification of uncertainties
associated with predicted results. In addition, NRC staff reviews may be
supported by systems modeling to confirm the design performance of LLW disposal
facilities. If determined prudent by NRC staff, the systems modeling may be
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supported by more complex analyses of individual systems components to defend
simplifying assumptions and results of the systems modeling.

NRC is preparing to review license applications for LLW disposal by refining
procedures for conducting performance assessment, improving models for
estimating release of radionuclides from LLW forms, and developing more insight
into radionuclide transport and site performance at existing LLW disposal
facilities. NRC will make products from these activities available to states
and other interested parties as they are developed.
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ABSTRACT

The U.S. Environmental Protection Agency (.EPA/i is currently
developing standards tor the land disposal of low-level
radioactive waste. As part of the standard development,
EPA has performed risk assessments using the PRESTO-EPA

codes. A program of sensitivity analysis was conducted on
the PRESTO-EPA codes, consisting of single parameter
sensitivity analysis and scenario sensitivity analysis.
The results of the single parameter sensitivity analysis
were discussed at the i987 DOE LLW Management Conference.
Specific scenario sensitivity analyses have been completed
and evaluated. Scenario assumptions that were analyzed
include: site location, disposal method, form of waste,
waste volume, analysis time horizon, critical radio-
nuclides, use of buffer zones, and global health effects.

Introduction

The U.S. Environmental Protection Agency (EPA) is developing generally
applicable environmental standards for the land disposal of low-level
radioactive wastes l̂ LLWJ under the authority of the Atomic Energy Act
1.AEA,), as amended. Comparing the potential health impacts and costs from
a broad number of disposal alternatives is an important element in developing
these Standards, which will apply to taciiities throughout the United States
wtucu dispose of LLW.

in developing tne LLW Standard, it was necessary tor EPA to assess the impacts
lrom tne disposal of LLW under a variety of disposal methods, site locations,
ana other variables. These assessments were performed using the PRESTO-EPA
family of computer models.

Tne original PRESTO-EPA model was aeveioped jointly by EPA and Oak Ridge
National Laboratory il). The modei, completed in 1983, was expanded by EPA
and Rogers and Associates Engineering Company into a family of risk assessment
codes (.2>. These codes, and what they assess, are summarized below.

PRESTO-EPA-POP Estimates cumulative population health effects to
local and regional basin populations from land
disposal of LLW by shallow methods; long-term
analyses are modeled (.generally 10,000 years,).
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PRESTO-EPA-CPG Estimates maximum annual whole body dose to a critical
population group from land disposal of LLW by shallow
or deep methods; dose in maximum year is determined.

PREi>TO-EPA-DEEP Estimates cumulative population health effects to
local and regional basin populations from land
disposal of LLW by deep methods.

PRESTO-EPA-BRC Estimates cumulative population health effects to
local and regional basin populations from less
restrictive disposal of URC wastes.

PATHRAE-EPA Estimates annual whole body doses to a critical
population group from less restrictive disposal of
BRC wastes.

Because PRES10-EPA was developed specifically for the LLW standard-setting
effort and is a new code, a program of coae improvement and verification was
conducted. This program included: quality assurance audits of all codes,
extensive test runs, peer review, review by EPA's Science Advisory board, and
intercomparison with other simiiar codes. Another important aspect of this
program, and what will be discussed in this paper, was sensitivity analysis.

Description of sensitivity Analysis Program

Sensitivity analysis can be defined as changing the values of specified input
parameters, either individually or as a group, in order to assess the change
in the model output. The output from the test runs is compared to the output
from standard runs, where all the input parameters remain constant. In this
way the results can be quantified and a relative measure of the model's
sensitivity co ctianges in various input parameters can be determined.

in our sensitivity analysis program we conducted two broad types of analyses.
The first, called smgie parameter sensitivity analysis, consisted of varying
only a single parameter Cm some cases, a few parameters) at a time. Examples
of tins type of analysis would oe increasing or decreasing the aquifer flow
rate or the permeability of the trench cap. The single parameter sensitivity
analysis was discussed at the 1987 DOE LLW Management Conference and a copy
of the paper appeared in the proceedings (3). A complete discussion of the
smgie parameter sensitivity analyses and results appears in the Low-Level
Waste Background information Document I.LLW BID) 1.4,).

The second type, which we called scenario sensitivity analysis, consisted of
varying a group of input parameters associated with a specific scenario
variable, in order to modify the scenario associated with one of the base-case
analyses. Examples of this type of analysis would be changing the waste form,
the size of the site, or the disposal method.

The scenario sensitivity analysis methodology and a summary of the results and
conclusions will oe presented in this paper. In addition, the results of a
few of the anai.yses will be discussed in more detail. A compete discussion
or the scenario sensitivity analyses and results appears in the LLW BID (4).



Rationale for Conducting Sensitivity Analyses

Since the PRESTO-EPA models were new codes, it was important to test them
as extensively as possible. The single parameter and scenario sensitivity
analyses were an important part of this test program. The single parameter
sensitivity analyses helped to identify the most sensitive input parameters.
The identification of the sensitive input parameters prior to the final
production runs allowed for more efficient use of limited resources in better
characterizing those parameters which would most affect model output. Also,
sensitive input parameters were flagged for more thorough review when checking
input lists for accuracy, prior to production runs.

The scenario sensitivity analyses allowed us to analyze the results of
scenarios difierent from those chosen as our standard base-case analyses for
the LLW standard-setting erfort. In this way we were able to test how
scenario assumptions that were made about the base cases affected the output
results.

the scenario sensitivity analyses differed from the single parameter analyses
in that, in general, a group of input parameters related to a specific
scenario assumption was varied. The purpose of the analyses was not
necessarily to determine what would happen when certain input parameter values
were changed, but to see what would happen when the scenarios were changed.
In choosing a set of standard scenarios to analyze for our standard-setting
eftort, it was necessary to make certain assumptions about the scenarios, sucli
as the volume of waste disposed of, the form of the waste, or the disposal
methods that would be used. The scenario analyses allowed us to determine how
sensitive the results were to these assumptions.

Methodology of Scenario Sensitivity Analyses

In developing the LLW Standard, it was necessary to assess the health impacts
that would result from the disposal of LLW ur.Jer various assumed scenarios.
These scenarios, which reflect a broad range of disposal options, include
assumptions on tne disposal sites, disposal methods, waste form, -;aste volume,
and regional waste mix. Because there was such a large number of possible
scenario combinations that could have been assessed, we felt that it was
necessary to choose a limited number for our basic analyses. These basic
analyses, wmcn are called the base-case scenarios, are discussed in Chapters
y ana 10 of the LLW BID

The base-case analyses consisted of seven separate scenarios, each analyzed
at ail three of the standard hydrogeoiogic sites, tor a total of 2i base-case
analyses. For each analysis, an estimate of the cumulative population health
effects and maximum annual dose to the critical population group tCPG; was
made using the PRESTO-EPA-POP and PkESTO-EPA-CPG models. The results of
tnese analyses are given in Figures 1 and 2. Additional analyses were
also performed where the oasic scenarios were changed to see how different
assumptions would affect the results. These tests were conducted as part
of our sensitivity analysis program as scenario sensitivity analyses.
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The two basic codes that we tested (by varying input parameters associated
with a particular scenario assumption we wanted to evaluate the sensitivity
of) were PRESTO-EPA-POP, which is used to estimate long-term population health
effects, and PRESTO-EPA-CPG, which is used to estimate maximum annual doses to
a nearby CPG. Since the other codes are based on and are very similar to
these two, scenario sensitivity analyses were not performed on the other
PRESTO-EPA codes.

In the scenario sensitivity analyses, we tested a number of variables. These
included: site location (hydrogeological region); type of disposal method;
waste form, including both solidification and the use of high integrity
containers; waste mix (various regional waste differences); waste group
(including or excluding certain waste groups such as NARM or BRC); the waste
volume or site size; the length of analysis; the critical radionuclides; the
size of the buffer zone; and the inclusion of global health effects.

The methodology was similar for each of the tests. After we analyzed the
base-case scenarios (see Figures 1 and 2) and determined which scenario
variables to test listed above), we modified the scenario as appropriate
to test a particular scenario assumption and then analyzed the modified test
scenario. A comparison was made of the test scenario output and the base-
case output. Finally, the results were analyzed to determine to which of
the scenario assumptions the output was sensitive.

It is not possible in this paper to describe each of the analyses in detail,
therefore, only three analyses will be discussed. The three analyses which
will be described in this paper are the scenario sensitivity analyses on the
l!l) disposal methods, 12) analysis time horizon, and (3) critical radio-
nuclides. A summary of the results from all of the scenario sensitivity
analyses is given at the end ot this paper, along with the analysis con-
clusions. For a complete description of all of the scenario sensitivity
analyses, see Chapter 11 of the LLW BID (4).

Results and Discussion of Scenario Sensitivity Analyses

In the following section each of the three scenario sensitivity analysis
examples (listed above) are described and tne results given and discussed.
Results are generally characterized by both maximum annual dose to the CPG and
long-term population health effects. The examples that are given are used to
illustrate the scenario sensitivity analyses. See Chapter 11 of the LLW BID
for a complete description of the scenario sensitivity analyses and results.
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i. Sensitivity to Disposal Method

The health impact from the disposal of LLW varies depending upon the disposal
method used. In Figures 1 and 2 the health impact from a number of different
disposal scenarios making up the base-case analyses are shown. The seven
disposal scenarios in Figures 1 and 2 use five different disposal methods.
These are sanitary landfill (SLF), traditional shallow land disposal (SLD),
improved shallow land disposal (ISD), intermediate depth disposal HDD), and
disposal in concrete canisters (CC). One method, 10 CFR Part 61 disposal
technology, combines two separate disposal methods, SLD for Class A and B
wastes and ISD for Class C wastes.

The analysis results are shown separately for maximum annual aose to the
CPG (Figure 1) ana long-term cumulative population health effects (Figure 2)•
The results are also separated for each of the three types of hydrogeoiogical
sites: humid permeable, humid impermeable, and arid permeable.

The results of the analysis show that the maximum annual CPG dose and
long-term population health effects are greatest from the sanitary landfill
method at all sites. The concrete canister method leads to the lowest CPG
dose and health effects at all sites, although the more rigorous disposal
methods offer essentially an equivalent level of protection.

The difference m maximum annual CPG doses among the disposal methods varies
depending on location. The range between the least protective and the moat
protective is about 50 times more protective for the humid permeable location,
about 500 times more protective for the humid impermeable location, and at
least five orders of magnitude for the arid permeable location.

The difference in long-term health effects among the disposal methods also
varies depending on location, but to a lesser degree. The range between the
least protective and the most protective methods is about four for the humid
permeable location, about 150 times more protective for the humid impermeable
location, and about 200 times more protective for the arid permeable
location.

In addition to providing information on sensitivity to disposal methods,
Figures 1 and 2 can also be used to show the sensitivity to hydrogeologic
region and to waste form. Looking at Figures 1 and 2, one sees that both
maximum CPG dose and long-term population health effects are generally reduced
when going from humid to arid sites, from permeable to impermeable sites, and
trom disposal of waste as generated to disposal in a solidified form. This
suggests tnat greater isolation of the waste and consequently, lower health
impact, can be achieved by using either more rigorous disposal method's, a less
humid or permeable site, or by solidification of the waste.

2. Sensitivity to Analysis Time Horizon

'ine analysis time period used for the base-case analyses and most of the
other OPG assessments is 1,000 years, although 10,000 years was used for
one scenario at each of the three sites. The additional three runs were
performed in order to identify any peak CPG doses that might occur after
1,000 years.



The maximum annuaL CPG doses for a 1,000- and a 10,000-year time horizon using
10 CFR Part 61 disposal technology are analyzed at each of the three hydro-
geoiogic sites. The peak. CFG doses for the two humid locations are the same
for both time periods. This finding reflects the fact that the movement
of the high-dose, mobile radionuclides to the CPG at humid locations occurs
relatively quickly, so that extending the analysis past 1,000 years has no
effect on peak CPG dose.

At the arid site, however, extending the analysis period to 10,000 years
causes an increase in the peak dose from about 0.0009 to about 0.02 mrem per
year. This increase is due to the nature of the arid site, where radionuclide
transport through the groundwater pathway is very slow for even the more
mobile nuclides. In the 1,000 year analysis, C-14 readies the CPG and causes
the peak dose, with other less mobile nuclides remaining in transit. Extending
the analysis period to 10,000 years allows some of the less mobile nuclides,
such as 1-129, to reach the CPG, causing a greater peak dose. It should be
noted, however, that all doses, whether from C-14 or 1-129, are very small at
the arid site.

In order to provide additional information on how the CPG doses vary
over time, the annual CPG dose is plotted over the 1,000 year analysis
period. This information is provided from PRESTO-EPA-CPG analyses using
conventional shallow land disposal technology and 10 CFR Part 61 disposal
technology. Each of the three hydrogeoiogical sites was evaluated, although
only the plot for the humid permeable and humid impermeable are shown in this
paper.

In Figures 3 and 4 the maximum annual CPG dose is plotted over time (with time
zero corresponding to site closure) for conventional shallow land disposal and
10 CFk Part bl disposal technology. For conventional shallow land disposal
ail waste is in the as-generated waste form, while for 10 CFR Part bl disposal
technology much of the waste is solidified (Class fi and C). As can be seen
trom the figures, the use of more rigorous disposal practices and the
solidified waste form for the 10 CFR Part 61 disposal technology, leads to
similar behavior of CPG dose versus time for the radionuclide releases, but,
in general, significantly smaller dose rates, when compared to conventional
shallow disposal.

Figure 3 shows the relationship of dose rate over time at the humid permeable
site. The annual dose rate, rises quickly from the very mobile radionuciides
H-3 and C-14. As this dose diminishes, the Tc-99 and then the 1-129 reach the
receptor. The maximum annual dose rate is from 1-129, around year 700. After
about 900 years the dose rates start to level off. Less mobile radionuclides
will continue to reach the CPG after 900 years, but the doses will remain
below that of the 1-129 peak.

Figure 4 shows the relationship of dose rate over time at the humid
impermeable site. There is very little dose until the trench cover fails in
year 1G0. Failure of the trench cover allows a quick release of many nuclides
and a large peak in dose rate soon after, due to overflow of the trench and
transport via surface water. The peak dose is mainly due to 1-129 in about
year 200. The peak drops quickly, leveling off after about year 300.
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The plot for the arid permeable site is not shown, although it can be
described. There is a small dose rate in the first few years due to windblown
transport of nuciides spilled during operation. The most mobile nuciide,
C-14, reaches the CPG about year 900. As discussed earlier, extending the
analysis past 1,000 years results in a larger peak dose from 1-129, although
this peak dose is still very small. In general, the plot of CPG dose versus
time for the arid site will look similar to that of the humid permeable site,
except that the doses will be much lower and the time at which the peaks occur
will be shifted to the right.

Cumulative population health effects, estimated using the PRESTO-EPA-POP
model, are assessed for 10,000 years. In order to evaluate how these health
effects accumulate over time, the model estimates cumulative health effects
for shorter time periods, including 100, 500, and 1,000 years. This infor-
mation is provided for a site using 10 CFR Part 61 disposal technology in all
three hydrogeoiogic environments.

Cumulative population health effects are assessed for 10,000 years, but occur
at different rates over that period. This can be seen in Table 1, where
health effects are broken down by time period. Looking at the U.S. totals,
as opposed to the three specific sites, and assuming 10 CFR Part 61 disposal
technology, we see that 43 percent of the population health effects occur in
the first 500 years. An additional 10 percent occur over the following
500 years, with 47 percent occurring during the last 9000 years of the
analysis.

It should be noted that these health effects are estimates of the total
potential U.S. health effects, weighted for the waste in each of the three
hydrogeoiogic regions. The estimated health effects would be less tor each
specific region and would vary depending on the region.

If the assessment that was described above was done on a regional basis, the
proportion of population health effects for the humid sites would be very
similar to the results shown. About 50 percent of the health effects would
occui before 1,000 years and the other half after 1,000 years. For less
restrictive disposal methods, such as conventional shallow, or with less waste
solidified, the proportion of health effects occurring before 1,000 years
would increase. For the arid sites, a greater percentage of the health
effects occur in later years due to the slower rate of groundwater transport-
In general, numbers of heaith effects occurring over the hydrogeoiogic regions
or between various disposal methods are fairly constant, but with the health
effects occurring later at the arid sites, with more restrictive disposal
methods, or with solidification of the waste.

