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VOLUME 1: METHODOLOGY AND RESULTS

WIPP Performance Assessment Division
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ABSTRACT

Before disposing of transuranic radioactive wastes at the Waste Isolation
Pilot Plant (WIPP), the United States Department of Energy must have a
reasonable expectation that the WIPP will comply with the quantitative
requirements of Subpart B of the United States Environmental Protection
Agency's (EPA) Standard, Environmental Radiation Protection Standards for
Management and Disposal of Spent Nuclear Fuel, High-Level and Transuranic
Radiocactive Wastes. Sandia National Laboratories, through iterative
performance assessments of the WIPP disposal system, 1is conducting an
evaluation of the long-term performance of the WIPP that includes analyses for
the Containment Requirements and the Individual Protection Requirements of
Subpart B of the Standard. Recognizing that unequivocal proof of compliance
with the Standard is not possible because of the substantial uncertainties in
predicting future human actions or natural events, the EPA expects compliance
to be determined on the basis of specified quantitative analyses and informed,
qualitative judgment. Performance assessments of the WIPP will provide as

detailed and thorough a basis as practical for the quantitative aspects of
that decision.

The 1991 preliminary performance assessment is a snapshot of a system that
will continue to evolve until a final compliance evaluation can be made.
Results of the 1991 iteration of performance assessment are preliminary and
are not suitable for final compliance evaluations because portions of the
modeling system and data base are incomplete, conceptual model uncertainties
are not fully included, final scenario probabilities remain to be determined,
and the level of confidence in the results remains to be established. In
addition, the final version of the EPA Standard, parts of which were remanded
to the EPA in 1987 for further consideration, has not been promulgated.
Results of the 1991 preliminary performance assessment do not indicate
potential violations of Subpart B of the Standard and support the conclusion
based on previous analyses, including the 1990 preliminary performance
assessment, that reasonable confidence exists that compliance with Subpart B
of the Standard can be achieved.
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PREFACE

The Waste Isolation Pilot Plant (WIPP) is planned as the first mined geologic
repository for transuranic (TRU) wastes generated by defense programs of the
United States Department of Energy (DOE). Assessing compliance with the long-
term performance criteria of Subpart B of the United States Environmental
Protection Agency’s (EPA) Standard, Environmental Radiation Protection
Standards for the Management and Disposal of Spent Nuclear Fuel, High-Level and
Transuranic Radioactive Wastes (40 CFR Part 191), is a cornerstone for the
DOE’'s successful implementation of a TRU-waste disposal system.

This report (the 1991 Preliminary Comparison) is a preliminary version of the
planned document, Comparison with 40 CFR Part 191, Subpart B for the Waste
Isolation Pilot Plant (the Comparison). The 1991 Preliminary Comparison is the
second in a series of annual "Performance Analysis and DOE Documentation"
reports shown in the timing for performance assessment in the 1991 DOE report
Strategy for the Waste Isolation Pilot Plant Test Phase (DOE/EM/48063-2). The
Test Phase schedule and projected budget may change; if so, the schedule for
the performance-assessment reports will also change. Where data and models are
available, the text is a preview of the final report scheduled for 1996
(DOE/EM/48063-2). This report is a preview of the final Comparison only to the
extent that the Standard, when repromulgated, is the same as the vacated 1985
Standard. This report treats the vacated Subpart B of the Standard as if it
were still effective, because the DOE and the State of New Mexico have agreed
that compliance evaluation will continue on that basis until a new Subpart B is
promulgated. The approach to the Standard and the resultant methodology
reported here do not reflect the EPA's efforts to develop a new Subpart B.

The 1991 Preliminary Comparison is based on last year's reports: the
Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste Isolation
Pilot Plant, December 1990 (SAND90-2347), Data Used in Preliminary Performance
Assessment of the Waste Isolation Pilot Plant (1990) (SAND89-2408), and
Sensitivity Analysis Techniques and Results for Performance Assessment at the
Waste Isolation Pilot Plant (SAND90-7103). The 1991 Preliminary Comparison
consists of four volumes. Volumes 2 (Probability and Consequence Modeling) and
3 (Reference Data) will be published in December 1991 with this volume

(Methodology and Results). Volume 4 (Uncertainty and Sensitivity Analyses)
will be published in March 1992,

Performance assessment is a dynamic process that relies on iterative
simulations using techniques developed and data collected as work progresses.
Neither the data base nor the models are fixed at this stage, and all aspects
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of the compliance-assessment system are subject to review as new information
becomes available. Much of the modeling system described in this report will
not change as the work progresses. Some of it will change, however, as
problems are resolved and new models and data are incorporated into the system
for use in subsequent simulations.

Vertical change bars in the right margins of Volume 1 of the 1991 Preliminary
Comparison indicate changes from the text published in the single-volume 1990
Preliminary Comparison. Chapters 3 through 7 and Chapters 10 and 11 of the
1991 report, however, have been substantially revised or rewritten since the
1990 version and do not contain change bars. Chapters 3, 4, and 5 have been
revised to reflect additions to the methodology and data used in evaluating the
WIPP. Chapters 6 and 7 contain the results of the 1991 preliminary
performance-assessment calculations. Chapters 10 and 11 discuss the 1991
results and summarize the status of the work to be completed to develop an

adequate basis for evaluating compliance with Subpart B of the Standard.

Volumes 2, 3, and 4 do not contain change bars. Volume 2 is a compilation of
essentially new material or material that was presented in a briefer form in
1990. Volume 3 is based on Data Used in Preliminary Performance Assessment of
the Waste Isolation Pilot Plant (1990), SAND89-2408, but contains numerous
additions and refinements to the reference data base. Volume 4 reports the
results of the uncertainty and sensitivity analyses for the 1991 calculations.
Sensitivity analyses identify aspects of the modeling system that have the
greatest potential to affect performance, thereby helping guide ongoing
research. Because new data or new interpretations of existing data may change
the conceptual models and/or the ranges and distributions of parameters
throughout the life of the WIPP Project, sensitivity analyses are also
iterative. Volume 4 is substantially revised and rewritten compared to the
previous year's report, Sensitivity Analysis Techniques and Results for
Performance Assessment at the Waste Isolation Pilot Plant, SAND90-7103.