3. Sensitivity to Critical Radionuciides

A consideration regarding health impacts from LLW disposal is identifying
the radionuciides that contribute most to the health impacts under different
disposal situations. Since a unit curie and unit volume methodology was used
to calculate population health effects, the results from these separate
analyses can be used to illustrate which radionuciides could be most sensitive
under various disposal scenarios. The analyses and results are described in
the following sections for population health effects with a separate
discussion of CPG peak doses.
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The "unit curie" methodology, wherein the population health effects from
disposing of one curie of each radionuclide of interest by a specific
combiiiation of disposal methods, waste forras, and hydrogeologic conditions
is modeled, is used to identify potentially important radionuciides. The
relative importance of radionuciides change, depending on hydrogeologic
setting, the form of the waste, and the critical release, transport, and
exposure pathways.

Where groundwater pathways are important, such as at the humid permeable
and arid permeable sites, the majority of the population health effects are
contributed by long-lived, mobile radionuciides with high risk factors, such
as C-14, Tc-99, 1-129, and Np-237 . Less mobile radionuciides, sucn as Nb-94,
Cs-135, and Cm-243, become important in cases where the trenches overflow,
such as at the humid impermeable site. When the trenches overflow, these
radionuciides are discharged directly onto the land surface and subsequently
into surface waters, after retardation by the soils. For ground surface
exposure pathways, such as in the first years after site closure when
atmospheric transport of nuciides spilled during operation are important,
gamma-emitting radionuciides such as Co-60, Cs-134, and Cs-137 can dominate.

The contribution to health impact of individual radionuciides depends on the
concentration of the nuclide in the waste. The "unit volume" analysis, on a
waste stream by waste stream basis, is useful for identifying potentially
important waste streams and radionuciides. In the "unit volume" calculation,
one cubic meter of waste is loaded with the scaled concentration of activity
for each radionuclide in that waste stream. The population health effects are
then calculated based on the unit volume being disposed of by specific
disposal methods, waste forms, and hydrogeologic combinations.

if the unit curie analysis is compared to the unit volume analysis, one finds
that raaionuciides which were important on a per curie basis are no longer
important on a waste stream basis. Neptunium-237 is a good example. In the
unit curie analysis, Np-237 is identified as potentially the most critical
radionuclide because of its high mobility in water pathways, its high
toxicity, and its long half-life. However, since only negligible
concentrations of Np-237 are in commercial LLW, Np-237 is usually not
important, as suggested by its absence as a critical radionuclide in the
unit volume results.

Finally, we can evaluate a fully loaded, 250,000 cubic meter site to determine
which nuciides contribute the greatest number of population health effects for
the base-case 10 CFR Part 61 disposal technology scenario. Table 2 shows the
radionuciides that contribute the greatest percentage of the population health
effects at a site using 10 CFR Part 61 disposal technology at the three site
locations. As can be seen from Table 2, C-14 is the critical radionuclide,
contributing 90 percent of the population health effects at the humid
permeable site and 95 percent at the arid permeable site. At the humid
impermeaoie site, with its overflow pathway, C-14 contributes only 70 percent
of the population health effects, with Am-241 contributing most of the
remainder. The importance of C-14 is due to its high mobility, long half-
life, and, to a lesser degree, its relatively large source term and high
dose conversion factor.
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The unit curie and unit volume methodology, which was used tor calculating
population health eftects, was not used in calculating peak doses to the CPG.
The impact that is determined for the CPG, maximum annual dose rate, is not
amenable to that type of a methodology, as nuclide concentration over time is
required. Instead, analyses are done directly with a full source term.

The nuciides which are most critical to the CPG peak dose at each of the
three sites, using a complete source term and the 10 CFK Part 61 disposal
technology, are shown in Table 2. At the humid sites, 1-129 is the major
nuciiae, wnile at the arid site, C-14 dominates. These results can be most
easily explained by reviewing Figures 3 and 4.

At the humid permeable site I Figure 3), where over 90 percent of the peak CPG
dose is due to 1-129, one sees that C-14 contributes a small peak early in the
analysis (about year 200!) , but that at the time of the main peak (about year
800,), 1-129 dominates. This is contrasted with the humid impermeable site
^Figure 4J, wiiere 1-129 contributes 78 percent of the peak CPG dose and C-14
contributes 22 percent. The reason that both nucliaes contribute toward the
peak CPG dose is due to the overflow pathway that predominates at the humid
impermeable site, winch allows ooth of the nuciiae peaks to occur at about the
same time. While both peaks occur at approximately the same time (about year

the contribution from 1-129 is higher.

At the arid permeable site, the critical radionuclide is C-14. As discussed
earlier, this is due to the long travel times at the arid site, which causes
1-129 to reach the CPG after the 1,000 year analysis is over. If the analysis
was extended to 10,000 years, the percentages would be similar to those of the
humid permeable site, although the peak CPG dose would still be very small.

Summary and Conclusions of Scenario Sensitivity Analyses

The previous sections discussed three examples of scenario sensitivity
analyses. For a complete discussion of ail of the analyses, see Chapter 11 of
the LLw lill) (4). In the following section, a summary of the overall scenario
sensitivity analysis results are given, as well as the conclusions of the
analysis.

The sensitivity of the results to the choice of disposal site is very
pronounced when determining maximum annual doses to a nearby CPG. With other
things equal, an impermeable site provides more protection than a permeable
one, while arid regions provide more protection than one which is humid. In
determining long-term population health effects, the results are much less
sensitive to site location, with long-term, population health effects fairly
constant over all sites. This is aue to the fact that over long time periods,
the cumulative amount of radionuclides that reach the population does not vary
a great ueal.
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The sensitivity of the results to the type of disposal method used is very
similar to the results shown for the site location. Placing waste into a more
stringent disposal system which provides greater isolation is similar to
disposing of waste in less permeable or less humid sites. Again, the effects
are more sensitive when assessing the peak CPG dose than when assessing
long-term, population health effects.

Concerning the waste form, the results are very sensitive to solidification.
Both CPG dose and cumulative population health effects are reduced by
solidification, due to a reduction in the rate at which radionuciides leave
the disposal trench. A secondary point is that high-integrity containers
affect the cumulative population health effects very little, since the
containers are assumed to fail relatively quickly. In addition, high
integrity containers can actually cause an increase in maximum CPG dose of
about 10 percent, due to their failure and release of radionuciides over a
shorter time period, causing a larger peak in CPG dose.

Separating the waste into waste mixes indicative of various regional compacts
has little effect on impacts from disposal. The waste mix used does not vary
greatly over the regional compacts for the critical nuclides. Excluding
certain waste groups from the analyses (i.e., BRC, NARM, or GTCC) has little
effect on the results, since the major impacts are due to general LLW, which
was not varied. Higher activity wastes are generally solidified, with the
result being that their inclusion or removal does not affect the results
significantly.

Increasing or decreasing the site volume (waste volume and activity) causes a
linear increase or decrease in long-term health effects and in CPG dose at
impermeable sites. Permeable sites show a less than linear effect, due to
areal dilution of larger source terms. In general, site size or waste volume
affects health impact in a linear manner.

The sensitivity of the results to the time period used in the analysis is
generally not important, as long as a minimum period of about 1,000 years is
used for the CPG analyses. Increasing the time period in the CPG analyses at
humid sites has no effect, as the CPG peak dose occurs prior to 1,000 years.
Since the peak doses can occur as late as S00 years, however, decreasing the
time period to much Less than 1,000 years could cause the peak dose to be
nusseci. For arid sites and some humid scenarios, the dose rate continues to
rise after 1,000 years, due to the long travel time required for radionuciides
to reach the CPG or due to greater isolation disposal methods. In these
cases, however, the peak annual dose to the CPG is always small. For the
long-term, population health effects, nuclides which had not reached the
regional basin in 10,000 years, such as nuclides of uranium or plutonium,
would require extremely long time periods to do so and would not contribute
significantly to the total health effects. In general, it was felt that
continuing the analysis period for greater than 10,000 years incorporated too
much uncertainty to be useful.
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Analyses show that the inventories of various radionuclides are sensitive,
depending upon the site location and the predominant pathways.
In general, the mobile nuclides with longer half-lives, such as C-14 and
1-129, predominate, although in cases of atmospheric or direct exposure
pathways the critical radionuclides may change.

Analyses on the size of the buffer zone show this variable to be unimportant
in affecting CFG dose or population health effects. Analyses of global health
effects show them to be minor in comparison to the river basin health effects.

Based on the scenario sensitivity analyses, the following general conclusions
can be made.

o The assumptions concerning the scenario variables, when analyzing the
impacts from LLW disposal, cause a much greater change in the output
when assessing the maximum dose to the CPG than when assessing the
long-term, population health effects. This is due to the fact that
CPG dose is based on only the peak release, whereas long-term health
effects are based on cumulative releases over long time periods.

o The health impacts from LLW disposal are very sensitive to methods
that provide greater isolation, such as disposal in less permeable or
less humid sites, disposal using more rigorous disposal technologies,
or solidifying the waste prior to disposal.

o In terms of waste form or waste treatment, the most sensitive method
for reducing health impacts is solidification of the waste.

o The health impacts from LLW disposal are dominated by the
longer-lived, mobile radionuclides with high dose conversion factors,
such as C-i4 and 1-129, although in cases of atmospheric or direct
exposure pathways the critical radionuclides may change.

o In analyzing the health impacts from the disposal of LLW, an analysis
period of 1,000 years is usually sufficient to assess any significant
peak dose. For long-term, population health effects, 10,000 years is
long enough to assess the health impacts from ail but the most
immobile radionuclides, which would require an extremely long
analysis period to assess and are minor contributors to total health
effects.

o In determining population health effects, the contribution from
nuciides released to the ocean and taken up through the consumption
of ocean fish or seafood will be minor.
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Table 1. U.S. Total Health Effects Over Time, Fron Disposal ot
20 year U.S. Waste Volume Using 10 CFR Part 61 Disposal
Technology

Time Period lyrj Cumulative Health Effects1 % of Total

0 - 100
101 - 500
501 - 1,000

1/001 - 10,000

Total 10 - 10,000;

1.6
10.6
2.8
13.3

28.3

5.7
37.5
9.8

47.0

100

i. Health effects are foe fatal cancers and serious genetic effects.

Table 2. Critical Radionuclities at Model LLW Site*-

Scenario Critical
Radionuclides

Percent of total health impact
caused by critical radionuclides

Pea* CPG Population
Dose Health Effects2

Humid 1-129
Permeaoie C-14

Other

•iumid 1-129
Impecmeaole C-14

Am-241
Other

Arid C-14
Permeable Other

93%
7%

78%
22%

100%

90%
10%

70%
20%
10%

95%
5%

i. Model site assumes 2i0,u00 m^ of U.S. average waste mix,
using 10 CFR Part 6i disposal teennoiogy.

.. Approximate values.

97



References

1. U.S. Environmental Protection Agency, "Low-Level and NARM Radioactive
Wastes, Model Documentation, PRESTO-EPA-POP, Volume 1, hethodology
Manual," EPA 520/1-87-024-1, Washington, D.C., December, 1987.

2. Rogers, V.C., Hung, C.Y., Cuny, P.A., and Parraga, F., "An Update on the
Status of EPA's PRESTO Methodology tor Estimating Risks from Disposal of
LLW and BRC Wastes," U.S. Department of Energy, Proceedings of 6tn Annual
Participants' Information Meeting on DOE Low-Level Waste Management
Program, Denver, Colorado, September 11-13, 1984, CONF-8409115, Idaho
Falls Idaho, 1985.

3. Bandrowski, M.S., "Sensitivity Analysis of EPA's Codes Used to Assess
Health Impact from LLW Disposal Alternatives," U.S. Department of Energy,
Proceedings of 9th Annual Participant's Information Meeting on DOE
Low-Levei Waste Management Program, Denver, Colorado, August 25-27, 1987,
Conf-87059, Idaho Falls, Idaho, February 1988.

4. U.S. Environmental Protection Agency, "Low-Level and NARM Radioactive
Wastes, Draft Environmental Impact Statement, Volume I, Background
Information Document," EPA 520/1-87-012, Washington, D.C., August, 1987.

98
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INTRODUCTION

A comprehensive program has been conducted at the Savannah River Plant (SRP) to
assess environmental impacts of both radioactive and nonradioactive (hazardous)
waste at its disposal sites to assure compliance with provisions of the
National Environmental Protection Act. As part of this program, a study is
being conducted to address special concerns related to certain long-lived
radionuclides including neptunium-237, iodine-129, and uranium in low-level
radioactive wastes (LLW). Previous studies (Cohen, 1987; Jaegge et al., 1987;
Killian et al., 1987a; Killian et al., 1987b) have indicated that the predicted
radiological dose from SRP wastes to maximally exposed individuals would likely
be within acceptable levels, and that long-lived radionuclides could be the
major contributors to that dose.

The long-lived components of radioactive wastes have generally been a cause of
special concern due to the fact that their half-lives can be several thousands
to millions of years. This fact, coupled with the perception that controls
required to prevent their release cannot be relied upon for such prolonged
periods, leads to the belief that we are faced with a unique and unprecedented
problem. It has been shown that such concerns may not have a rational basis
(Cohen, 1986). For example, if the special concern toward long-lived
radionuclides were valid, then it would logically follow that such concerns
should also apply toward stable toxic materials such as lead and cadmium which
will exist essentially forever (Eisenbud, 1987). Yet no requirement for
permanent isolation of such materials in wastes has been suggested. Another
consideration is the inverse relationship between the specific activity of a
radionuclide and its half-life which indicates that the longer the half-life,
the less radioactive the nuclide is. In fact, for certain very long-lived
radionuclides the chemical toxicity per unit intake could exceed its
radiotoxicity. Although there may be some question regarding the technical
basis for the special concerns directed toward long lived radionuclides in
waste, these concerns exist and must be addressed.

The objective of the current study is to characterize issues related to long-
lived radionuclides in SRP waste. This work includes defining a reasonably
attainable data base on parameters affecting leachability, mobility, dosimetry,
and other factors that might affect radiological dose consequences. The long-
lived radionuclides to be assessed include: certain transuranics, uranium,
technetium-99, iodine-129, and carbon-14. The study is scheduled for completion
by the end of this year. Preliminary insights and conclusions focusing
primarily on neptunium-127, iodine-129, and uranium are discussed in this
paper.
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WASTE SITE CHARACTERIZATION

Several operations at SRP produce radioactive wastes. The primary disposal
sites for liquid low-level radioactive waste (LLW) have been the seepage basins
for F area and H area. Solid LLW is disposed of at the SRP radioactive waste
burial ground. SRP operations also produce high-level and transuranic wastes
which are intended for future processing and off-site disposal. Since this
study will focus on potential impacts from on-site disposal of long-lived
radionuclides in waste, it will address the LLW at the seepage basins and
burial grounds.

Table 1 presents a summary of inventories of selected long-lived radionuclides
at these sites. Although a much wider spectrum of long and short lived
radionuclides are in these wastes, they have not been selected for evaluation
in chis study because either low quantities or other factors, as determined
in previous studies (Cohen, 1987), indicate their predicted doses would be
relatively low following an assumed 100 year period of institutional control.

Previous assessments of the radiological consequences predicted from radio-
active materials at the SRP LLW disposal sites were performed using the PATHRAE
(Stephenson, 1987) and IMPACTS (Cohen, 1987) calculational models. In both
sets of calculations, the maximum individual dose resulted from assumed
dissolution of waste in groundwater and its transport to a nearby well where it
was consumed. A summary of predicted doses to maximally exposed individuals is
presented in Table 2. It should be noted that to a large extent these results
reflect the specific set of assumptions incorporated in the calculational
models.

GENERAL COMMENTS ON CALCULATIONAL MODELING

Assessing the radiological impacts from the disposal of radioactive wastes has
historically involved application of deterministic modeling in which the
theoretical calculations incorporating pessimistic data assumptions are used to
determine the "worst case" consequences. The results can then be compared with
relevant standards to determine the acceptability of the specific practice in
question.