Continuous publication of performance-assessment results as each new change is
made is not feasible. As will be the case in subsequent Preliminary Comparison
reports, results presented here reflect the improvements made during the
previoué year. The process is dynamic, however, and both the results and the
description of the system are in part already out of date. In addition, data
used in the 1991 performance assessment were accepted through July 1, 1991.

This report presents a snapshot of a system that will continue to evolve until
the final Comparison is complete.

The final Comparison, which will provide both quantitative and qualitative
input to the determination of WIPP compliance with 40 CFR Part 191, Subpart B,
will be without precedent as a completed performance evaluation for this type
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of geologic repository. Therefore, careful planning is required to assure that
the final Comparison will be adequate to support the determination of
compliance. Coordination among the performance-assessment team at Sandia
National Laboratories; the DOE WIPP Project Site Office (Carlsbad, New Mexico),
WIPP Project Integration Office (Albuquerque, New Mexico), and Headquarters;
the WIPP Panel of the National Research Council’s Board on Radioactive Waste
Management; the New Mexico Environment Department; the Environmental Evaluation
Group; and the EPA is extremely important prior to preparation of the final
Comparison. The draft of the final Comparison will be extensively reviewed
prior to final publication. Responding to comments and revising the report
will be necessary before the report can be published.

The 1991 DOE report Strategy for the Waste Isolation Pilot Plant Test Phase
(DOE/EM/48063-2) outlines possible procedures that may be followed prior to the
final determination of WIPP compliance. The DOE’s decision process for the
WIPP will involve all the activities necessary to document compliance with the
applicable regulations, to complete the necessary institutional interactions,
and to prepare a summary statement and recommendation for the Secretary of
Energy upon which a final determination of compliance can be based. Additional
documentation other than that required for compliance with Subpart B of 40 CFR
Part 191 will be needed for the Resource Conservation and Recovery Act (RCRA),
the National Environmental Policy Act (NEPA), and applicable Federal and State
regulations. All of these documents will be reviewed by the cognizant DOE
organizations whose concurrence is needed. The purpose of the review is to
ensure that the analysis and documentation are adequate and appropriate to
support the determination of compliance, to obtain the necessary permits and
approvals, and to comply with DOE orders.

Once the process of documentation and review (both internal and external) has
been completed, the DOE will prepare an internal summary report for the
Secretary of Energy. This report will include a recommendation as to whether
waste disposal at the WIPP should begin. Given a determination of compliance
with the applicable regulations, a favorable record of decision on a new
supplemental environmental impact statement, and a favorable readiness review,
the Secretary will decide whether the WIPP should begin receiving TRU waste for
permanent disposal. If land-withdrawal legislation mandates or the DOE signs
with another agency a memorandum of understanding that provides for an
independent certification of the DOE’s compliance determination, the decision
process will be amended.

This 1991 Preliminary Comparison provides an opportunity for interested parties
to monitor the WIPP performance assessment and give constructive input for
future annual iterations and the final Comparison.
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EXECUTIVE SUMMARY

The Waste Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico, is a
research and development project of the United States Department of Energy
(DOE). The WIPP is designed to be the first mined geologic repository to
demonstrate the safe disposal of transuranic (TRU) radiocactive wastes
generated by DOE defense programs since 1970. Before disposing of
radioactive waste at the WIPP, the DOE must have a reasonable expectation
that the WIPP will comply with the quantitative requirements of Subpart B of
the United States Environmental Protection Agency's (EPA) Environmental
Radiation Protection Standards for Management and Disposal of Spent Nuclear
Fuel, High-Level and Transuranic Radioactive Wastes (40 CFR Part 191, U.S.
EPA, 1985), referred to in this report as the Standard. Comparing the long-
term performance of the WIPP disposal system with the quantitative
requirements of the Standard will help determine whether the disposal system
will provide safe disposal of radionuclides.

Performance assessment as defined for the Containment Requirements of Subpart
B of the Standard means an analysis that identifies the processes and events
that might affect the disposal system, examines the effects of these
processes and events on the performance of the disposal system, and estimates
the cumulative releases of radionuclides, considering the associated
uncertainties, caused by all significant processes and events (§ 191.12(q)).
As used in this report, performance assessment includes analyses for
predicting doses as well as the definition in the Standard, because the
methodology developed for predicting releases for the Containment

Requirements can be used for predicting doses for the Individual Protection
Requirements.

Recognizing that unequivocal proof of compliance with the Standard is not
possible because of the substantial uncertainties in predicting future human
actions or natural events, the EPA expects compliance to be determined on the
basis of specified quantitative analyses and informed, qualitative judgment.
Performance assessments of the WIPP will provide as detailed and thorough a
basis as practical for the quantitative aspects of that decision.

Performance assessments will provide quantitative, probabilistic analyses of
disposal-system performance for comparison with the regulatory limits.
However, the three quantitative requirements in Subpart B specify that the
disposal system design must provide a reasonable expectation that the various
quantitative tests can be met. Specifically, the qualitative nature of the
EPA's approach is established in the Containment Requirements of the
Standard: what is required is a reasonable expectation, on the basis of the

record before the DOE, that compliance with the Containment Requirements will
be achieved.
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Executive Summary

Sandia National Laboratories (SNL), as the scientific program manager for the
WIPP, is responsible for developing an understanding of the processes and
systems that affect long-term isolation of wastes in the WIPP and applying
that understanding to evaluation of the long-term WIPP performance and
compliance with the Standard. SNL defines and implements experiments both in
the laboratory and at the WIPP, develops and applies models to interpret the
experimental data, and develops and applies performance-assessment models.
This report summarizes SNL’s late-1991 understanding of the WIPP Project's
ability to quantitatively evaluate compliance with the long-term performance
requirements set by Subpart B of the Standard. It documents one in a series
of annual iterations of performance assessment: each iteration builds on the
previous year's work until a final, defensible compliance evaluation can be
made. Results of this preliminary performance assessment should not be
formally compared to the requirements of the Standard to determine whether
the WIPP disposal system complies with Subpart B. The disposal system is not
adequately characterized, and necessary models, computer programs, and data
bases are incomplete. Furthermore, Subpart B of the Standard was vacated in

1987 by a Federal Court of Appeals and remanded to the EPA for
reconslderation.

Instead of presenting a formal compliance evaluation, this report examines
the adequacy of the available information for producing a comprehensive
comparison to the Containment Requirements and the Individual Protection
Requirements of the 1985 Standard, in keeping with the Consultation and
Cooperation Agreement (as modified) between the DOE and the State of New
Mexico. Defensibility of the compliance evaluation ultimately will be
determined in part by qualitative judgment, on the basis of the record before
the DOE, regarding reasonable expectations of compliance, assuming that
concept is retained by the EPA in repromulgating Subpart B.

Adequate documentation and independent peer review are essential parts of a
performance assessment, without which informed judgments of the suitability
of the WIPP as a waste repository are not possible. An extensive effort is
being devoted to documenting and peer reviewing the WIPP performance

assessment and the supporting research, including techniques, models, data,
and analyses.

Compliance-Assessment Overview

A performance assessment must determine the events that can occur, the
likelihood of these events, and the consequences of these events. The WIPP
performance assessment is, in effect, a risk assessment. Risk can be
represented as a set of ordered triples. The first element in each triple
describes things that may happen to the disposal system in the future (i.e.,
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the scenarios). The second element in each triple describes how likely these

things are to happen (i.e., scenario probability). The third element in each
triple describes the consequences of the occurrences associated with the
first element (i.e., EPA normalized releases of radionuclides to the

accessible environment).

An infinite number of possible 10,000-year histories of the WIPP exist.

These possible histories are grouped into summary scenarios for probability
assignment and consequence analysis. To increase resolution in the
evaluation, the summary scenarios involving human intrusion into the
repository are further decomposed into computational scenarios. For the 1991
performance assessment, computational scenarios are distinguished by the time
and number of intrusions, whether or not a brine reservoir is encountered
below the waste, and the activity level of waste intersected. Probabilities
are based on the assumption that intrusion boreholes are random in time and
space (Poisson process) with a rate constant that is sampled as an uncertain
parameter in the 1991 calculations.

The models used in the WIPP performance assessment exist at four different
levels. Conceptual models characterize the understanding of the system. An
adequate conceptual model is essential both for the development of the
possible 10,000-year histories for the WIPP and for the division of these
possible histories into the summary scenarios. Mathematical models are
developed to represent the processes of the conceptual model. The
mathematical models are predictive in the sense that, given known properties
of the system and possible perturbations to the system, they project the
response of the system conditional on modeling assumptions made during
development. Numerical models are developed to provide approximations to the
solutions of the mathematical models. Computer models implement the

numerical models and actually predict the consequences of the occurrences
associated with the scenarios.

As uncertainties will always exist in the results of a performance
assessment, the impact of these uncertainties must be characterized and
displayed. Thus, sensitivity and uncertainty analyses are an important part
of a performance assessment. Sensitivity analysis determines the importance
of specific components or subsystems to the results of the consequence
analyses. Uncertainty analysis determines how imprecise knowledge about the
disposal system affects confidence in the results of the consequence
analysis. Uncertainty in the results of the risk analysis may result from
the completeness of the occurrences considered, the aggregation of the
occurrences into scenarios for analysis, the selection of models (at all four
levels above) and imprecisely known parameters for use in the models, and
stochastic variation in future occurrences.

ES-3
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Executive Summary

Many techniques are available for uncertainty and sensitivity analysis. The
WIPP performance assessment uses Monte Carlo analysis techniques. A Monte
Carlo analysis involves five steps: selection of variable ranges and
distributions; generation of a sample from the parameter value distributions;
propagation of the sample through the analysis; analysis of the uncertainty
in results caused by variability in the sampled parameters; and sensitivity
analyses to identify those parameters for which variability in the sampled
value had the greatest effect on the results.

No single summary measure can adequately display all the information produced
in a performance assessment. Thus, decisions on the acceptability of the
WIPP should be based on a careful consideration of all available information
rather than on a single summary measure. Complementary cumulative
distribution functions (CCDFs) are used to display information on scenario
probability and consequence. Uncertainty resulting from imprecisely known
parameter values results in a family of CCDFs. Conceptual model uncertainty
has not yet been adequately addressed in any performance assessment but could
be included through the set of imprecisely known variables or by separate
performance assessments for each alternative conceptual model. This will be
addressed in future annual performance assessments. Variability in the
family of CCDFs can be displayed by showing the entire family or by showing
the mean and selected quantile curves. For human-intrusion scenarios of WIPP
performance, CCDFs will be compared to the limits set in the Containment
Requirements of the Standard.

Results

As previously indicated, compliance with the Containment Requirements will be
evaluated using a family of CCDF curves that graph exceedance probability
versus cumulative radionuclide releases for all significant scenarios. All
results are preliminary and are not suitable for final compliance evaluations
because portions of the modeling system and data base are incomplete,
conceptual model uncertainties are not fully included, final scenario
probabilities remain to be determined, the final version of the EPA Standard
has not been promulgated, and the level of confidence in the results remains
to be established. Uncertainty analyses required to establish the level of
confidence in results will be included in future performance assessments as

advances permit quantification of uncertainties in the modeling system and
the data base.

Simulations of undisturbed performance indicate zerc releases to the
accessible environment in the 10,000 years of regulatory concern for the
Conttainment Requirements. Because no releases are estimated to occur in the
10,000-year regulatory period for undisturbed performance, the base-case
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summary scenario is not analyzed, but it is included in CCDF construction

through its estimated probability and zero consequences.

For the 1991 performance assessment, the factors used to define the
computational scenarios are time and number of intrusions, whether or not a
brine reservoir is encountered below the waste, and activity level of the
waste intersected. Drilling intrusions are assumed to follow a Poisson
process. The rate constant is an imprecisely known variable with the upper
bound defined by the EPA Standard as 30 boreholes/kmz/l0,000 years and lower
bound of zero. For this performance assessment, the regulatory time interval
of 10,000 years is divided into five disjoint time intervals of 2000 years
each, with intrusion occurring at the midpoints of these intervals (at 1000,
3000, 5000, 7000, and 9000 years). An uncertain area fraction of the waste
panels is assumed to be underlain by a pressurized brine reservoir in the
Castile Formation. Four activity levels for CH waste and one activity level
for RH waste are defined and their distributions sampled to represent
variability in the activity level of waste penetrated by a drilling
intrusion.