There are several well known limitations to theoretical modeling (Smith, 1981).
Data limitations exist where the data required to support the model is
unavailable. The data may be either unknown or, in some cases, unknowable.
Another problem is that there can be serious differences between conceptual
models and reality. The nature of modeling assumes a predictable universe,
yet the world, particularly the geologic part of it, is often associated with
anomalous and unpredictable occurrences (e.g., fractures, discontinuities,
etc.).

Finally, the results of a "worst case" assessment can be dependent largely on
the imagination of the analyst. Since probability is not considered in "worst
case" analyses, the unlikelihood of events is not a constraint in scenario
development. Unfortunately, the results of such analysis are often interpreted
as a reflection of reality rather than of an extreme case.
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Table 1

ESTIMATED INVENTORY OF SELECTED LONG-LIVED RADIONUCLIDES
AT SRP LOW LEVEL WASTE DISPOSAL SITES

Radionuclide

Plutonium-239

Nep tunium-2 3 7

Iodine-129

Technitium-99

Uranium-238

Burial
Grounds

640.0

0.13

14.0

20.0

64.0

Inventory (Ci)

F-Area
Seeoaze Basin

18.0

N/A

1.0

1.0

12.6

H-Area
Seepage Basin

3.6

0.21

7.0

0.6

0.6

Table 2

CALCULATED PEAK INDIVIDUAL DOSE VIA GROUNDWATER TO
CLOSE-IN (INTRUDER) WELL PATHWAY (mrem/yr)

Radionuclide

Plutonium-239

Neptunium-237

Iodine-129

Uranium-238

Burial

IMPACTS

0.62

12.0

260.0*

18.0

Grounds

PATHRAE(1)

16.0

27.0

1.4xlO"3*

49.0

F-Area
Seepaee Basin

IMPACTS

4.9

N/A

120.0

4.5

PATHRAE<2>

0.16

N/A

38.0

0.32

H-Area
Seepage Basin

IMPACTS

0.79

57.0

190.0

0.29

PATHRAE^3

0.016

350.0

36.0

4.3

* IMPACTS calculation assumes default partition ratio (0.12 yr'1)

PATHRAE calculation assumes measured dissolution rate (1.8 x 10 yr )
(Hawkins, 1983; Rogers, 1988)

Jaegge, 1987
J;J Killian, 1987a
( 3 ) Killian, 1987b
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To counter problems that might arise from deterministic (worst case) analysis,
two alternative techniques have been applied in the current study. These are
probabilistic analysis and isotopic equilibrium analysis. In probabilistic
analysis (PA) the uncertainties of all input parameters are incorporated into
the predictive calculations and the output is in the form of a probability
distribution function indicating dose consequences as a function of the prob-
ability of their occurrence. Isotopic equilibrium analysis (IEA) is based on
the premise that the environmental and metabolic behavior of any radionuclide
is analogous to all other isotopes of the same element and that useful insights
can be derived from assessment of this relationship. PA and IEA have been
applied to assess potential consequences related to neptunium-237, iodine-129,
and uranium at SRP disposal sites. These assessments are described in the
following sections.

PROBABILISTIC ASSESSMENT OF NEPTUNIUM-23/

The quantitative estimation of input parameters required for predictive
modeling calculations of the effects of Np-237 in waste is subject to a greater
degree of uncertainty than is the case with most other nuclides. For example,
Table 3 shows the ingestion dose conversion factor (DCF) (dose per unit intake)
as derived from several authoritative sources. The DCF's vary by over two
orders of magnitude due to changing insights from metabolic data. Similar
degrees of uncertainty exist with the estimated dissolution rate, retardation
and other factors required for calculational input. To accommodate this
uncertainty, a probabilistic analysis of the radiological consequences of
neptunium-237 that might be released from the SRP solid waste burial ground via
the groundwater pathway was made (Cohen, 1988).

Following the IMPACTS calculational format (Oztunali, 1986) for the groundwater
transport scenarios, the "maximum" individual dose to the receptor can be
determined as the product of several factors. Uncertainty in each of these
factors may be reasonably characterized as log-normal in nature. This allows
for rather simple and straightforward propagation of uncertainties through the
calculation.

Prior to performing the analysis, a thorough review of the basis for, and
probable variation of all key parameters was performed (Cohen, 1987). In
addition, an International Atomic Energy Agency report (IAEA, 1987) describing
parameter variation was reviewed. The key parameters assessed included: the
Dose Conversion Factor (radiation dose per unit ingestion), Partition Ratio
(leach rate), Retardation Factor, and assumed water intake rate (1/yr).

To probabilistically evaluate the example problem, the assumptions listed in
Table 4 were made. All input parameters other than those specified in Table 4
are assumed to be the fixed default parameters in the IMPACTS code. The
calculational output is given in Figure 1. From this calculation it appears
that the geometric mean dose is 0.32 mrem/yr. The uncertainty in this value
resulting from the combined uncertainties in the input values is characterized
a geometric standard deviation (ae) " 46.7. Accordingly, the 1.0a
range extends from 0.007 to 15.0 mrem/yr (i.e., there is an -68% probability
that the actual "maximum" individual dose would lie within this range). There
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Table 3

NEPTUNIUM-237 DOSE CONVERSION FACTORS (DCF)

Via I n g e s t i o n

Source

10 CFR 20

(based on

ICRP-2)

Basis and Assumptions

-6
MPC derestr icted areas) = 3 x 10 Ci/ml

730 l/yr water intake, 500 mrem/yr allowable dose, f = 10
-4

-5 -4
MPC (restricted areas) * 9 x 10 Ci/ml, f * 10
200 l/yr water intake, 5.0 rem/yr allowable dose

DCF (rem/ci)

2.3 x 10

2.7 x 10

NUREG/CR-4370
(1985 Impacts
Methodology)

Ingestion Dose Conversion Factor = 4.7 x 10 mrem/pCi 4.7 x 10

USNRC
Reg Guide

1.109

Organ

Bone

Liver

Total Body

DCf (mrem/pCi ingested)
-3

1.38 x 10

1.20 x 10
-4

5.60 x 10
-5

2.2 x 10

ICRP-30
Allowable limit of intake <ALI) = 3 x 10 Bq/yr

5 rem/yr, f = 10
6.2 x 10

DOE Order

5480.xxy

730 l/yr ingested, allowable dose limit = 100 mrem/yr

f * 10*3 4.6 x 10

SRP

DPST-86-298

Table 3 3.9 x 10*2 mrem/pCi

Appendix C 3.9 x 10 rem/Ci

3.9 x 10

NUREG/CR-3332

T i l l * Meyer
1.07 x 10 Sv/Bq 4.0 x 10
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Table 4

INPUT PARAMETERS FOR SAMPLE PROBLEM
USING PROBABILISTIC ASSESSMENT

[To determine individual dose at "intruder" (close-in) well
from NP-237 from SRP waste burial ground]

Parameter

Reasonable
Range of
Values*

Assumed
Geometric

Mean

Assumed
Geometric Std.
Deviation (a )

o

Np-237 cone.

2.7 x 10"6Ci/m3

2.7 x 10'6Ci/m3

Partition Ratio

(leach rate, yr )

1 x 10"6 to

8 x 10-3
4.7 x 10"4

(IMPACTS default value)

10

Retardation Factor 1.0 to 1,000 600

(IMPACTS default value)

10

Water Intake Rate

d/yr)

200-800 500

Np-237 Dose

Conversion Factor

(rem/Ci)

2.7 x 10D to

4.0 x 107

4.6 x 10* 10

*from IAEA, 1987.
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would be a 95% probability that the dose would be equal to or less than 178
nrem/yr, and a 99% probability of a dose less than 2.4 rem. It should be noted
that these are conditional probabilities: i.e., it is presumed that an actual
well is dug within 5 m of the burial grounds in the centerline of the ground-
water plume and that this well actually provides the entire annual drinking
water supply to the receptor. Table 5 summarizes the statistical results.

Table 5

PROBABILISTIC EVALUATION

(Maximum individual dose via groundwater pathway to a
nearby well from Np-237 in the SRP waste burial ground)

% Probability of Maximum Individual
Reaching the Indicated Dose Radiological Dose (mrem/vr)

50.0

16.0

10.0

5.0

1.0

0.1

0.001

0.32

15.0

44.0

178.0

2,440

46,100

220,000

These results indicate that, depending upon the degree of conservatism one
applies in selecting input parameters, the calculated dose could range from
relatively insignificant values to doses well in excess of current standards
for radiation exposure. However, a serious drawback to such analysis lies in
the fact that current regulatory standards provide no clear guidelines that
would allow for reasonable interpretation of the results.

ISOTOPIC EQUILIBRIUM ANALYSIS FOR IODINE-129

Previous predicted dose consequences from 1-129 at SRP waste disposal sites as
summarized in Table 2 indicate individual doses as high as 260 mrem/yr. These
analyses did not consider the possible effect of "competition" from naturally
occurring stable iodine (1-127) in the native soil. However, data produced by
Oblath (1984) on measured concentrations of iodine isotopes in>groundwater
downgradient from the SRP burial grounds indicates an I-129/1-127 radio about
7 x 10 . Such a ratio would indicate that the calculated 1-129 dose would be
untenable based upon isotopic equilibrium analysis (IEA) unless extraordinary
conditions were to exist.
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Generally assumed parameters affecting 1-129 dosimetry are summarized in Table
6. It should be noted that when the dose conversion factor is expressed in
terms of dose per unit mass ingested, it would appear that a relatively large
mass intake must occur in order to reach a significant dose. IEA makes the
reasonable presumption that for 1-129, its environmental movement and metabolic
distribution will be the same as that of stable 1-127. Accordingly, as shown
in Table 6, the annual limit of intake (ALI) for 1-129, expressed in mass
units, is 31 mg. If the "standard man" ingests an average of 73 mg per year,
then 42% of the annual intake of iodine would have to be 1-129 in order to
reach the ALI level. The annual 1-129 intake would have to be about triple
the total iodine content (11 mg) of the body. Because of the ubiquitous nature
of stable iodine in the environment, such a condition would be virtually
impossible to achieve.

Another perspective can be gained by assuming a limiting condition whereby
every atom of iodine in a human body is 1-129. Table 7 gives the organ doses
for this hypothetical condition. Even under these extreme circumstances, the
whole body equivalent dose would be only 579 mrem/yr. Assuming Oblath's (1984)
data are representative of general groundwater conditions downgradient from the
SRP burial grounds, then under equilibrium conditions where the isotopic ratio
(I-129/I-127) is 7 x 1 0 , the resultant equivalent dose would be 0.004 mrem/
yr [579 (7 x 10"6)]. This is over 100,000 times less than the calculated
1-129 burial ground dose obtained using the IMPACTS code (Cohen, 1987).

From the insight provided by IEA, ic is apparent that 1-129 from SRP wastes
should not be a significant problem. Previous dosimetric studies on 1-129 by
Book (1977a and 1977b) show that because of "competition" with stable iodine,
theoretically estimated doses from 1-129 tend to considerably overestimate
doses and that "the radiologic hazard associated with 1-129 appears inherently
limited." IEA calculations in this study confirm Book's observations. The
1-127 levels in SRP soils and groundwater would appear to preclude significant
dose consequences from 1-129. •

Assume, for example, that the peak individual dose from 1-129 intake actually
was 260 mrem/yr as calculated by Cohen (1987). With a DCF of 172 mrem/mg, the
receptor would have to ingest 7I.5 mg/yr of 1-129 to reach this dose. With a
I-129/1-127 ratio of 7 x 10 , the total annual intake of iodine would then
be over 200g. Under such conditions it would seem that the radiological
consequences would be of no concern since the individual would probably have
died from iodine poisoning. Such insights point out a possible frailty of the
theoretical modeling process.

For those radionuclides that have applicable isotopic and/or elemental analogs,
IEA can provide a valuable tool for validation of calculational results or, at
least, a means of placing these results in a reasonable perspective.

ANALYSIS FOR URANIUM

Current estimates (Cook, 1987) indicate that the total quantity of uranium
at the SRP waste burial grounds is 196,300 kg. Of this total, approximately
187,000 kg is depleted uranium (-99.8% U-238), 300 kg is enriched and 9,000 kg
is natural uranium. Model calculations (Table 2) indicate that the maximally
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Table 6

DOSIMETRIC PARAMETERS FOR IODINE-129

Specific Activity - 5.74 x 103 g/Ci; 1.85 x 10'4 Ci/g

Half Life - 1.59 x 107 yr

From JCRP-3O

Annual Limit of Intake (ALI) - 2 x 105 Bq - 5.4 /xCi (equivalent to 5.0 rem/yr)

ALI - 5.4 x 10"6 Ci x 5.74 x 103 g/Ci - 0.031 g - 31 mg

Human Metabolic Data for Iodine

Thyroid Content - 10 mg
Whole Body Content - 11 mg
Daily Intake - 0.2 mg
Annual Intake - 73 mg
Lifetime intake (70 yr) - 5.1 g

Dose Conversion Factor (based upon ICRP-30)

5.0 rem „ _ 1rt5 .„.
— ^ " 7 — - 9.3 x 10 rem/Ci

5.4 x 10 Ci

9.3 x 105 rem/Ci x 1.85 x 10"4 Ci/g - 172. rem/g - 172 mrem/mg

Table 7

WHOLE BODY EQUIVALENT DOSE (as per ICRP-30)

(Assuming every atom of iodine in the human body (standard man) was 1-129)

Tissue

Gonads
Breast
Bone Marrow
Lung
Thyroid
Bone Surfaces
Remainder

Dose
(rem/vr)

0.004
0.004
0.004
0.004
19.2
0.004
0.004

S -

wt
(ICRP-26)

0.25
0.15
0.12
0.12
0.03
0.03
0.30

Whole body dose equivalent

Dose
Equivalent

0.001
0.0006
0.0005
0.0005
0.576
0.0001
0.0012

- 0.579 rem/vr
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exposed receptor ingesting water at a close-in well could receive a dose as
high as 49 mrem/yr from U-238 (other uranium isotopes are assumed to result in
significantly lower doses).

It should be understood that in addition to any radiological effect, uranium
exhibits a strong chemical toxicity to the kidneys, as well as to the
cardiovascular, endocrine, and immunological systems (Novikov, 1980). In fact,
the Safe Drinking Water Committee of the National Research Council states,
"Uranium-238 could not be a radiological hazard to humans since the doses
necessary to deposit enough uranium in bone to create a radiation effect that
is equal to 0.1 pCi of radium would be far in excess of uranium doses
producing lethality by kidney destruction" (NAS, 1980). Consider, for example,
that the recommended annual limit of intake (ALI) for U-238 is 5 x 105 Bq
(1.4 x 10"5 Ci) (ICRP, 1980). It might be inferred that remaining below this
limitation would confer a relative degree of safety. VeJ. converting the ALI
to mass units (specific activity of U-238 - 3 x 106 g/Ci) shows the ALI
equivalent to ingesting 40.5 grams of uranium per year. Venugopal (1978)
presents data indicating that the mammalian lethal dose (LD-IQQ) for soluble
uranium by ingestion is 100 to 660 mg/kg of body weight. Assuming a
level of 400 mg/kg, the standard man (70 kg) would have an equivalent ^QO
level of 28 grams. Therefore, the recommended ALI of 40.5 grams would amount
to -1.5 lethal doses. Clearly, the concern for chemical toxicity should take
precedence over that for radiological effects and, for purposes of safety,
natural or depleted uranium should primarily be considered as a toxic heavy
metal.

The impacts of U-238 In radioactive wastes buried underground can also be
related to that of naturally occurring uranium which is ubiquitous in the
geosphere. For example, according to Koranda et al. (1981), average crustal
abundance for uranium is 1.8 ppm. Uranium concentrations in surface soils
range from 0.9 to 9.0 ppm with a soil average of 1.0 ppm (1.0 g/ton). Assuming
an average soil density of 2.0 g/cm , the average concentration of uranium in
surface soils is 2 g/m . The solubility and mobility of naturally occurring
uranium is indicated by the observed concentrations in surface waters ranging
from 0.024 to 200 /*g/l and the estimated average daily dietary intake of
1.0 ftg in the USA (USEPA, 1976).