For the 1991 performance assessment, 45 imprecisely known parameters were
sampled for use in consequence modeling for the Monte Carlo simulations of
repository performance. For each of these 45 parameters, a range and
distribution was subjectively assigned based on available data. These
parameters specify physical, chemical, and hydrologic properties of the
geologic and engineered barriers. Parameters for climatic variability and
future drilling intrusions are also included.

Important differences between the 1990 and 1991 Monte Carlo analyses are the
inclusion in the 1991 modeling of a two-phase (brine and gas) flow computer
code that allows examining effects of waste-generated gas in uncertainty and
sensitivity analyses, the addition of parameters related to dual porosity
(both chemical and physical retardation) in the Culebra, the use of a set of
conditional simulations for transmissivity in the Culebra instead of the
simple zonal approach of the 1990 performance assessment, and the inclusion
of a preliminary analysis of potential effects of climatic variability on
flow in the Culebra. Distributions for parameter values for radionuclide
solubility in repository brine and radionuclide retardation in the Culebra
were based on judgment from expert panels.

Latin hypercube sampling is used to incorporate parameter uncertainty into
the performance assessment. A Latin hypercube sample of size 60 was
generated from the set of 45 variables. After the sample was generated, each
element of the sample was propagated through the system of computer codes
used for analysis of human-intrusion scenarios. Each sample was used in the
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Executive Summary

calculation of both cuttings/cavings and subsurface groundwater releases for
intrusion times of 1000, 3000, 5000, 7000, and 9000 years. Two types of
intrusions were examined: those involving penetration of one or more
boreholes to or through a waste-filled room or drift in a panel without
intersecting pressurized brine below, and those involving penetration of
exactly two boreholes to or through a waste-filled room or drift in a panel,
with one borehole also intersecting a pressurized brine reservoir below.
Consequences of intrusions involving penetration of one or more boreholes
through a waste-filled room or drift in a panel and into a pressurized brine
reservoir were found to be similar to and bounded by the second type of
intrusions.

Except for a few low-probability releases, cuttings/cavings dominate the
CCDFs for total releases. Based on the performance-assessment data base and
present understanding of the WIPP disposal system, the summary CCDF curves
showing exceedance probability versus total cumulative normalized releases to
the accessible enviromment resulting from both groundwater transport in the
subsurface and releases at the surface during drilling are the preferred
choice for preliminary comparison with the Containment Requirements. These
preliminary summary curves were generated including the effects of waste-
generated gas, dual-porosity transport in the Culebra, and a preliminary
estimate of changes in recharge caused by climatic variability, and are
considered to be the most realistic choice for an informal comparison with
the Containment Requirements. Informal comparison of these preliminary
results with the Containment Requirements indicates that, for the assumed
models, parameter values, and scenario probabilities, summary CCDFs (mean and
median curves) lie an order of magnitude or more below the regulatory limits.

Conclusions

Conclusions that can be drawn for each of the requirements in the 1985
Standard are;

+ Containment Requirements. As previously noted, results presented in this
report are preliminary and are not suitable for evaluating compliance with
the Containment Requirements of the Standard. As explained in more detail
in Chapter 11, portions of the modeling system and the data base are
incomplete, conceptual model uncertainties are not fully included, final
scenario probabilities remain to be estimated, and the level of confidence
in the results has not been established. In addition, the Standard has
not been repromulgated since its 1987 remand.

Informal comparison of these preliminary results with the Containment
Requirements indicates that, for the assumed models, parameter values, and
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scenario probabilities, summary CCDFs (mean and median curves) lie an

order of magnitude or more below the regulatory limits.

Assurance Requirements. Plans for implementing the first two Assurance
Requirements (Active Institutional Controls and Monitoring) are
preliminary. The design for passive institutional controls is currently
being considered by an expert panel. Implementation of passive
institutional controls can occur only after their design has been
selected. Barrier design is an integral part of the SNL research effort.
The WIPP Project has satisfied the natural resources requirement and has
published a summary report to that effect. The EPA stated in the Standard
that current plans for mined geologic repositories meet the waste removal
requirement without additional design.

Individual Protection Requirements. Previous and current evaluations of
undisturbed performance at the WIPP have indicated that no releases to the
accessible enviromment will occur within 10,000 years. Dose predictions
are therefore not expected to be required for the 1000-year period
specified by the Individual Protection Requirements. However, as with the
Containment Requirements, formal comparison to the Standard cannot be

prepared until the bases of the compliance-assessment system are judged
adequate.

Groundwater Protection Requirements. Studies have determined that no
groundwater near the WIPP meets the criteria for "special source of ground
water" as specified in the Standard. Based on the 1985 Standard, the
Groundwater Protection Requirements are not relevant to the WIPP disposal
system. No further action should be necessary.

ES-7
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1. INTRODUCTION

[NOTE: The text of Chapter 1 is followed by a synopsis that summarizes
essential information, beginning on page 1-29.]

Before disposing of radicactive waste at the Waste Isolation Pilot Plant
(WIPP), the United States Department of Energy (DOE) must have a reasonable
expectation that the WIPP will comply with the quantitative requirements of
Subpart B of the United States Environmental Protection Agency’'s (EPA)
Environmental Radiation Protection Standards for Management and Disposal of
Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (40 CFR
Part 191; U.S. EPA, 1985), referred to herein as the Standard (included as
Appendix A of this volume). Comparing the long-term performance of the WIPP
disposal system with the quantitative requirements of the Standard will help
determine whether the disposal system will provide safe disposal of
radionuclides. This report is a preliminary version of the planned
Comparison with 40 CFR, Part 191, Subpart B, for the Waste Isolation Pilot
Plant. The planned scope of that document includes the final report for the
performance assessment of the WIPP disposal system and relevant data for
determining whether to proceed with disposal at the WIPP.

1.1 40 CFR Part 191, The Standard (1985)

The Standard promulgated in 1985 by the EPA is divided into two subparts
(Figure 1-1). Subpart A applies to a disposal facility prior to
decommissioning and limits annual radiation doses from waste management and
storage operations to members of the public in the general envivonment.
Subpart B applies after decommissioning and limits probabilities of
cumulative releases of radionuclides to the accessible environment for 10,000
years. Subpart B also limits both radiation doses to members of the public
in the accessible environment and radiocactive contamination of certain
sources of groundwater within or near the controlled area for 1,000 years
after disposal. Appendix A of the Standard specifies how to determine
release limits, and Appendix B of the Standard provides nonmandatory guidance
for implementing Subpart B. The Compliance Strategy (U.S. DOE, 1989a)
discusses the WIPP interpretation of various terms and definitions contained
in the 1985 Standard.

The concept of "site" is integral to limits established by Subparts A and B
for releases of waste from the repository, both during operation and after

closure. "Site" is used differently in the two subparts; the meaning of
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Figure 1-1. Graphical Representation of 40 CFR Part 191 Environmental Standards for Management and
Disposal of Spent Fuel, High-Level, and Transuranic Waste (after U.S. DOE, 1989a).
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1.1 40 CFR Part 191, The Standard (1985)
1.1.2 Subpart A

"gite" at the WIPP for each subpart is discussed and defined below in the
appropriate section. The definitions of "general environment," "controlled
area," and "accessible environment," which are also important in assessing
compliance with the Standard, depend on the definition of "site." "Site" has
also been used generically for many years by the waste-management community
(e.g., in the phrases "site characterization" or "site specific"); few uses
of the word correspond to either of the EPA’s usages (Bertram-Howery and
Hunter, 198%a; also see U.S. DOE, 1989a).

1.1.1 STATUS OF THE STANDARD

Subpart B of the Standard was vacated and remanded to the EPA by the United
States Court of Appeals for the First Circuit in July 1987. The Court found
that the EPA had neither reconciled the Individual Protection Requirements
with Part C of the Safe Drinking Water Act nor explained the divergence
between the two sets of criteria; furthermore, the EPA had not explained the
basis for the 1,000-year design criterion in the Individual Protection
Requirements. The Court also found that the Groundwater Protection
Requirements were promulgated without proper notice and comment. Working
Draft 3, a proposed revison of the Standard, was prepared for discussion
within the EPA in April 1991. A repromulgated Standard is not expected
before mid-1993. The Second Modification to the Consultation and
Cooperation Agreement (U.S. DOE and State of New Mexico, 1981, as modified)
commits the WIPP Project to proceed with compliance planning with the
Standard as first promulgated until such time as a revised Standard becomes
available. Therefore, this report discusses the Standard as first
promulgated. Compliance plans for the WIPP will be revised as necessary in
response to any changes in the Standard resulting from the repromulgation.

1.1.2 SUBPART A

Subpart A limits the radiation doses that may be received by members of the
public in the general environment as a result of management and storage of
transuranic (TRU) wastes at DOE disposal facilities not regulated by the
Nuclear Regulatory Commission (NRC). Subpart A requires that "the combined
annual dose equivalent to any member of the public in the general cnvironment
resulting from discharges of radiocactive material and direct radiation from
such management and storage shall not exceed 25 millirems to the whole body
and 75 millirems to any critical organ" (§ 191.03(b)). The general
environment is the "total terrestrial, atmospheric, and aquatic environments
outside sites within which any activity, operation, or process associated
with the management and storage of...radiocactive waste is conducted"

(§ 191.02(0)). The site as defined for Subpart A is "an area contained
within the boundary of a location under the effective control of persons
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Chapter 1: Introduction

possessing or using ... radioactive waste that are involved in any activity,
operation, or process covered by this Subpart" (§ 191.02(n)).

"Site" for the purposes of Subpart A at the WIPP is the secured-area boundary
shown in Figure 1-2. This area will be under the effective control of the
security force at the WIPP, and only authorized persons will be allowed
within the boundary (U.S. DOE, 1989a). In addition, the DOE will gain
control over the sixteen-section (16 mi2) area within the proposed land-
withdrawal boundary; this boundary is referred to in the agreement with New
Mexico and in the WIPP Final Safety Analysis Report (FSAR) (U.S. DOE, 1990a)
as the "WIPP site boundary." This control will prohibit habitation within
the boundary. Consequently, for the purposes of assessing operational doses
to nearby residents, the assumption can be made that no one lives closer than
the latter boundary (Bertram-Howery and Hunter, 1989a). The boundary
indicated as "WIPP" on illustrations in this volume is the boundary of the
proposed land-withdrawal area.

The DOE compliance approach to the Standard is described in the WIPP
Compliance Strategy (U.S. DOE, 1989a; also see Bertram-Howery and Hunter,
1989a and U.S. DOE, 1990b). Compliance with Subpart B is the topic of this
report; therefore, Subpart A will not be discussed further. Discussions
contained in this report elaborate on the DOE’s published strategy (U.S. DOE,
198%a; U.S. DOE, 1990b) for evaluating compliance with the remanded Subpart

B. These discussions provide the regulatory framework for the methodology
employed.

1.1.3 SUBPART B

In evaluating compliance with Subpart B, the WIPP Project intends to follow
to the extent possible the guidance found in Appendix B of the Standard

(U.S. DOE, 1989a). The application of Subpart B to the WIPP is discussed in
detail in Chapter 2. The Containment Requirements (§ 191.13(a)) necessitate
probabilistically predicting cumulative releases for 10,000 years. The
Individual Protection Requirements (§ 191.15) set limits on annual doses for
1,000 years. The Assurance Requirements (§ 191.14) complement the
Containment Requirements. The Groundwater Protection Requirements (§ 191.16)
limit radionuclide concentrations in specific groundwater sources for 1,000

years. Some necessary definitions and interpretations are given below.
Controlled Area
The controlled area as defined in Subpart B of the Standard is

(1) A surface location, to be identified by passive institutional
controls, that encompasses no more than 100 square kilometers and

1-4
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1.1.3 Subpart B
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Figure 1-2. Position of the WIPP Waste Panels Relative to WIPP Boundaries and Surveyed Section Lines
(U.S. DOE, 1989a).
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Chapter 1: Introduction

extends horizontally no more than five kilometers in any direction from
the outer boundary of the original location of the radiocactive wastes in
a disposal system; and (2) the subsurface underlying such a surface
location (§ 191.12(g)).