Assuming that the uranium content of surface soils at SRP approximates the
national average (2.0 g/m ) and that the leachabllity of the soil uranium
approximates that of the uranium in the solid LLW, it is possible to estimate
the relative contribution to groundwater content. From hydrologic data for the
SRP burial ground area, a reasonably conservative estimate for the vertical
distance to the water table is 10 m (Jaegge, 1987). The area of the burial
ground site is -2 km2 and that of the total SRP site is 800 km2. The total
naturally occurring uranium in the top 10 meters of soil (above the water
table) at the burial grounds area is therefore:

2 g/m3 x 2 x 107m3 - 4 x 107g - 40 tons

Considering the stated assumptions, the 196 tons of waste uranium at the SRP
burial grounds would contribute -83% to the total uranium content of the
groundwater below the burial grounds. Averaging over the entire SRP site (a
reasonable basis for determining the relative contribution of the burial
grounds to uranium content of the Savannah River), the total uranium content
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is:

8 x 10 1 0 m3 x 2 g/m3 - 1.6 x 1010g - 1.6 x 104 tons

The contribution from uranium in waste at the burial grounds relative to that
from naturally occurring uranium in the top 10 meters of soil at SRP would be
-1.2%. Averaging over the entire Savannah River watershed area would indicate
that the contribution from the SRP burial grounds to the river's uranium
content would be insignificant. The potential impact from uranium leaching
from waste at the SRP burial grounds would appear to be largely dependent upon
the perspective from which one views the problem.

SUMMARY AND CONCLUSIONS

This paper has presented some preliminary insights from an ongoing study to
assess the impacts from certain long-lived radionuclides in wastes at SRP
disposal sites. These insights indicate that the conclusions derived only from
calculational results using theoretical models may not provide a complete
picture of the impacts. It is suggested that efforts to place calculated
impacts in a reasonable perspective be continued in order to provide a more
comprehensive assessment and to assist in the decision-making process.
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ORGANIC CONTAMINANT RELEASE FROM A MIXED
WASTE DISPOSAL SITE: A Computer Simulation Study of
Transport Through The Vadose Zone and Site Remediation

R. G. Baca, J. C. Walton, A. S. Rood, and M. D. Otis
Idaho National Engineering Laboratory

EG&G Idaho, Inc.
Idaho Falls, Idaho 83415

INTRODUCTION

Migration of orgamc contaminants from mixed waste disposal sites is
emerging as a increasingly significant environmental problem. Organic
contaminants, particularly in the vapor phase, can pose a health hazard to
workers in the vicinity of the disposal site and can cause contamination of the
underlying aquifer. Volatile organic chemicals such as carbon tetrachloride,
chloroform, and trichloroethylene are frequently encountered at waste sites.
These chlorinated hydrocarbons are relatively common chemicals and widely
used as industrial solvents.

Problems with organic vapors have been noted at waste disposal sites at
a number of U. S. Department of Energy (DOE) facilities. At the Idaho
National Engineering Laboratory, for example, problems with organic vapors
(Laney, et al., 1988) have occurred at the Radioactive Waste Management
Complex (RWMC). Analyses of soil-gas samples and groundwater samples
indicate that orgamc vapors are being emitted from disposal pits in the
Subsurface Disposal Area (SDA) of the RWMC. The primary source of the
organic vapor has been determined to be organic wastes that were disposed
at the site m the mid-1960's.

To address the organic problems at the RWMC, a multi-task activity
was initiated. The first task involved a records search to determine the
quantities and distribution of organic wastes. The second task consisted of a
detailed soil-gas survey to identify the specific disposal areas that are
producing the organic vapors. The third task involved the development and
application of computer models. These activities have provided much insight
regarding the nature and extent of the organic vapor problem at the RWMC,
as well as information on possible remedial actions.

This paper describes the technical approach and preliminary results
from an ongoing computer modelling study of the organic vapor releases

: RWMC. The objectives of the study are two-fold: (1) to develoifrom the RWMC. The objectives of the study are two-fold: (1) to develop an
understanding of the release and transport processes and (2) to evaluate the
effectiveness of possible remedial actions.

ORGANIC VAPOR RELEASES AT THE RWMC
The RWMC is located in the southwestern portion of the INEL site. It

comprises about 58 hectares (144 acres) of level ground in a shallow
depression. Low-level and transtiranic wastes have been disposed at the
RWMC since the mid-1950's. The waste was buried in trenches, pits and
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vaults. A significant portion of the waste was packaged in 208 liter (55 gal)
drums and placed in pits and trenches dug in the suracial sediments. Until
the early 1970's, the drums were randomly dumped into the pits, the pits
were then backfilled and the soil compacted. This past disposal practice may
have lead to early failure and release of contaminants from a significant
number of drums.

Organic chemicals were first detected in the groundwater in September
1987 as the result of sampling conducted by the UT S. Geological Survey.
Analysis of samples from wells in the vicinity of the RWMC showed
concentrations above detection limits for a number of purgeable organic
compounds (Mann and Knobel, 1988). All groundwater samples but one,
however, were below the EPA maximum of 5 ug/1 for drinking water
standards. Organic vapors were later detected during well drilling operations
in the SDA. Analysis of these vapors showed concentrations of carbon
tetrachloride, chloroform, trichloroethylene, and 1,1,1 trichloroethane.

A soil-gas survey, performed by Golder Associates, was conducted to:
(1) identify the major organic chemicals, (2) locate the primary sources of
organic vapors in the SDA, and (3) measure the concentrations of
chlorinated hydrocarbons and aromatics. Gas samples were taken on a 40 by
30 grid network with a 61 meter (200 ft) grid spacing. Holes were drilled to a
depth of 0.76 meters (2.5 ft) at each grid point and a carbon steel pipe placed
in the hole for gas extraction. Four chlorinated hydrocarbons were found:
carbon tetrachloride, 1,1,1 trichloroethane, trichloroethylene, and
tetrachloroethylene. The highest concentrations were noted for carbon
tetrachloride which showed a peak of about 2,200 pig/1. These data
confirmed that the disposal pits are the primary source of the organic vapors.

Disposal records indicate that approximately 3.35 x 10s liters (88,400
gal) of organic waste from DOE's Rocky Flats Plant near Golden, Colorado
were disposed at the SDA from about 1966 to 1971. These wastes are
particularly significant because they consisted of about 9.08 x 104 liters
(24,000 gal) of carbon tetrachloride, 1.48 x 105 liters (39,000 gal) of machine
oil, and approximately 9.46 x 104 liters (25,000 gal) of miscellaneous organics
consisting of 1,1,1 trichloroethane, chloroform, trichloroethylene,
tetrachloroethylene. These solvents, after being sorbed in calcium silicate,
were placed and sealed in 208 liter (55 gal) drums. The drums were buried
at the SDA in five disposal pits at an average depth of 2.5 meters.

The determination that the disposal pits were emitting significant
quantities of organic vapors created the need to assess the nature and extent
of the problem. A computer simulation study was initiated to address a
variety of technical issues, such as:

o Which organic contaminant is of most concern?

o What factors are controlling the vapor generation from the pits?

o What factors are controlling the movement of the organic contaminants
through the vadose zone?

o What is the possible extent of the organic vapor plume in the vadose
zone?

o What is the likely peak contaminant concentration in the groundwater?
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o How long is the organic problem likely to persist?

o What remedial action(s) would be the most effective in reducing vapor
concentrations and fluxes to the groundwater?

MODELLING PROCESS

To address the technical issues and other environmental concerns, a
systematic modelling approach was followed. The approach consisted of a
seven step process:

1. Enumerate the key properties and characteristics of the organic
contaminants,

2. Develop a conceptual framework to describe the controlling factors
and driving forces,

3. Formulate mathematical models for vapor generation and transport,

4. Implement the mathematical models in general computer codes.

5. Check the transport model predictions using data from the soil-gas
survey,

6. Predict the long-term concentrations of the organic vapors, and

7. Evaluate the effectiveness of alternative remedial actions.

Information on the key properties and characteristics of the organic
contaminants is summarized and discussed in Walton, et al. (1988) and Baca,
et al. (1988).

Conceptual and Mathematical Models

A conceptual model was developed by enumerating the processes,
conditions, and factors that might control the generation and movement of
the organic vapors. As a first step, the disposal pits were conceptualized as a
stationary, homogeneous source zone that emits the organic vapor. The
implicit assumption is made that the nonaqueous phase is immobile. This
assumption is justified because the organic waste disposed in the SDA was
adsorbed in calcium silicate to form a thick viscous paste. The vapor
generation rate from the pit can, therefore, be expressed in terms of the
vapor pressures and the net gains and losses of vapor across the source zone
boundaries.

The physical setting is conceptualized in terms of the natural processes
that occur in the vadose zone, see Figure 1. Processes that significantly affect
the generation and transport of organic vapors are: (1) heat transport, (2)
soil-moisture movement, and (3) air flow. Heat transport produces a cyclic
attenuation on generation rate because vapor pressure is temperature
dependent; soil freezing is important because it limits the upward soil-gas
transfer to the atmosphere. Soil-moisture conditions are important because
the vapors are soluble in water and, thus, partition between a liquid and
vapor phase. Air movement in ihe soil induced by barometric pressure
changes can mediate vapor transfer at the land surface.
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The failure history of the drums is represented as a first order process
taking into account, for example: (1) linear rate of input to the pits, (2)
instantaneous failure of a fraction of drums during emplacement, and (3)
time-dependent (i.e., exponential) failure of drums resulting from corrosion.
Drum integrity data from past retrieval studies (Mckinley and Mckinney,
1978) at the RWMC have indicated that the time-dependent failure could be
described by an exponential decay formula. The specific governing equation
for the drum failure is presented in Walton, et al. (1988).

Solar heating/cooling
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Figure 1. Conceptual Model of Physical Setting

Given the number of failed drums at each time level, the amount of
organic liquid available for phase change can be computed. The vapor
generation rate in the pits is computed as function of the number of failed
drums, soil-moisture percolation rate and organic concentration in the
aqueous phase, vapor losses by diffusion, and decomposition rate (i.e., abiotic
decay). Available information on decomposition rates (Vogel, et al., 1987)
suggests that carbon tetrachloride vapor is relatively stable with a half life of
7,000 years.

In general, the movement and spread of the organic vapors emitted
from the pits can be a function of such processes as advection (i.e., air flow
and/or negative buoyancy), molecular diffusion, dispersion, dissolution (i.e.,
vapor-liquid partitioning), sorption, and decomposition. It can be shown, for
arid site conditions, the dominant processes controlling the formation and
evolution of the vapor plume are molecular diffusion, dissolution, and
decomposition. In contrast, for a remedial action, such as gas pumping, the
advection and dispersion processes will have the dominant role.

116



The mathematical models for generation and transport of organic
vapors are formulated from first pnnciples such as conservation of mass,
Fick's law of diffusion, the ideal gas law, and Raoult's law. Utilizing these
and other basic relationships, the mass balance expressions were derived for
the organic contaminant generated in the source zone and transported
through the subsurface. Conceptually, the mass balance equation for the
source zone is:

- Release Rate from Drums - Diffusion Losses
at

- Advection Losses - Decay (1 )

where Q; is the mass of the itk organic chemical. This equation is solved for
two distinct time intervals: (1) emplacement period (e.g., t - 0 to 5 yrs) and
(2) post emplacement period (e.g., t > 5 yrs).

The mass balance equation for vapor transport in the vadose zone is given
by:

dCj
- Diffusion + Dispersion - Advection

dt

- Decay + Source Generation Rate (2 )

where Q is the vapor concentration of the i^ organic chemical. Sorption of
the organic vapors was neglected because it is not a significant process for
the geologic setting at the RWMC. The transport equation is solved over the
time frame of interest using the solution of equation (1) to define the source
generation rate. Additional information on the model theory and governing
equations is given in Walton, et al. (1988) and Baca, et al. (1988).

Computer Codes for Organic Vapor Modelling

The Geosciences Unit of EG&G Idaho has assembled a suite of general
computer codes for use in hydrologic and contaminant transport modelling
studies. To-date three computer codes have been used to model the flow and
transport of the organic vapors. These codes are the MAGNUM-2D,
CHAINT, and the PORFLO codes. These codes solve the general fluid flow
and contaminant transport equations in two-dimensions. Organic vapor
transport was modeled using these codes by equating the proper model
coefficients. A third computer code, referred to as FLASH, is used to
calculate the soil-moisture and soil-temperature profiles in the vadose zone.

The MAGNUM-2D code is a general finite element code that was
developed to model two-dimensional, nonisothermal fluid flow in
fractured-porous medium. The CHAINT code, which is a counterpart to the
MAGNUM-2D code, is designed to simulate single or multicomponent
contaminant transport. The theoretical basis and numerical techniques used
in these two computer codes is described in Baca, et al. (1984). The
PORFLO code is general finite difference code which simulates coupled
fluid flow, heat transfer, and mass transport of a single species. The
mathematical theory and numerical methods used in the PORFLO code is
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described in Runchal, et al. (1985). The FLASH computer code is a general
finite element code that models coupled heat and soil-moisture flow in an
arid site vadose zone.

The organic vapor transport codes have been interfaced with specialized
graphics software that produces visualizations of the plume in the form of
two-dimensional contour plots or three-dimensional perspective plots. These
plots can be produced on paper, color slides or composed into a color video.

Model Setup and Application

The computer codes were setup and run to simulate the generation and
transport of the carbon tetrachloride plume for the time period 1966 to
present day. A 30 by 57 computational grid was used to represent the
hydrogeologic system. Each layer was assigned distinct hydraulic properties
(e.g., effective porosity, air permeability, tortuosity, moisture content, etc.)
according to the layer type. The computer runs were made on the INEL
Cray XMP/24 computer. The simulation of the 23 year time period required
about 10 seconds on the Cray computer. Graphics post processors were used
to interactively plot: (1) the concentration history at selected locations, (2)
concentration profiles at well locations, and (3) contour plots of vapor
concentrations in the vadose zone. These results were compared with
measured data to check the model calculations. These comparisons showed
good to excellent correlations with the field data and are presented in Baca,
etal. (1938).

The simulations of organic vapor generation in the source zone provided
considerable insight to the problem. For example, the calculation of organic
vapor concentrations in the pit show that carbon tetrachloride is indeed the
key contaminant. This is illustrated in Figure 2(a) which shows that carbon
tetrachloride concentrations are significantly greater than those of the other
organic chemicals. The calculations also show that the high concentrations in
the pits will persist for tens of years.

To gain some insight into the stage of the release process, the calculated
mass generation rate for carbon tetrachloride was integrated over time. The
results of this integration are summarized in Figure 2(b), which shows the
cumulative release as a function of time. This graph clearly shows that at
present time about 80 per tent of the original inventory has already been
released from the pits. This means that the problem at the site is on the
"down-side" of the organic vapor problem which suggests that removal of the
remaining inventory of organics would have little effect on subsurface
concentrations or mass flux to the aquifer.

Computer simulations of the subsurface transport indicate that the
horizontal and vertical spread of the plume is diffusion controlled. The
fastest movement of the organic vapors appears to occur along the more
porous layers with the lowest moisture. The simulations predict a maximum
carbon tetrachloride concentration occuring some distance below the pits.
This maximum occurs shortly after the peak concentration in the pit. The
grahical results for these simulations show very steep concentration gradients
between the pits and the land surface. This suggests that gas transfer across
the land-atmosphere interface has been a major venting mechanism.
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Figure 2. Computer Simulation of Organic Vapor Generation

119



EVALUATION OF PROPOSED REMEDIAL ACTIONS
The organic vapor models were applied to evaluate the effectiveness of

a number of proposed remedial actions. The remedial actions considered
were: (1) source term removal, (2) soil cover enhancement, and (3) gas
removal by subsurface pumping. The effectiveness of the remedial actions
were quantified in terms of reduced vapor concentrations and the mass fluxes
to the groundwater. The evaluation indicated that gas removal would
produce the most effective clean-up of the subsurface environment and
reduction of groundwater contamination. The computer simulations
performed for this proposed remedial action are described and presented
below.