The controlled area is limited to the lithosphere and the surface within no
more than 5 km (3 mi) from the outer boundary of the WIPP waste-emplacement
panels. The boundary of this maximum-allowable controlled area does not
coincide with the secured area boundary (Figure 1-2) or with the boundary
proposed in legislation pending before Congress for the WIPP land withdrawal
(Figure 1-3). The accessible environment is "...(l) the atmosphere; (2) land
surfaces; (3) surface waters; (4) oceans; and (5) all of the lithosphere that
is beyond the controlled area" (§ 191.12(k)). According to this definition,
the surface of the controlled area is in the accessible environment; the
underlying subsurface of the controlled area is not part of the accessible
environment (Figure 1-3). Any radionuclides that reached the surface would
be subject to the limits, as would any that reached the lithosphere ocutside
the subsurface portion of the controlled area.

The term "disposal site" is used frequently in Subpart B and in Appendix B of
the Standard. The "site" for the purposes of Subpart A and the "disposal
site" for the purposes of Subpart B are not the same. For the purposes of
the WIPP strategy for compliance with Subpart B, the disposal site and the
controlled area are the same (U.S. DOE, 1989a). The Standard defines
"disposal system” to mean any combination of engineered and natural barriers
that isolate the radicactive waste after disposal. For the WIPP, the
disposal system is the combination of the repository/shaft system and the
geologic and hydrologic systems of the controlled area (Figure 1-3). The
repository/shaft system, as defined, includes the WIPP underground workings
and all emplaced materials and the altered zones within the Salado Formation
and overlying units resulting from construction of the underground workings.

The surface of the controlled area is to be identified by passive
institutional controls, which include permanent markers placed at a disposal
site, along with records, government ownership, and other methods of
preserving knowledge about the disposal system. The disposal site is to be
designated by permanent markers and other passive institutional controls to

indicate the dangers of the wastes and their location (§ 191.12(e):
§ 191.12(g)).

“Reasonable Expectation” of Compliance

The EPA discusses the overall approach of the Standard in a preamble to the
regulations. The three quantitative requirements in Subpart B specify that
the disposal system design must provide a "reasonable expectation" that their
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1.1.3 Subpart B
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Figure 1-3. Artist’'s Concept Showing the Two Components of the WIPP Disposal System: Controlled
Area and Repository/Shaft System. The repository/shaft system scale is exaggerated. The
proposed land-withdrawal boundary is shown at the same scale as the maximum extent of
the controlled area (Bertram-Howery and Hunter, 1989b).
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Chapter 1: Introduction

various quantitative tests can be met. In the preamble, the EPA states that
this test of qualitative judgment is meant to "acknowledge the unique
considerations likely to be encountered upon implementation of these disposal
standards" (U.S. EPA, 1985, p. 38071). The Standard "clearly indicates that
comprehensive performance assessments, including estimates of the
probabilities of various potential releases whenever meaningful estimates are
practicable, are needed to determine compliance with the containment
requirements” (U.S. EPA, 1985, p. 38076). These requirements "emphasize that
unequivocal proof of compliance is neither expected nor required because of
the substantial uncertainties inherent in such long-term projections.
Instead, the appropriate test is a reasonable expectation of compliance based
upon practically obtainable information and analysis® (ibid.). The EPA
states that the Standard requires "very stringent isolation while allowing

the [DOE] adequate flexibility to handle specific uncertainties that may be
encountered" (U.S. EPA, 1985, p. 38077).

In the preamble to the Standard, the EPA states that it clearly intends
qualitative considerations to have equal importance with quantitative
analyses in determining compliance with Subpart B (U.S. EPA, 1985, p. 38066).
The EPA states that "the numerical standards chosen for Subpart B, by
themselves, do not provide either an adequate context for environmental
protection or a sufficient basis to foster public confidence..." (U.S. EPA,
1985, p. 38079). The EPA also states that "factors such as [food chains,
ways of life, and the size and geographical distributions of populations]
cannot be usefully predicted over [10,000 years]....The results of these
analyses should not be considered a reliable projection of the ’'real’ or

absolute number of health effects resulting from compliance with the disposal
standards" (U.S. EPA, 1985, p. 38082).

The EPA’'s assumptions regarding performance assessments and uncertainties are
incorporated in Appendix B of the Standard, which the EPA intends the
implementing agencies to follow. The EPA intends these assumptions to
"discourage overly restrictive or inappropriate implementation” of the

requirements (U.S. EPA, 1985, p. 38077). The guidance in Appendix B to the

Standard indicates that "compliance should be based upon the projections that
the [DOE] believe[s] are more realistic. Furthermore,...the quantitative
calculations needed may have to be supplemented by reasonable qualitative
judgments in order to appropriately determine compliance with the disposal
standards" (U.S. EPA, 1985, p. 38076). In particular, Appendix B states:

The [EPA] believes that the [DOE] must determine compliance with

§§ 191.13, 191.15, and 191.16 of Subpart B by evaluating long-term
predictions of disposal system performance. Determining compliance with
§ 191.13 will also involve predicting the likelihood of events and

1-8
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1.1 40 CFR Part 191, The Standard {1985)
1.1.3 Subpart B

processes that may disturb the disposal system. In making these various
predictions, it will be appropriate for the [DOE] to make use of rather
complex computational models, analytical theories, and prevalent expert
judgment relevant to the numerical predictions. Substantial
uncertainties are likely to be encountered in making these predictions.
In fact, sole reliance on these numerical predictions to determine
compliance may not be appropriate; the [DOE] may choose to supplement
such predictions with qualitative judgments as well.

qualitative section of the Containment Requirements (§ 191.13(b)) states:

Performance assessments need not provide complete assurance that the
requirements of 191.13(a) will be met. Because of the long time period
involved and the nature of the events and processes of interest, there
will inevitably be substantial uncertainties in projecting disposal
system performance. Proof of the future performance of a disposal system
is not to be had in the ordinary sense of the word in situations that
deal with much shorter time frames. Instead, what is required is a
reasonable expectation, on the basis of the record before the [DOE], that
compliance with 191.13(a) will be achieved.

EPA stated in the preamble to the Standard that the agency recognized

that too many uncertainties exist in projecting the behavior of natural and
engineered components for 10,000 years and that too many opportunities for
errors in calculations or judgments are possible for the numerical
requirements to be the sole basis for determining the acceptability of a

disposal system. Qualitative Assurance Requirements were included in the

Standard to ensure that "cautious steps are taken to reduce the problems

caused by these uncertainties." These qualitative Assurance Requirements are

"an essential complement to the quantitative containment requirements"

(U.S. EPA, 1985, p. 38079). Each qualitative requirement was chosen to

compensate for some aspect of the inherent uncertainty in projecting the

future performance of a disposal system. The Assurance Requirements begin by
declaring that compliance with their provisions will "provide the confidence
needed for long-term compliance with the requirements of 191.13" (§ 191.14).

Determining compliance with Subpart B depends on the estimated overall
probability distribution of cumulative releases and on the estimated annual

doses; however, it also depends on the strength of the assurance strategies
(U.s. DOE, 1987, currently in revision) that will be implemented and on the
qualitative judgment of the DOE and its analysts. The preceding discussion

demonstrates the EPA's recognition of the difficulties involved in predicting

the

future and in quantifying the outcomes of future events. The EPA clearly

expects the DOE to understand the uncertainties in the disposal system’s
behavior to the extent practical, while recognizing that substantial
uncertainties will nevertheless remain.
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Chapter 1: Introduction

1.2 Application of Additional Regulations to the WIPP

In addition to 40 CFR Part 191, the Resource Conservation and Recovery Act
(RCRA) and the National Environmental Policy Act (NEPA) are considered in an
overall evaluation of the WIPP as a repository for TRU wastes. This report
does not provide an evaluation of the WIPP in regard to these additional
regulations. However, the two regulations are briefly discussed as part of
the overview of the WIPP.

1.2.1 RCRA

The Resource Conservation and Recovery Act (RCRA) was enacted in 1976 to
provide management of hazardous waste. In July 1990 the EPA authorized the
State of New Mexico to apply the RCRA regulations to facilities in the state
that managed radiocactive mixed waste. In March 1989 the DOE had petitioned
the EPA for a "no migration" determination for the WIPP Test Phase. The DOE
submitted models to demonstrate, to a reasonable degree of certainty, that
the emplaced waste would not migrate from the disposal unit during the WIPP
Test Phase. The EPA issued a conditional "no migration" determination, for
the WIPP Test Phase only, in November 1990. Strategies are currently being
developed for RCRA compliance after the Test Phase is completed.

1.2.2 NEPA

The National Environmental Policy Act (NEPA) (42 USC 4321 et seq.) of 1969
requires all agencies of the Federal Government to prepare a detailed
statement on the environmental impacts of proposed "major Federal actions
significantly affecting the quality of the human environment." In compliance
with NEPA, the DOE has published the Draft Environmental Impact Statement,
Management of Commercially Generated Radioactive Waste (U.S. DOE, 1979), the
Final Environmental Impact Statement: Waste Isolation Pilot Plant (FEIS)
(U.S. DOE, 1980a), and the Final Supplement Environmental Impact Statement,
Waste Isolation Pilot Plant (FSEIS) (U.S. DOE, 1990c). An additional

supplemental environmental impact statement is planned prior to permanent
disposal at the WIPP (U.S. DOE, 199la).

1.3 Organization of the Comparison

The organization of this report and of the final Comparison, which will
evolve from this report, is based on the requirements of the Standard.

Within the format of the requirements, the report is organized according to
the methodology developed by the performance-assessment team to implement the
guidance found in Appendix B to the Standard. This level of organization

1-10
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1.3 Organization of the Comparison

reflects the program elements described in the DOE management plan for the
Test Phase (U.S. DOE, 1990b).

The 1991 Preliminary Comparison report is organized into four volumes.

Volume 1 (this volume) contains the methodology and results for the 1991
preliminary performance assessment. Volume 2 describes the consequence and
probability models used and contains the 1991 computational data base. Volume
3 is the 1991 reference data base. Volume 4 contains techniques and results
of the uncertainty and sensitivity analyses for the 1991 performance
assessment. Volumes 2 and 3 are published concurrently with Volume 1 (this
volume); Volume 4 will be published 3 months after Volumes 1 through 3. The

results presented in Volume 4 will be used to guide subsequent performance
assessments.

Because this report is a preliminary version of the final report, many
sections are preliminary or incomplete. In Volume 1 (this volume), brief
descriptions of the Standard and the WIPP Project are provided in Chapter 1.
Chapter 2 discusses application of Subpart B of the Standard to the WIPP
disposal system. Chapter 3 provides an overview of the compliance-assessment
methodology for the WIPP Project. Chapter 4 identifies and describes the
scenarios being used in the compliance assessment. Chapter 5 describes the
components of the compliance-assessment system. Chapter 6 presents the
results of the second preliminary performance assessment relative to the
Containment Requirements (§ 191.13) of the Standard. Chapter 7 describes
results relative to the Individual Protection Requirements (§ 191.15) of the
Standard. Chapter 8 describes plans for implementing the Assurance
Requirements (§ 191.14) of the Standard. Chapter 9 discusses the relevance
of the Groundwater Protection Requirements (§ 191.16) of the Standard to the
WIFP. Chapter 10 considers the adequacy of the computational bases for the
assessment. Chapter 11 identifies the status of the work necessary for the
final performance assessment.

Appendix A contains the full text of the Standard, as promulgated by the EPA
in 1985. Appendix B contains comments from the New Mexico Environment
Department (NMED) and the Environmental Evaluation Group (EEG) on the
Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste
Isolation Plant, December 1990 (SAND90-2347), and the performance-assessment
team’s responses to those comments.

The final Comparison will be reviewed extensively. The planned organization
of the final Comparison includes an appendix similar to Appendix B of this
report that will present official comments from reviewers outside the DOE and
responses to those comments from the performance-assessment team, analogous
to the comment-response section typically provided in decision-basis

documents. This appendix (B) will appear in each Preliminary Comparison.
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Chapter 1: Introduction

This report focuses on Subpart B of 40 CFR Part 191. Compliance with other
regulatory requirements and analyses for other purposes, such as safety
assessments, are discussed in separate documents. The methodology described
here is also used for safety assessments.