For the gas removal scenario, the organic vapor model was setup to first
simulate the evolution of the vapor plume from 1966 to 1989. At this point,
the model input was modified to simulate a subsurface gas pumping
operation for a ten year period. Two different configurations were
considered: (1) gas pumping from a single well and (2) distributed gas
pumping from beneath an impermeable surface cover. The purpose of
analyzing these two configurations was to evaluate their relative
performance.

In the first configuration, the gas pumping is assumed to use an existing
well located near the pits producing the vapors. This well has an open
interval from the 33 m (110 ft) interbed down to the 74 m (240 ft) interbed.
The pressure in the well is assumed to be reduced to 5 percent of the
atmospheric pressure. This reduced pressure induces a flow rate in the well
of about 1 cubic meter per minute (35 cfm). The pumping well would
produce a radial flow field that would affect the major portion of the
subsurface plume.

The second configuration assumes that impermeable covers have been
placed over the pits and that gas is pumped from selected points underneath
the covers. It is assumed that a number of very shallow wells would be
constructed in the pit areas and gas pumped from beneath the covers. The
pressure drop in each well is assumed to be 5 percent of atmospheric
pressure. Gas pumping for this case would produce a net flow rate of about
14 cubic meters per minute (490 cfm). The pumping would create a large
withdrawal zone as well as more directly affect vapor releases from the pits.

Simulation results for both configurations indicate that gas pumping
would have a significant effect on the subsurface plume. The computer
simulations show the initiation of plume regression and contraction, in as
little time as a few months. After about three years of continuous pumping, a
significant reduction in the peak concentrations for carbon tetrachloride is
predicted to occur. The case of distributed pumping from beneath a surface
cover shows the more dramatic impact on the plume as indicated in the
sequence of plots shown in Figure 3.

Distributed pumping from beneath a surface coyer is more effective
than the single well pumping configuration. The basic reason for this is that
a greater total flow rate can be achieved than in case of a single well. The
disadvantage of using a surface cover is that it must be removed, on
completion of the remedial action, to prevent the regeneration of the plume.
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The advantage of the single well is that it is a simpler engineering solution
and draws more directly from the units where the gas concentrations are
high.

PRELIMINARY FINDINGS AND FUTURE WORK

Computer simulation models have been developed for use in
understanding the basic mechanisms and interactions of processes controlling
organic contaminant migration from a mixed-waste site. The computer
models have been applied to the organic problems recently encountered at
INEL site. The model application provided much insight to the nature and
extent of organic vapor problems. In addition, the model application has
yielded much information on the effectiveness of proposed remedial actions.

The organic vapor models are currently being implemented in
three-dimensional computer codes. This will allow a better representation of
the complex geology beneath the RWMC and its influence on the rates and
direction of gas movement. An effort is planned to conduct a field
demonstration of gas pumping. This demonstration project is intended to
provide data for validation of the organic vapor models and to give an
indication of possible effectiveness of gas removal systems.

It is hoped that the knowledge gained and models developed at INEL
will be useful to other DOE sites currently addressing environmental
problems associated with organic contaminants.
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The fields of sensitivity and uncertainty analysis have traditionally
been dominated by statistical techniques when large-scale modeling codes
are being analyzed. These methods are able to estimate sensitivities,
generate response surfaces, and estimate response probability distribu-
tions given the input parameter probability distributions. Because the
statistical methods are computationally costly, they are usually applied
only to problems with relatively small parameter sets. Deterministic
methods, on the other hand, are very efficient and can handle large data
sets, but generally require simpler models because of the considerable
programming effort required for their implementation. The first part
of this paper reports on the development and availability of two systems,
GRESS and ADGEN, that make use of computer calculus compilers to automate
the implementation of deterministic sensitivity analysis capability
into existing computer models. This automation removes the traditional
limitation of deterministic sensitivity methods. This second part of the
paper describes a deterministic uncertainty analysis method (DUA) that
uses derivative information as a basis to propagate parameter probability
distributions to obtain result probability distributions.
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I. IMTRODUCTKW

Sensitivity and uncertainty analysis are important components of
any system performance assessment. The role of sensitivity analysis
is to provide a quantitative measure of the effect of system parameters
upon key performance indices. Sensitivity analysis also helps limit
the scope of the more complicated problem of quantifying uncertainties.
Uncertainty analyses is performed to support reliability studies, to
produce a cost-benefit analysis in conjunction with cost estimates,
to insure compliance with regulatory criteria, and to help identify
important research and development needs.

Sensitivity analysis of computer-generated results consists of
determining the effect of model data upon the calculated results of
interest. Because computer model equation* can be differentiated
analytically, sensitivities can be precisely defined and calculated
in a deterministic fashion using both direct and adjoint methods.[1-8]
The deterministic approach is particularly suited to large-scale problems
for which direct perturbation of the model data becomes impractical from
a cost standpoint. The main drawback to the deterministic approach has
been the initial manpower investment to add the computational capability
for calculating the necessary derivatives into existing computer models.

For quantification of uncertainties in computer-generated results,
the problem can be expressed more precisely as the propagation of input
uncertainties through models by the laws of probability to obtain output
uncertainties. (The uncertainty associated with whether the computer
model accurately reflects the physical phenomena is a problem of model
validation and is not addressed in this paper.) Uncertainties of compu-
ter results are of primary interest in applications such ss repository
performance assessment in which experimental validation is not possible
or practical. Because of the complicated nature of the computational
structure of large computer models, and because of the large number of
input and data parameters associated with such models, to date almost
all uncertainty analysis of computer results has been performed using
a statistical approach.[9-12]

This paper presents a comprehensive approach to sensitivity and
uncertainty analysis of large-scale computer models that is analytic
(deterministic) in principle and that is firmly based on the model
equations. The theory and application of two systems based upon com-
puter calculus, GRESS[13-15] and ADGEN[16,17], are discussed relative
to their role in calculating model derivatives and sensitivities without
a prohibitive initial manpower investment. Storage and computational
requirements for these two systems are compared for a gradient-enhanced
version of the PRESTO-II[18] computer model. A Deterministic Uncertainty
Analysis (DUA) method[19,20] that retains the characteristics of analyti-
cally computing result uncertainties based upon parameter probability
distributions is then introduced and results from recent studies are
shown.
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II. DETERMINISTIC SENSITIVITY ANALYSIS

A brief description of general sensitivity theory is given here as
an aid to understanding the problem of applying this theory to computer
models. The example to be discussed will be that of a general set of
non-linear equations given by

7 -

where y represents the dependent variable being solved for, c represents
the user-specifled model data or parameter set, and F defines the model
equations. The particular form chosen in Eq. (1) is one that can be
used generally to represent equations coded in the FORTRAN programming
language. The left side of the equation can represent the stored value
of the variable calculated from the functional formula on the right side.

Since the number of components of the vector y calculated in any
typical large-scale modeling problem is large, it is useful to define a
generic result for such a calculation that is of particular interest to
the model user. Typically many results will be needed for analysis but
in most cases they form a much smaller set than the actual set of y
component values. A typical result will be defined as

R - h(y) , (2)

where R is a single number that is a function of the solution to Eq. (1).
For notational ease, the generic parameter a^ will be used to denote any
individual parameter. The total number of parameters in the problem will
be assumed to be H so that the index on a^ will run from 1 to M.

The basic problem in any sensitivity study is to find the rate of
change in the result R arising from changes in any model parameters. For
the generic parameter a^, then, the quantity of interest is the numerical
value of dR/do£ given analytically by

dJL _ Sh dy_ (3)
" fly

Since the functional dependence of R on y through h(y) is defined
analytically by the model user, only dy/da^ needs to be generated in
order to evaluate Eq. (3). The procedure needed to get dy/da^ is to
differentiate Eq. (1) as follows:

dy _ _3F_dy_ _3F_dc_ (4)
dy 6a± dc
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Rearranging Eq. (4) yields the following set of coupled equations to
solve for

( ' • « )

§1 dc_ t (5)
3c

or in sore compact font,

Ayi - s £ , 1-1.....M , (6)

where I is the identity matrix and A, y[, and s^ are given by

a.

7i - dr_ (8)

and

3F dc_ (9)
dc

If Eq. (6) were solved directly for j±, the result could be used
in Eq. (3) to evaluate dR/da^. This method of sensitivity analysis is
called the "direct" approach and is a classical nethodology that has
received a great deal of attention in the literature.[1,5] Since Eq. (6)
oust be solved each tine a new a^ is defined, the direct approach is most
suitable for problens with relatively few input parameters of interest,
for problems in which the solution of Eq. (6) is very inexpensive com-
pared to the solution of the model itself, or for analytical problems
in which the inverse of A can be explicitly determined.

For large-scale models with a large data base in which the ultimate
objective is still the evaluation of dR/da^ for many ct£, the intermediary
step of solving for dy/da^ and its inherent computational inefficiency
can be avoided. For such problems the "adjoint" approach is far more
applicable. In this nethodology, use is made of the fact that Eq. (6)
is linear in y£, and appropriate adjoint equations can therefore be
developed specifically to evaluate Eq. (3).
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Defining the matrix adjoint of A as A* and using the usual
definition of this adjoint give the identity,

utrAT - TtrA*u , (10)

where u and • are arbitrary vectors and A* is defined as

A* - Atr . (11)

Here the tr superscript represents the transpose of the vector or natrix.

If specific vectors for the problem at hand are chosen for u and v,
the problem-specific adjoint equation can be set up as follows:

A*y* - s* , (12)

where

A* . A « . (j . |£j
tr . (13)

Choosing t* as

s* - (dh/dy)tr , (14)

Eq. (3) can now be evaluated as follows:

y* t r §1 d£_ , i - i M , (15)
dc d

where y* is now the solution to

(l - §JL\ y* — /dh
V By) Vdy

- (dh)tr • (16)

The simplicity of the adjoint approach lies in the fact that
Eq. (16) needs to be solved only once to get any and all sensitivities
in the problem. This is a result of Eq. (16) being independent of the
definition of a^. The particular choice of a£ is only reflected in the
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evaluation of Eq. (15), which involves simple vector products. In
essence, the adjoint approach reduces the computational effort needed
to evaluate dR/do^ from solving many coupled linear equations to the
evaluation of several vector products. For large-scale systems with
many thousands or even millions of parameters, this represents orders
of magnitude in computational efficiency.

It should be noted here that both the direct and adjoint equations
(i.e., Eqs. (6) and (16)) are in any case far easier to solve than the
original model (Eq. (1)). Both Eqs. (6) and (16) are linear while
Eq. (1) is nonlinear. The direct and adjoint approaches, however,
require the results of the original model equations to be available in
order to set up Eqs. (6) and (16), since the k matrix and the vectors s,
and s* depend on y.

In order to solve either the direct or adjoint sensitivity analysis,
then, the model user must first generate the matrices dF/dy and dF/dc
from the original nonlinear computer model. For large-scale problems
this generally requires a great deal of painstaking human effort. First,
the model equations must be extracted from the computer coding. They
must then be differentiated with respect to all parameters of interest,
and finally direct or adjoint sets of equations must be set up for com-
putational solution. Successful automation of this procedure greatly
reduces the human effort involved, potentially by orders of magnitude.
The advantage of automation of sensitivity model development is therefore
great indeed. The next two sections discuss two automated systems that
use calculus precompilers to add capability to existing FORTRAN computer
models for solving the direct and adjoint equations procedures.

Ill. CRESS

An Automated System for Solving the Direct Sensitivity Problem

For large-scale computer models, the equations are usually very
complex and tied closely to and embedded in complex model logic and
data-handling routines. In addition, for nonlinear problems, the
numerical solution procedure often precludes an easy separation of the
modeling equations from other parts of the model coding structure. For
these reasons, a general system was developed to automate the application
of computer calculus in existing codes. The system first developed for
solving the direct sensitivity problem was the GRadient-Enhanced Software
System (GRESS). Details of the GRESS system are given in Refs. 13,14,
and 15, and the underlying ideas are briefly summarized herein.

The basic principle of GRESS is to read the model source program
and search for model equations. These are identified uniquely by the
appearance in the FORTRAN source program of the "-" symbol. Since all
FORTRAN "equations" so identified occur in the form of Eq. (1) (i.e.,
with a single dependent variable on the left side of such an expression),
GRESS can search for and analyze each equation in terms of its functional
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dependence on y and c. The basic computer calculus operations of GRESS
are then used to compute the successive elements of dT/dc and 3F/fly as
each expression is encountered. The differentiation is carried out
analytically using calculus software for all permissible FORTRAN func-
tions and operators and the results are computed and stored numerically
using the local (current) values of the independent and dependent vari-
ables. GRESS takes advantage of the fact that in solving Eq. (5), the
matrix (I - 3F/3y) is lower triangular and the y vector can be computed
by forward substitution. The important point is that the components of
y are solved successively as each equation is differentiated and that
the (I - dF/dy) matrix does not have to be stored. (The adjoint problem
requires the storage of this matrix, as will be discussed in the next
section).

GRESS only recognizes real-variable store operations as valid equa-
tions (i.e., the left side variable in a FORTRAN equation must be real),
since continuous derivatives are to be calculated. Also, the left hand
side of an equation is treated as a separate component of y each time it
is executed (including each execution in a DO LOOP). The calculation of
dF/dy and dF/dc in effect means that GRESS can be used to calculate the
derivative of any real variable in the model with respect to any other
real variable in the model. All derivatives are available for both
internal and/or external use. For example, the derivatives dR/da^ are
used in the OUA method to be described later.

The application of GRESS to an existing FORTRAN model consists of
a automated precompilation in which the automated code translation neces-
sary to compute derivatives is performed using computer calculus. This
step consists primarily of a rearrangement of the program data structure
and a substitution of calls to GRESS interpretive software in place of
all arithmetic lines of coding. All arithmetic operations of the origi-
nal model are precompiled into a pseudomachine code (the GRESS P-code)
for use during program execution. The two output files of this step are
the enhanced model and the binary P-code file. These two files and a set
of GRESS software subroutines supporting the enhanced model are compiled
and run as a normal FORTRAN program to produce both the reference model
results and gradient information. The gradients and reference results
are used to calculate the sensitivities.

GRESS has undergone extensive verification during its development.
To date, five major computer models of interest to the National High-
Level Waste Program have been enhanced using GRESS, with direct compari-
son of GRESS-calculated derivatives to perturbation-derived derivatives
being made for each enhanced model.[21-25]
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IV. ADGEM

An Automated System for Solving the Adjoint Sensitivity Problem

The adjoint problem is defined by Eqs. (12-16). As previously
mentioned, the calculation of the adjoint solution vector y* from
Eq. (16) is not a function of the selection of input parameter cr̂  and
thus need only be performed once to determine the derivatives of a
response of interest with respect to any parameter of interest. The
matrix dF/dc must also be determined but it too is independent of the
parameter of interest. The only parameter dependent operation required
to calculate the derivative dR/da^ is the simple matrix multiplication
operation (y*tr)(dF/dc)(dc/dai) in which the vector dc/da£ is a function
of Q^. A system to automate the calculation of derivatives based upon
the solution of the adjoint equations has been developed.[17] The system
is named ADGEN (ADjoint GENerator) and uses the GRESS precompiler to
calculate all required derivatives of the df/dj and dF/dc matrices.

Recall that GRESS solves Eq. (5), taking advantage of the fact that
the matrix (I - dF/dy) is lower triangular and the solution by forward
substitution requires only that the vector dy/da be stored. However,
to solve the adjoint problem, all derivatives that constitute the n x n
matrix (I - dF/dc)tr must be stored, where n - total number of equations,
counting each time an equation is solved in a DO LOOP as a separate equa-
tion; the left hand side of each equation in a DO LOOP is treated as a
separate element of y. Although only the non-zero elements are saved,
the storage of the matrix (I - dF/dc)tr may require a substantial amount
of storage capability. The storage difficulties are counterbalanced by
features of Eqs. (15) and (16) that make the ADGEN calculation of y* both
practical and cost efficient. Note that the matrix (I - 8T/dc)tr is
upper triangular and that the column vector (dh/dy)tr is a simple user-
defined vector (for most cases a vector with a single non-zero entry
of unity). Thus Eq. (16) is easily solved by back substitution and the
values of y* can be successively stored in the space allocated for the
(dh/dy)tr vector. The calculation of dR/da^ from Eq. (15) must be
performed for each o^ but this requires only trivial matrix multiplica-
tions and very little computer cost.

The ADGEN system calculates the normal model results as well as
the derivatives making up the dF/dy and dF/dc matrices. Again, the major
difference from the direct approach using GRESS is that the ADGEN system
requires that the matrix (I - dF/dc)tr be stored and includes a post-
processor solver routine to calculate the adjoint solution.

V. SAMPLE APPLICATION OF GRESS AND ADGEN

The distinguishing feature in solving Eq. (5) using GRESS is that
only the elements of a single row of dF/dy and dF/daj [-(3F/dc)(dc/da£)]
need be saved in computer memory at any one time. This advantage is
very fruitful if one wishes to solVe for the derivatives of many LHS
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elements (responses) with respect to a data element Q£. The disadvantage
is that to calculate derivatives with respect to other data elements,
Eq. (5) oust be solved for each additional a^ of interest. The computa-
tional burden is approximately proportional to the number of <*£. In our
experience to date, the computational time for calculating derivatives
with respect to m chosen elements of c, denoted by T a is

where Tggp is the execution time of the reference model before derivative
enhancement and 0Q and 0\ are constants falling between 1.0 to 20.0 and
0.1 to 1.4 respectively.

Another problem sometimes occurring in practice is that the elements
of dy/dx^ must be stored in memory as Eq. (5) is solved for each row.
Therefore the number of a± with respect to which derivatives are calcu-
lated in a single execution of the enhanced model may be limited by
system memory resources.

As mentioned in Section IV, solution of the adjoint equations,
Eqs. (15 and 16), using the ADGEN system reduces the computation effort
for calculating derivatives of a single response with respect to many
parameters compared to repeatedly solving Eq. (5) for each <*£, as is done
in GRESS. The solution to Eq. (16) is straightforward due to the upper
triangular structure of (I - df/dy)tT, but requires storage of the non-
zero elements of (I - df/dy)tT. ADGEN circumvents the necessity to store
this matrix in memory by using an efficient scheme for solving Eq.s (IS
and 16) based upon retrieval of portions of (I - 3f/3y)tr from off-line
storage and segmenting the calculation of derivatives.

The relative computational and storage requirements of the direct
and adjoint approaches using GRESS and ADGEN are compared for the deriva-
tive enhancement of the PRESTO-II computer model.[18] PRESTO-II is
intended to serve as a non site-specific screening model for evaluating
possible health effects due to shallow-land disposal of radioactive
waste. The model has approximately 6,900 lines of coding.

The sample problem results shown below are for the Barnwell sample
problem included in Ref. 18. This problem calculates a time-dependent
radiation dose to man from transport of 42 radionuclides over a one
thousand year time span. Table 1 summarizes the execution times and
storage requirements for the reference and the derivation-enhanced
versions of PRESTO-II.

The number of parameters (data) and responses for this problem both
number in the thousands. So calculation of derivatives of all responses
(thousands) with respect to two data values using GRESS requires an
increase in execution time from 44 seconds (Reference PRESTO-II) to 1,560
seconds (GRESS-enhanced PRESTO-II), a factor of 35.5. Conversely, calcu-
lation of derivatives of a single response with respect to all the data
(thousands of parameters) requires 2,279 seconds (using ADGEN) for the
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first response. This tine is that required to create the adjoint matrix
(1,560 seconds) and to calculate derivatives (299 seconds). For each
additional response of interest, 299 seconds are required to calculate
derivatives of the response to all the data. The 2,279 seconds and 299
seconds represent factors of 51.8 and 6.8, respectively, over the refer-
ence model run time. These factors clearly indicate that the adjoint
approach using ADGEN is very cost effective compared to estimating
derivatives hy parameter perturbations. For evaluating the sensitivi-
ties of a large subset of the data base, ADGEN is orders of magnitude
more cost effective than direct parameter perturbations.

Table 1. Comparison of execution times and storage requirements
for derivative-enhancement of the PRESTO-II computer model by

the GRESS direct approach and the ADGEN adjoint approach

PRESTO-II Reference Model

Compilation Time, s 48
Link Time, s 3
Run Time, s 44

PRESTO-II, Derivative Enhancement

Precompilation Time, s 29
Compilation Time, s 49
Link Time, s 4

Direct Storage
Run Time Access

(s) (Mbytes)

ADGEN: Create (I - 3f/3y)tr 1,980 143.5a

ADGEN: Adjoint Solution 299b

GRESS: 2 parameters0 1,560 0
GRESS: 8 parameters'1 1,816 0

aThis matrix is created only once and can be used for calculating
derivatives of one or more responses with respect to all the data or
any subset thereof using the adjoint approach.

bThis is the time required to solve for the derivative of a single
response with respect to all the data.
Calculation of derivatives of all responses with respect to two input
parameters.
^Calculation of derivatives of all responses with respect to eight input
parameters.
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Note however, that the direct access storage requirements using the
ADGEN system can be quite large, evidenced by the 143.5 megabytes needed
to store the adjoint matrix for the PRESTO-11 sample problem.

The availability of both the GRESS and ADGEN systems allow the
analyst to compute model derivatives and sensitivities for a wide range
of applications. GRESS is more suited for small data bases and for
restricted direct access storage availability. ADGEN is more suited for
calculating sensitivities to a large number of parameters. ADGEN becomes
much more cost effective than direct parameter increases; GRESS may or
may not be more cost effective than parameter perturbation depending upon
the actual model being enhanced. In either case, the first derivative
and sensitivities are analytically exact and can be printed and/or saved
by simple user instructions in addition to normal model results.

VI. DETERMINISTIC UNCERTAINTY ANALYSIS

The analytical propagation of input uncertainties through a calcu-
lational model is unfeasible, if not impossible, for all but the most
simple models. The difficulty lies in mapping probability density
functions from an M-dimensional space of input parameters to the singly
dimensioned output distribution function. To circumvent this problem,
the most common approach is to randomly sample the input distributions
and then calculate the model output of interest, constructing a proba-
bility distribution of the output by rerunning the model for each sample
set of input parameters. The input probability distributions and any
parameter correlations are handled, in a statistical sense, in the sampl-
ing procedure.[11,12] But hopefully the sampling procedure will lead to
an output distribution that is representative of that which would result
from the actual propagation of input probability distributions. As the
number of sampling sets increases, the difference between the calculated
and "true" output distribution diminishes. The problems occur in prac-
tice when the number of runs of the computer model needed to assure a
large enough statistical sample becomes too expensive.

Another approach is to discretize the input probabilities into his-
tograms and evaluate the model output of interest for all possibilities
of parameter combinations to form a probability tree.[26] All parameter
correlations are incorporated into the probability tree structure. This
method does not rely on random sampling and probabilities are easily
propagated in probability trees by simple multiplication. The histogram
probability distributions are not actually propagated, but rather mean
or endpoint parameter values are used. This method is quite feasible for
models with a small number of parameters or even for a large number of
input parameters if the model is simple (inexpensive). Again the problem
arises when the computer model has numerous input parameters and/or is
expensive to run.

A third approach is the response surface method in which the com-
puter model is replaced with a simple analytical expression.[27] The
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expression is constructed by fitting the computed values of the nodel
output to the corresponding input parameters, or sore generally, to
chosen functions of the input parameters. Traditionally statistical
techniques are used to choose the set of computer model runs to be made
for this fitting. The uncertainty in the response is then determined
by a second, more extensive statistical sampling and evaluation of
the response surface. The advantage of replacing the model with the
response surface is the drastically reduced computational time to
compute the expression result compared to running the computer model.
The disadvantage is the introduction of error in the calculated output
by replacement of the model with a simple expression.

The Deterministic Uncertainty Analysis (DUA) method[19] combines
the characteristics of the response surface method and probability trees.
Statistical sampling is not required and probabilities are propagated
analytically within discretized numerical meshes that encompass the
parameter space. The approach underlying the deterministic calculation
of uncertainties in the DUA method relies upon (1) a replacement of the
computer model with an analytical function relating the responses of
interest to the parameters of interest and (2) discretizing the parameter
space and calculating the expected value of the response within each
discrete parameter space "mesh." The parameters of interest are chosen
to be those that are "uncertain," meaning that they have known or assumed
probability distributions. The parameters of interest may often include
the entire set of data used by the computer model.

The DUA method replaces the computer model with a response surface
by relating the response of interest as calculated by the computer model
to the parameter values by techniques that incorporate knowledge of the
partial derivatives of the response with respect to the parameters of
interest. The simplest form of a response surface is one formed by
linear extrapolation from reference space points to each mesh of the
discretized parameter space. Within each mesh the response surface
is linear with respect to the parameters, and the calculation of the
expected value of the response within the mesh, given parameter proba-
bility functions, is straightforward. An extrapolation scheme that
makes use of the sensitivities is outlined in Ref. 19.

Sensitivity analysis plays an important role in the formation
of the response surface by eliminating those parameters that have a
negligible effect on the result of interest based on their sensitivities
and uncertainty ranges. Also, the derivative information from the refer-
ence model runs can be used to identify the occurrence of parameters that
occur exclusively in a given combination. Such identification reduces
the parameter space by replacement of the individual parameters with the
particular combination. For example, if the derivative of the response
with respect to each of two parameters is the same at each reference
space point sampled, the two parameters most likely appear in the model
as a sum of each other, and a single parameter representing the sum of
the two can be used in the formation of the response surface in place of
the two individual parameters.
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The propagation of parameter probability distributions from the
multidimensional parameter space to the singly dimensioned result space
is determined by the governing system of equations and the input variable
probability density functions (pdf's). In theory, this propagation can
be performed analytically by convolution of the integral of the parame-
ter space into a discrete number of integrals of the singly-dimensioned
response space, in which each integral is over a monotonically changing
function representing the result. However, because the identification of
the convolution integrals, in particular the limits of the integrals, is
virtually impossible for all but the simplest problems, and because the
model equations are nonlinear and complexly intertwined in general, the
propagation of probability distributions through computer models cannot
be treated analytically in the strictest sense.

The propagation of parameter probability distributions in the DUA
approach is performed by discretizing the M-dimensional parameter space
(M - number of parameters) into L meshes, each mesh denoted by mj. The
probability of mesh mj occurring within the entire parameter space,
p(mj), is calculated as well as the expected value of the response func-
tion within the mesh, E(R^), where Rj represents the response function
within mj. The probability p(nj) is assigned to E(R^) to obtain the
probability of E(Rj) within the discrete space of expected values. The
pairs of p(mj) and E(Rj) are reordered such that E(Ri) < E(R£) < ...
E(RL) and as such constitute the probability density function of the
response R over the parameter space. The cumulative distribution
function (CDF) of R, C(R), is the running sum of the reordered p(m^)
paired with the corresponding value of E(Rj). In the limit as L * «,
C(R) approaches the true cumulative distribution function of R as
calculated using the response function.

Let the functional form of the response within m/ be given by

Re - gi(c) (17)

where gj(c) is the response surface function within m^ resulting either
from a fitting procedure or from a linear expansion from one or more
reference space points. The vector c is the M-dimensional parameter
vector given by c - (oi, <*2>•••.^Mltr- Given the joint probability
function of c as P(c) - P((*i, 02,...ay), the probability that c c m^ is
given by

P(iae) - P(c c m^ - J P(c)dc , (18)

and the expected value of the response R within m^, E(R^), Is
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- Jg(c)P(c)dc/p(mi) . (19)

•i

The values of p(mj) and E(Rjg) as calculated by Eqs. (18) and (19) are
used to construct the probability density function and cumulative distri-
butions function of the response R.

VII. SAMPLE PROBLEM APPLICATIONS OF DUA

The DUA method is demonstrated for two sample problems and the
results are compared to a traditional statistical approach. The first
sample problem is from Ref. 28, which exemplifies the use of uncertainty
analysis in the study of water flow through a bore hole. The sample
problem consists of three coupled equations with eight input parameters
and three dependent variables. The analysis focuses on one of the three
dependent variables, the flow rate, as the response of interest, and
statistical techniques are used to calculate the cumulative distribution
of the flow rate given probability distributions for the eight input
parameters.

Reference 27 describes a statistical uncertainty analysis approach
for this problem based upon the Latin Hypercube Sampling (LHS) procedure
using a 50 design-point matrix. The DUA method was also applied to this
sample problem, the details of which are given in Ref. 19. As a bench-
mark against which a comparison of the DUA method and the statistical
results from Ref. 27 could be compared, the sample problem model was
executed 2304 times In order to approximate the "true" CDF of the flow
rate for this problem. A comparison of this benchmark 2304-point CDF
to the statistical 50-point CDF from Ref. 28 is shown in Fig. 1. The
CDF based upon the 50 point LHS design matrix is a fairly accurate
representation of the true CDF of Q. DUA method results were obtained
by forming a response surface by extrapolation from two reference model
runs and propagating parameter pdf's over a discrete mesh consisting of
2304 meshes. As shown in Fig. 2., the CDF of the flow rate calculated
deterministically based on the DUA method closely matches the "true"
CDF with only two executions of the derivative-enhanced model.

The second sample problem calculates the temperature and brine flow
rates in a repository arising from the decay heat produced from buried
high-level nuclear waste. In this study (Ref. 20), GRESS was used to
enhance the BRINETEMP[29] computer model for calculation of derivatives
and sensitivities needed for uncertainty analysis by the DUA method. The
CDF of the brine flow rate and the temperature at a specific location of
interest were determined given the pdf's of twelve input parameters. The
resulting CDF's from the DUA method were compared to the CDF's from a
statistical approach based on a 200-point 1HS design matrix. The result-
ing curves are shown in Figs. 3 and 4. The DUA method used 10 runs of
the enhanced BRINETEMP model in determining the CDF of the temperature at
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1000 years after burial and 16 for the flow rate. These compare to 200
runs of the reference BRINETEHP model for the LHS statistical analysis.
The CDF curves compare closely for the DUA and statistical methods, but
the DUA method requires far fewer model runs.

VIII. CONCLUSIONS

A comprehensive, deterministic approach to sensitivity and
uncertainty analysis of large-scale computer models is now available.
The GRESS and ADGEN systems for automating the calculation of model
derivatives and sensitivities have been developed, verified, and applied
to several large-scale computer models. The availability of these two
systems greatly reduces the man-effort required to add sensitivity
capability to existing FORTRAN models.

A deterministic approach to uncertainty analysis (DUA) has been
developed, and the availability of derivative information is a key com-
ponent. The feasibility and advantages of the DUA method is demonstrated
by its application to two sample problems. The sample problems show that
simple linear extrapolation from a small set of parameter space points
produces CDF's of the responses of interest that closely match that pro-
duced by statistical analysis using a far greater number of model execu-
tions. Although the reduction in model runs for DUA as compared to a
statistical approach is offset by the additional cost of calculating
derivatives, the Section V timing studies demonstrate that the avail-
ability of the GRESS and ADGEN systems for adding derivative-taking
capability to existing models makes the DUA approach both practical and
computationally advantages for most applications. The strong analytical
foundations of propagating probabilities deterministically is another
desirable feature of the DUA approach.

PUBLICATIONS CITED

1. Tomovic, R. and Vukobratovic, M., General Sensitivity Theory,
Elsevier North-Holland, Inc., New York (1972).

2. Stacey, W. M., Variational Methods in Nuclear Reactor Physics,
Academic Press, New York (1974).

3. Greenspan, E., "Developments in Perturbation Theory," Advances in
Nuclear Science and Technology, Vol. 9, Academic Press, New York
(1976).

4. Oblow, E. M., "Sensitivity Theory for Reactor Thermal-Hydraulics
Problems," Nucl. Sci. Eng., 68, 322 (1978).

5. Frank, P. M., Introduction to System Sensitivity Theory, Academic
Press, New York (1978).

145



i •

6. Cacuci, D. G., J. Hath. Phys. (NY), 22, 2794 (1981).

7. Cacuci, D. G., J. Math. Phy«. (NY), 22, 2803 (1981).

8. Weisbin, C. R. et al, "Sensitivity and Uncertainty Analysis of
Reactor Performance Parameters," Advances in Nuclear Science and
Technology, Vol. 14, Plenum Press, New York (1982).

9. McKay, M. D., R. J. Beckman and V. J. Conover, "A Comparison of
Three Methods for Selecting Values of Input Variables in the
Analysis of Output from a Computer Code," Technometrics, 21, 239-245
(1979).

10. Iman, R. L., J. C. Helton, and J. E. Campbell, J. Quality Technol.,
13, 3, 174 (1981).

11. Iman, R. L., J. C. Helton, and J. E. Campbell, J. Quality Technol.,
13, 4, 232 (1981).

12. Iman, R. L., and Conover, W. J., "A Distribution-Free Approach to
Inducing Rank Correlation Among Input Variables," Communications in
Statistics, Bll(3), 311-334, 1982.

13. Oblow, E. M., "An Automated Procedure for Sensitivity Analysis Using
Computer Calculus," ORNL/TM-8776, Oak Ridge National Laboratory, Oak
Ridge, Tennessee, 1983.

14. Oblow, E. M., "GRESS, Gradient-Enhanced Software System," ORNL/TM-
9658, Oak Ridge National Laboratory, Oak Ridge, Tennessee, 1985.

15. Horwedel, J. E., Worley, B. A., Oblow, E. M., Pin, F. G., and.
Wright, R. Q., "GRESS Version 0.0 User's Manual," ORNL/TM-10835,
Oak Ridge National Laboratory (1988).

16. Pin, F. G. and Oblow, E. M., "Sensitivity Analysis of Predictive
Models with an Automated Adjoint Generator," Proceedings of Ninth
Annual DOE Low-Level Waste Management Conference, Denver, CO, August
25-27, 1987.

17. Pin, F. G., Oblow, E. M., Horwedel, J. E., and Lucius, J. L.,
"ADGEN: An Automated Adjoint Code Generator for Large-Scale
Sensitivity Analysis," paper to be presented at Am. Nuc. Soc. Winter
Mtg., Los Angeles, California, Nov. 1987.

18. Fields, D. E., et al., "PRESTO-II: A Low-Level Waste Environmental
Transport and Risk Assessment Code," ORNL-5970, Oak Ridge National
Laboratory, Oak Ridge, TN (1986).

19. Worley, B. A., "Deterministic Uncertainty Analysis," ORNL-6428, Oak
Ridge National Laboratory (1987).

146



20. Maerker, R. E., "Comparison of Results Based on a Deterministic
Versus a Statistical Uncertainty Analysis," ORNL/TM-10773, Oak Ridge
National Laboratory (1988).

21. Oblow, E. M., F. G. Pin, R. Q. Wright, "Sensitivity Analysis Using
Computer Calculus: A Nuclear Waste Isolation Application," Nucl.
Sci.,94, 46 (1986).

22. Worley, B. A., R. Q. Wright, F. G. Pin, W. V. Harper, "Application
of an Automated Procedure for Adding a Comprehensive Sensitivity
Calculation Capability to the ORIGEN2 Point Depletion and
Radioactivity Decoy Code," Mucl. Sci. Eng., 94, 180 (1986).

23. Pin, F. G., B. A. Worley, E. M. Oblow, R. Q. Wright, W. V. Harper,
"An Automated Sensitivity Analysis Procedure for the Performance
Assessment of Nuclear Waste Isolation Systems," Nucl. and Chem.
Wast* Han., 6, 255 (1986).

24. Worley, B. A., R. Q. Wright, F. G. Pin, "A Finite-Line Heat Transfer
Code with Automated Sensitivity-Calculation Capability," ORNL/TM-
9975, Oak Ridge, Tennessee (1986).

25. Worley, B. A., J. E. Horwedel, "A Waste Package Performance
Assessment Code with Automated Sensitivity-Calculation Capability,"
ORNL/TM-9976, Oak Ridge, Tennessee (1986).

26. Sutcliffe, W. G., "Uncertainty Analysis: An Illustration from
Nuclear Waste Package Development," Hucl. and Chem. Wast* Hanag., 5,
131 (1984).

27. Myers, R. H., ftaspons* Surface Methodology, Allyn and Bacon, Inc.,
Boston, Massachusetts, 1971.

28. Harper, W. V., and Gupta, S. K., "Sensitivity/Uncertainty Analysis
of a Borehole Scenario Comparing Latin Hypercube Sampling and
Deterministic Sensitivity Approaches," BMI/ONWI-516, Office of
Nuclear Waste Isolation, Battelle Memorial Institute, Columbus,
Ohio, 1983.]

29. Bloom, S. G. and Raines, G. E., "Analytical and Semianalytical
Models for Estimating Temperature, Brine Migration, and Radionuclide
Transport in a Salt Repository," Proc. of the High Level Nuclear
Waste Disposal Technology and Engineering Meeting, Pasco, WA,
September 24-26, 1985.

147



THE USE OF CHEMICAL AND RADIONUCLIDE RISK ESTIMATES IN
SITE PERFORMANCE EVALUATION OF MIXED WASTE SITES

JOHN E. TILL, Ph.D.
KATHLEEN R. MEYER, Ph.D.

RADIOLOGICAL ASSESSMENTS CORPORATION
ROUTE 2, BOX 122

NEESES, SOUTH CAROLINA 29107

INTRODUCTION

Many radioactive waste sites contain not only radioactive material but
also varying anounts of chemical waste. In evaluating these sites, a key
concern will be determining the hazard, if any, to the personnel involved
in the cleanup work and to the population in the area. Clearly, in
performing an assessment of these sites, the health risk from
radionuclides and chemicals must be taken into account. This paper is
written to evaluate our current ability to provide a combined estimate of
the chemical and radiological risk associated with a mixed waste site. In
radiation protection risk assessment, it is assumed that the dose from
occupational exposure to radioactive materials is sufficiently low that
the only health effects that need to be considered are stochastic effects,
that is, those that occur by chance. In the context of radiation
protection, the main stochastic effects are cancer and genetic effects.
The result of exposure is usually estimated to be an increase in the
probability of occurrence of the effect, with the increase in probability
being proportional to the dose. Furthermore, there is no threshold
assumed, that is, no dose below which health effects are not observed.

For chemicals, conventional toxicological methods have been used in the
past to establish "safe levels of exposure" for substances presumed to
have threshold health effects, or doses below which significant effects
such as death or severe Injury are unlikely to occur (nonstochastic
effects). These same methods cannot be used to establish safe levels of
exposure for chemicals that are suspected carcinogens or mutagens, because
the doses of concern are far below toxicological thresholds. Therefore,
federal regulatory agencies are turning to risk assessment methods to
provide Information for public health policy chemical risk decisions.
Just as in radiation protection, these methods involve the use of
mathematical models to extrapolate the probability of effects observed at
relatively high levels of exposure to levels at which the actual increase
in health effects in an exposed population cannot be detected, either
through epidemiological or experimental techniques.

The use of such procedures implies some risk at any exposure level, and
thus requires that an exposure level be determined that corresponds to an
"acceptable" risk to an individual or a population. Although the
uncertainties and limitations of these methods are of concern, the
assumption has been generally adopted that the human dose response for all
carcinogens is linear, with no threshold occurring at low levels of
exposure.
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With the move toward decontamination programs and clean-up of various
mixed waste sites throughout the United States, there is interest in the
possibility that risk estimates calculated individually for radionuclides
and for chemicals may be combined to reflect the total risk for each
site. The purpose of this paper is to examine the feasibility of
combining risk estimates during risk/benefit analyses. For a variety of
reasons, the state of radiation risk assessment is more advanced than that
of chemical risk assessment. The reasons for this disparity will be
summarized in this paper. Quantitative radiation risk assessment is
currently being performed, but involves a high degree of uncertainty.
Chemical risk assessment in general does not allow quantitative results
bracketed by uncertainty analysis. Therefore, it is our conclusion that
it is currently not possible to develop a useful, quantitative combined
risk assessment for a mixed waste site, but that it may be possible to
develop such a capability in the future.

DISCUSSION

Risk assessment examines the known effects that radiation or chemicals
have upon both the individual and population exposed, then estimates
probable effects of additional exposure. This process of obtaining a
reasonable risk estimate can involve a complicated web of equations,
analytical techniques and models, but it will be divided into several
steps for clarity in this discussion. These steps include hazard
identification, dose-response assessment, exposure assessment, and risk
characterization (NRC, 1983).

Hazard Identification - More information has been accumulated on the
health effects of radiation than on any other hazard. Although
disagreement centers on the effects of low doses of radiation, higher
doses of radiation present a clear hazard. On the other hand, the
likelihood of a chemical being a human carcinogen is based upon a
weight-of-evidence judgment. Initial qualitative weight-of-evidence
statements are based on preliminary information about likely exposure and
possible toxicity to humans (Anderson, 1983). However, there is no simple
method or criterion to use to determine whether a chemical will be a human
health hazard.

The US EPA classification system for carcinogens is an adaptation of the
International Agency for Research on Cancer (IARC) approach for
classifying the weight of evidence for human and animal data (EPA 1986).
Published human data of any type (case reports or epidemiological studies)
are available for only 60 compounds. Fifty-four of these chemicals or
industrial processes have been classified as to their carcinogenicity in
humans, and are listed in Tables 1,2 and 3. Table 1 shows 13 individual
chemicals and 5 industrial processes for a total of 18 classified as
carcinogenic in humans. With the exception of 3 drugs, human exposure to
the other 15 is occupational (Saracci 1981). The paucity of human
evidence in published form is due, in part, to the difficulty in
identifying sizeable populations with well-defined exposures to individual
chemicals and without concurrent exposure to other agents. Another
problem involves the short period of time since newer chemicals have been
in the workplace; this makes epidemiological studies ineffective. Every
year, over 400,000 new organic compounds are synthesized throughout the
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world, and it is estimated that over 1,000 of these compounds will
eventually be introduced into economic use, and mixed waste sites (Woo et
al. 1983). Only a small portion of these new commercial products could be
adequately tested for carcinogenicity.

Dose-Response Assessment. For low-level radiation, risk estimates are
determined by studying large population groups exposed to rather high
doses of radiation. These include the Hiroshima and Nagasaki bomb
survivors, patients who were medically exposed, and occupationally exposed
populations. Several scientific committees have reviewed such data, and
have estimated the risk involved from exposure to much lower doses. The
most credible committee is that set up by the U.S. National Academy of
Sciences on the "Biological Effects of Ionizing Radiations" (BEIR
committee), which issued its latest report in 1980. There is considerable
evidence to support a linear relationship between dose and risk, according
to the BEIR report, although a linear-quadratic model is supported by a
number of radiobiological laboratory studies (BEIR 1980).

Almost a decade has passed since the BEIR report was prepared and issued,
and other models have been developed. For example the US NRC combined
absolute and relative risk projection models from the BEIR report, and
used the most recent data on organ sensitivity and dose response. They
estimated health consequences from the Chernobyl reactor accident using a
"summed site" approach, wherein individual organ risks were estimated and
combined by addition (US NRC 1985). This model provides three estimates
of the risk range: an upper estimate, a best (central) estimate, and a
lower estimate. The bottom of the range in each case is zero. Even
though the data base for radiation risk assessment is quite large, there
is still disagreement between the models, based upon the large degree of
uncertainty associated with the exact shape of the dose-response curves at
low doses of radiation (10 to 500 mrem).

For chemicals, the dose-response assessment, involving extrapolation from
high doses (in experimental animals, or from worker studies), to lower,
environmental levels, is extremely limited by the lack of good
epidemiological data (Anderson 1983). For most chemicals of interest,
particularly newly developed chemicals, such high-dose epidemiological
studies should not become available, because of the present emphasis on
safety and worker protection. Nevertheless, the US EPA recommends that if
data are available at doses equivalent to environmental exposures, the
curve that best fits the data should be used (EPA 1986).

Most often there is no biological justification to support the choice of
any one model to describe actual risks from chemicals. However, the
mathematical formulation recommended by the US EPA for risk extrapolation
to low levels is the linearized multistage (linear non-threshold) model
developed by Crump (1981). This model is used, not to establish actual
risks, but to place reasonable upper bounds on risks. Generally, no
attempt is made to further pinpoint the risks within the broad bounds
defined at the upper limit by a particular dose-response mathematical
model, and at the lower limit as near-zero (EPA 1986).

Exposure Assessment. The strengths and weaknesses of exposure assessment
have a great impact on the overall cancer risk assessment process. In the
radiation-related industries, personnel exposure monitoring is fairly
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routine, involving personnel dosinetry, bioassay procedures and whole body
counting.

On the other hand, there is no single approach to chemical exposure
assessment that is appropriate for all cases (Albert, 1985). The
carcinogenic response to a chemical nay differ with exposure pathway,
pattern of exposure, and structure-activity relationships of the
particular chemical, so that it is unlikely that any two exposure
assessments of the sane chemical will be identical (OSTP 1985). Extensive
anbient monitoring data are generally available only for criteria
pollutants, pesticides, and a few heavy metals (Nisbet, 1981).

In the federal government, separate responsibilities exist for exposure to
chemicals through the environment (air, water, and waste sites), food,
drugs, consumer products, and the workplace environment. In each area,
specialized estimating techniques, data sources, and expertise have been
developed, and each federal agency tends to focus on those aspects of
exposure which are relevant to the laws which it administers (OSTP 1985).
In addition, each waste site has a unique physical setting and profile of
waste chemicals.

These factors contribute to the difficulty already inherent in chemical
risk estimation. In Table 4, the most frequently observed chemical
contaminants at 929 chemical storage facility sites are listed along with
US EPA drinking water standards and human health criteria. For the 18
chemicals listed, only arsenic has a standard set for both drinking water
and human health. Only four others have either drinking water standards
or human health criteria. Clearly, much information is required not only
for standard setting, but also for the more involved central tendency risk
estimation process.

For actual exposures, many chemicals can potentially be detected in the
body. Lead in blood, cadmium in urine, and PCBs in serum are
well-accepted indices of exposure. Unfortunately there are relatively few
biological indices for specific chemicals in comparison to the numbers and
types of chemicals released. Furthermore, these bioassays indicate only
that the chemical is present in the body. In these situations, maximum
measured or estimated exposure concentration can be used to obtain a
"worst case" risk estimate. Application of the highest concentrations
present for a quantitative risk assessment is certainly not correct, but
is used routinely as the best estimate in light of current knowledge.

Risk Characterization. To calculate risk, the results of the exposure
assessment and the dose-response assessment are combined to estimate
quantitatively the carcinogenic risk. For example, the lifetime risk
associated with 1 rad whole-body irradiation has been characterized as
approximately 280 fatal cancers per million persons (2.8x10'^) (BEIR
1980). About 165,000 to 170,000 cancer deaths normally occur among 1
million people in the U.S. Based on the NRC "summed site" model, a risk
of 230 fatal cancers per million person exposed to 1 rad was obtained.
For both risk estimates, the additional cancers represent an increase of
about 0.015%, would fall within the variability of natural cancer
mortality, and would probably not be detected at this 1 rad exposure
level.
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Because a great deal of information has accumulated on the health effects
of radiation, standards can be set, and modified as newer data are
available. The US Nuclear Regulatory Commission (US NRC) limits annual
occupational radiation exposure to 5 rem, a limit which has been adopted
by the Occupational Safety and Health Administration (OSHA) . Even with
this extensive data base, the quantitative estimation of the carcinogenic
risk of low dose, low-LET radiation is subject to numerous uncertainties
(BEIR, 1980). Unlike sampling variation, these uncertainties cannot be
easily summarized in probabilistic terms. Thus, the BEIR Committee has
placed more emphasis on the method of estimation than on the numerical
estimates obtained.

For chemicals, an established procedure does not yet exist for making
"most likely" or "best" estimates of risk within the range of uncertainty
defined by the upper and lower limit estimates (EPA 1986). Nevertheless,
quantitative risk assessment has been applied in several circumstances to
provide information regarding risk as a basis for making public health
policy decisions. For example, under the Clean Air Act, the EPA is
required to list hazardous air pollutants and regulate sources as
necessary. An index of potency, defined as an upper bound unit risk
estimate, along with a qualitative weight-of-evidence statement, is given
for each chemical (Anderson, 1983). Table 5 lists the unit risk estimate
for chemicals that might present the greatest hazard to humans from air
pollution. Host of these are also identified as probable or possible human
carcinogens by the IARC and US EPA (Table 1,2 and 3). The upper-bound
unit risk, which is defined as the increased individual lifetime risk for
a 70-kg individual breathing air containing 1 ug/m of the chemicals for
a 70-year life span, ranges a millionfold for this set of chemicals. It
should be noted that some chemicals having the strongest biomedical
evidence for carcinogenicity based on responses in humans (Table 1), have
relatively low potencies (for example, vinyl chloride and benzene: unit
risks of 10'6) (Table 5).

The US EPA has also been obligated to recommend nationwide water quality
criteria for a large number of chemicals, including suspected
carcinogens. Since thresholds, or "acceptable" levels of risk, could not
be established for suspected carcinogens, water quality concentrations
associated with a lifetime risk in the range of 10 to 1 0 , upper
limit, were established.

The US EPA has emphasized that these numerical estimates should not be
allowed to stand alone, separated from the various assumptions and
uncertainties upon which they are based. There is a tendency to use these
risk estimates and ignore the weight of the biomedical evidence, or to
treat all suspected carcinogens as if they were known to be human
carcinogens. In addition, upper-bound estimates in some cases have been
treated as actual estimates of risk, and uncertainty estimates have been
ignored.

RISK ESTIMATION PROCEDURES

The subject of combining risk estimates for different agents has been
considered for some time. The US EPA recommends (EPA 1986), and others
concur that, upon exposure to several chemical carcinogens, the
possibility of interaction between the chemicals can be ignored, and the
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risks be summed unless these is specific information to the contrary (EFA
1986; Albert 1987). Thus, a single risk estimate could be used for
exposure to several chemical carcinogens.

Furthermore, several approaches have been suggested to compare or combine
risks for different chemical carcinogens or between different types of
carcinogens (e.g. radiation and chemicals). In one system, carcinogens are
ranked by several criteria. Scores are assigned for number of species
affected, number of histologically different types of neoplasms,
spontaneous incidence of neoplasms in appropriate control groups, amount
and duration of treatment required for a specified response, malignancy of
induced neoplasms, and genotoxicity in a battery of short-term tests (NRC,
1983).

A similar scheme has been used for mutagenicity tests where the responses
in the different test systems are weighted, with systems phylogenetically
closer to humans given greater weight. In this way mutagens are given
scores. However, for both of the above systems, the scheme is somewhat
arbitrary, and the weight assigned to a particular mutagen or carcinogen
may vary with the observer. Most importantly, it is not clear what is
occurring at the molecular level to produce the neoplasms or mutations. A
comparison of endpoints, not a true risk estimate, is obtained in such a
manner.

Another approach relates the mutagenicity of a chemical to the amount of
radiation that would produce an equal effect. A rem-equivalent chemical
dose (REC) is the dose that produces an amount of genetic damage equal to
that produced by 1 rem of chronic radiation exposure (NRC, 1986). The REC
was introduced, not as a basis of risk estimation, but as a guide to
setting standards. There were already accepted radiation standards, and
it was thought that chemical risks could be evaluated by the same
standards if the chemical damage could be correlated with that from
radiation. However, chemicals produce an array of biochemical effects
different from those produced by radiation. Most radiation-induced
mutations include much chromosomal breakage, but some chemicals induce a
large proportion of point mutations and small changes in the DNA. More
importantly, although damage from radiation exposure can be measured in
tissues, that is not the case as yet with chemicals.

A third approach is based on the apparent relationship between altered
genetic material, DNA, and carcinogenesis. The presence of
carcinogen-altered DNA is being explored as a possible test system to
detect persistent damage at the molecular level after exposure to suspect
carcinogenic chemicals (EPA 1986). This process, called molecular
dosimetry, is a step toward detecting and measuring chemicals within
tissues. This method relates the risk estimate to the effect of the
chemical on DNA, for example by the formation of complexes with DNA called
adducts. DNA adducts have been measured in cells and tissues from people
occupationally exposed to carcinogenic polycyclic aromatic hydrocarbons
(Harris et al., 1987). This technique currently requires that the
chemical of interest be radioactively labelled and form adducts. This
procedure at least shows that the chemical reached the target. Molecular
dosimetry can be used to create a net of chemical bridges among and
between mammals and lower eukaryotic systems.
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CONCLUSIONS

Where do we stand in terms of establishing a mechanism or a procedure for
combining radiation and chemical risk estimates to reflect the total risk
for a particular site? The evaluation of human cancer risk associated
with chemical exposures is a complex network of assumptions, scientific
data and policy decisions. The determination of a single risk estimate
after exposure to low levels of both chemical carcinogens and
radionuclides is even more complex. Based on the available information
just reviewed, we suggest that the rationale or mathematical
justifications for adding radiation and chemical risk estimates are not
clear at this time, because of several major gaps in the risk estimation
procedure. These gaps in mixed waste risk assessment result from
difficulties or limitations in the chemical risk process (Table 6).

With regard to hazard identification, there is no simple method or
criterion to use to determine whether a chemical will be a human health
hazard. Qualitative weight-of-evidence statements are based on available
information, usually from animal or laboratory studies, about likely
exposure and possible toxicity to humans (Anderson, 1983). Despite
uncertainties of radiation dose rate and response, and even with respect
to dosinetry, the results of radiation risk assessment probably represent
actual harm that could occur to humans under some conditions of exposure.
For most chemicals, however, debate still continues on the key question,
"Is this compound carcinogenic or not?" The International Agency for
Research on Cancer (IARC) selects chemicals for carcinogenicity evaluation
mainly on two grounds: (1) human exposure to the compound is known to
occur, and (2) there is some suspicion (derived from human data, animal
data, or other laboratory data) that the chemical may be carcinogenic.
They recognize that the selection is highly biased, and that the group of
over 500 compounds evaluated cannot be compared to a random sample of all
chemicals.

A second major concern related to hazard identification is that there is
not yet an easy way to measure the damage caused by a chemical in human
cells. Many chemicals produce a spectrum of lesions different from those
produced by radiation. Often carcinogenicity is assumed only because a
substance is chemically related to a class of compounds for which one
substance is a known carcinogen. For example, all PAHs are assumed to
have the same carcinogenic risk as benzo(a)pyrene (0.025 ug per day
continuous exposure is assumed to equal a lifetime risk of 10 ).
Benzo(a)pyrene is one of the few PAHs for which carcinogenicity has been
well established.

In establishing dose-response relationships, the data base on human risks
from chemical agents is still inadequate for more than rough guidelines.
It is generally accepted that the most appropriate data for cancer risk
estimation is obtained from epidemiological studies. Although public
concern for hazardous wastes is great, many investigators believe that
there has not been a single defensible epidemiological study on the health
effects, if any, to residents in proximity to hazardous waste disposal
sites (Corn and Breysse 1985). For genetic effects, there are no studies
that meet current epidemiological standards, on the offspring of humans
exposed to a chemical mutagen. Thus, chemical exposure data from animal
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studies must remain only a gross approximation, that may be acceptable for
establishing some safety standards but should not be compared with the
information from radiation studies.

In addition, the concept of radiation dose allows extrapolations from one
condition of exposure to another, a simplifying assumption that is
currently impossible for chemicals. A basic tenet of radiation risk
extrapolation is that radiation dose, regardless of its source, produces
biological effects (cancer and genetic effects) proportional to that dose
(with quantifiable modifiers). This is not the case for chemical
radiation risk assessment, in which each chemical or group of chemicals
produces different, perhaps interacting, effects. Dose is generally not
measured, and complex, poorly understood factors can modify the effect of
a specific chemical exposure by many orders of magnitude. Furthermore,
adding upper-bound risks will serve only to compound the conservatism in
risk estimates. Conservatism stems from the adoption of the linear
no-threshold model for risk extrapolation, and from the methods used to
extrapolate from animal data in those cases where there are no human data.

All modes of exposure for chemicals may not necessarily be associated with
an equivalent carcinogenic response. For example, the inhalation pathway
of exposure is often more sensitive than is the ingestion pathway or
external exposure for some chemicals. Furthermore, it is unlikely that a
large number of potential carcinogens will be present in an environmental
medium in such quantities that human exposures and risks would be
approximately equal for each of these agents. If one agent dominates the
potential risk calculated for an exposed individual or population group,
then all other carcinogenic agents can be effectively neglected until such
time as the exposure to the dominant agent is reduced.

The characterization of risk is based on a frame of reference from which
comparisons can be made. In radiation risk assessment, radiation doses
can be related to natural background radiation. One of the first
recommendations of the 1972 BEIR Committee was to establish natural
background radiation as a standard for comparison. For chemicals, there
is no easily measured baseline or background exposure. It may some day be
possible to determine the extent to which the spontaneous mutation rate or
cancer incidence is caused by chemicals in the body, but it is not likely
that information will be as reliable as that on radiation in the near
future.

In addition, the mechanisms of carcinogenicity are often different. The
biological response to radiation generally follows well-defined physical
and chemical steps at the molecular and cellular level. Many chemical
carcinogens, on the other hand, require metabolic activation and the
presence of cocarcinogens or tumor promoters to produce an oncogenic or
genetic change in the cell.

Therefore, it is our conclusion that there is no well formulated
scientific rationale which provides an acceptable methodology for
combining risk estimates from radionuclides and chemicals. Risks from
radionuclides and chemicals as calculated for mixed waste sites should not
be combined. Accurate evaluation of human risk for each of hundreds of
chemicals requires detailed expbsure, dose, and response studies in the
laboratory since epidemiological data are minimal. While laboratory
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animals provide an approximation for chemical risk analysis, the expense,
difficulty, and inaccuracy in extrapolation associated with the increasing
use of animals to evaluate chemical risk makes this solution impractical.
Other approaches, involving lower organisms, suffer from decreased
accuracy. Continued effort must be exerted in developing methods for
rapid screening of chemicals, and in understanding the mechanisms and
biochemical effects of those chemicals that are carcinogens and mutagens.

Finally, consideration should be given to the development of computer
models capable of simulating the interaction of chemicals with biological
systems, especially in humans. Biochemical data and mechanism
determinations must be used to develop the computer model, allowing
accurate simulation of chemical interactions down to the molecular level.
In turn, the predictions provided by the computer model should be used to
identify needed biochemical research. These types of investigations
should lead to the development of a statistically-acceptable and
scientifically-sound procedure for chemical risk assessment, and perhaps
then, to an acceptable method for combining risks from chemicals and
radionuclides at mixed waste sites.
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TABLE 1: CHEMICALS AND INDUSTRIAL PROCESSES CARCINOGENIC FOR HUMANS
(GROUP 1) A

1. 4-Aminobiphenyl
2. Arsenic and Certain Arsenic Compounds
3. Asbestos
4. Manufacture of auramine
5. Benzene
6. Benzidine
7. N,N-bis(2-chloroethyl)-2-naphthyl-anine (chlornaphazine)
8. Bis(chloronethyl)ether and chloromethyl methyl ether
9. Chromium and certain chromium compounds
10. Diethylstilbestrol
11. Underground hematite mining
12. Manufacture of isopropyl alcohol by the strong acid process
13. Melphalan
14. Mustard gas
15. 2-Naphthylamine
16. Nickel Refining
17. Soots, tars, and mineral oils
18. Vinyl chloride

A From IARC Evaluation of Carcinogenic Risk (Saracci, 1981).

TABLE 2: CHEMICALS WHICH ARE PROBABLY CARCINOGENIC FOR HUMANS
(GROUP 2) A

Subgroup A-higher degree of human evidence
1. Aflatoxins
2. Cadmium and certain cadmium compounds
3. Chlorambucil
4. Cyclophosphanide
5. Nickel and certain nickel compounds
6. Tris (1-aziridinyl) phosphone sulphide (thiotepa)

Subgroup B lower degree of human evidence
1. Acrylonitrile
2. Amitrole (aminotriazole)
3. Auramine
4. Beryllium and certain beryllium compounds
5. Carbon tetrachloride
6. Dimethyl carbamoyl chloride
7. Dimethyl sulfate
8. Ethylene oxide
9. Iron dextran complex
10. Oxymetholone
11. Phenacetin
12. Polychlorinated biphenyls

A From IARC Evaluation of Carcinogenic Risk (Saracci, 1981).
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TABLE 3: CHEMICALS THAT COULD NOT BE CLASSIFIED AS TO
CARCINOGENICITY FOR HUMANS (GROUP 3 ) A

1. Chloranphenicol
2. Chlordane/heptachlor
3. Chloroprene
4. Dichlorodiphenyltrichloroethane (DDT)
5. Dieldrin
6. Epichlorohydrin
7. Hematite
8. Hexachlorocyclohexane (technical-grade HCH/lindane)
9. Isoniazid
10. Isopropyl oils
11. Lead and certain lead compounds
12. Phenobarbitone
13. N-Pheny1-2-naphthylamine
14. Phenytoin
15. Reserpine
16. Styrene
17. Trichloroethylene
18. Tris(aziridinyl)-l-para-benzoquinone (triaziquone)

A From IARC Evaluation of Carcinogenic Risk (Saracci, 1981).

TABLE 4: SUMMARY OF HAZARDOUS WASTE SITE CHEMICALS AND STANDARDSa

(Adapted from Corn and Breysse, 1985)

CHEMICAL
CATEGORY

VHO'S

VNMO's

METALS

ACID CPDS

CONTAMINANT

1,1,1,trichloroethane
trichloroethylene
dichloromethane
tetrachloroethylene
chlorobenzene
ditromoethane

benzene
toluene
xylene

lead
manganese
chromium
cadmium
nickel
arsenic
mercury

pentachlorophenol
phenol

US
HUMAN HEALTH
CRITERIA 10*6

NS
2.7 ug/1

NS
0.8 ug/1

NS
NS

0.66 ug/1
NS
NS

NS
NS
NS
NS
NS

2.2 ng/1

NS

NS
NS

EPA
DRINKING
STANDARDS

NS
NS
NS
NS
NS
NS

NS
NS
NS

0.05
0.05
0.05
NS
NS

0.05
0.002

NS
NS

WATER

mg/1
mg/1
mg/1

mg/1
mg/1

a Major chemicals found at 929 storage facility sites where
there was likelihood of environmental releases
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TABLE 5: UPPER-BOUND UNIT CALCULATIONS FOR SUSPECTED
CARCINOGENIC AIR POLLUTANTS A

CHEMICAL UPPER-BOUND UNIT
RISK ESTIMATES8

Acrylonitrile 7 x l° a
Allyl chloride 5x10"®
Arsenic 4x10"•;
Benzene 7x10"°
Beryllium ^
Diethylnitrosamine (DEN) 2x10"i?
Dimethylnitrosamine (DMN) 5x10";?
Ethylene dibromide 6xl0"l
Ethylene dichloride 7 X 1 0 " A

Ethylene oxide 2x10"£
Formaldehyde 5x10"b

Manganese 4x10"
Nickel 6x10,
N-nitroso-N-ethylurea (NEU) 1x10"^
N-nitroso-N-methylurea (NRU) 7 x l 0"£
Perchloroethylene 2x10";?
Trichloroethylene 3x10~°
Vinyl chloride 4x10"°
Vinylidene chloride 4x10"5

A From US EPA, Carcinogen Assessment Group Report 1976-1983
(Anderson 1983).

Unit risk is excess lifetime risk associated with breathing
1 ug/m of chemical over 70-year life span for a 70-kg person.
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TABLE 6: LIMITATIONS OF CHEMICAL RISK ASSESSMENT

STEP IN RISK ESTIMATION PROCESS MAJOR CONCERNS

Hazard Identification

Dose-Response Relationships

Exposure Evaluation

Risk Characterization

* Weight-of-evidence approach
* Spectrum of biological effects
* Dosimetry or measuring damage

in cells or tissues

* Epidemiological studies
minimal or lacking

* Extrapolation from one
exposure condition to other

* Linear model accepted
but "Case-by-case" approach
first

* Response varies with exposure
pathway

* Exposure to carcinogens in
chemical mixture not likely
to be equal

* No "natural" frame of
reference for chemicals
like background radiation

* Rather than quantitative risk
estimate, chemical risk based
on "degrees of evidence"

* Mechanism of carcinogenesis
varies for chemicals
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