1.4 Description of the WIPP Project

This section presents the mission of the WIPP Project and identifies the
participants in the Project, then briefly describes the physical setting, the
repository/shaft system, and the waste.

1.4.1 MISSION

Congress authorized the WIPP in 1979 (Public Law 96-164, 1979) as a research
and development facility. The WIPP is designed as a full-scale pilot plant
to demonstrate the safe management, storage, and disposal of TRU defense
waste. The WIPP performance assessment will help the DOE determine whether
the WIPP will isolate wastes from the accessible environment sufficiently
well to satisfy the disposal requirements in Subpart B of the Standard.
Predictions with respect to compliance with Subpart B of the Standard will
provide input to the decision on whether the WIPP will become a disposal
facility. That decision is expected upon completion of the performance
assessment. The DOE will apply Subpart A of the Standard to the WIPP
beginning with the first receipt of TRU waste for the Test Phase (U.S. DOE
1989a). "Disposal," as defined in the Standard, will occur when the mined
repository is sealed and decommissioned.

’

1.4.2 PARTICIPANTS

The DOE is the implementing agency, as defined in the Standard, for the WIPP
Project. The WIPP Project is managed by the DOE WIPP Project Integration
Office (Albuquerque, New Mexico) through the DOE WIPP Project Site Office in
Carlsbad, New Mexico. The WIPP Project Site Office is assisted by two prime
contractors: Westinghouse Electric Corporation (WEC) and Sandia National
Laboratories (SNL). The operating contractor is responsible for all facility
operations at the WIPP and is also responsible for compliance with Subpart A
and with the Assurance Requirements of Subpart B of the Standard. WEC is the
management and operating contractor during the Test Phase. SNL, as the
scientific program manager for the WIPP, is responsible for developing an
understanding of the processes and systems that affect long-term isolation of
wastes in the WIPP and applying that understanding to evaluate the long-term
WIPP performance and compliance with the Standard. SNL defines and
implements experiments both in the laboratory and at the WIPP, develops and
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1.4 Description of the WIPP Project
1.4.3 Physical Setting

applies models to interpret the experimental data, and develops and applies
performance-assessment models (U.S. DOE, 1991b).

The DOE and the State of New Mexico have had an Agreement for Consultation
and Cooperation since 1981 (U.S. DOE and State of New Mexico, 1981). This
agreement ensures that the State, through the New Mexico Environment
Department (NMED), has an active part in assuring that public safety issues
are fully addressed. 1In addition, review of the WIPP Project is provided by
the National Research Council’s Board of Radioactive Waste Management (BRWM)
WIPP Panel, the Advisory Committee on Nuclear Facility Safety, and the
Defense Nuclear Facilities Safety Board. The EPA maintains a dialog with the
WIPP Project concerning the Preliminary Comparison reports. The WIPP also
receives close public scrutiny. Finally, the National Defense Authorization
Act, Fiscal Year 1989 (Public Law 100-456) assigned the Environmental
Evaluation Group (EEG) to the New Mexico Institute of Mining and Technology,
with the responsibility for independent technical evaluation of the WIPP with

regard to the protection of public health and safety and the protection of
the environment.

1.4.3 PHYSICAL SETTING

The characteristics of the WIPP are described in detail in the FEIS

(U.S. DOE, 1980a), Lappin et al. (1989), the WIPP Final Safety Analysis
Report (FSAR) (U.S. DOE, 1990a), the FSEIS (U.S. DOE, 1990c), Brinster
(1991), and Beauheim et al. (1991). Additional detailed discussion in the
1991 Preliminary Comparison is in Chapter 5 of this volume and in Volume 2.
The WIPP (Figure 1-4) is in southeastern New Mexico, about 42 km (26 mi) east
of Carlsbad, the nearest major population center (pop. 25,000 in the 1990
U.S. census). The area surrounding the WIPP has a small population density.
Two smaller communities, Loving (pop. 1,500) and Malaga (pop. 150), are about
33 km (20 mi) to the southwest. Less than 30 permanent residents live within

a 16-km (10-mi) radius. The nearest residents live about 5.6 km (3.5 mi)
south of the WIPP surface facility (U.S. DOE, 1990a).

The surface of the land within the proposed land-withdrawal boundary has been
leased for cattle grazing. At present, none of the ranches within ten miles
use well water for human consumption because the water contains large
concentrations of total dissolved solids. Drinking water for the WIPP is

supplied by pipeline from wells about 30 mi (48 km) north of the area (U.S.
DOE, 1990a).

Potash, oil, and gas are the only known important mineral resources. The

volumes and locations of these resources are estimated in the FEIS for the
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1.4 Description of the WIPP Project
1.4.3 Physical Setting

WIPP (U.S. DOE, 1980a). The surrounding area is used primarily for grazing,
potash mining, and hydrocarbon exploration and production.

About 56 o0il and gas wells are within a radius of 16 km (10 mi); the wells
generally tap Pennsylvanian strata, about 4,200 m (14,000 ft) deep. The
nearest well is about 3 km (2 mi) to the south-southwest of the waste panels.
The surface location of the well, which is capable of producing gas, is
outside the proposed land-withdrawal boundary, but the borehole is slanted to
withdraw gas from rocks within the boundary. Except for this well, resource

extraction is not allowed within the proposed land-withdrawal boundary.

Three potash mines and two associated chemical processing plants are between
8 and 16 km (5 and 10 mi) away. Potash mining is possible within a radius of
3 to 8 km (2 to 5 mi) (U.S. DOE, 1990a). The potash zone is about 137 m

(450 ft) thick and is encountered about 457 m (1,500 ft) below the surface
(Figure 1-5).

The WIPP is in the Delaware Basin between the high plains of West Texas and
the Guadalupe Mountains of southeastern New Mexico. Prominent topographic
features in the area are Los Medanos ("The Dunes"), Nash Draw, Laguna Grande
de la Sal, and the Pecos River (Figures 1-6 and 1-7).

Los Medatios is a region of gently rolling sand dunes that slopes upward to
the northeast from Livingston Ridge on the eastern boundary of Nash Draw to a
low ridge called "The Divide."” The WIPP is in Los Medartios.

Nash Draw, 8 km (5 mi) west of the WIPP, is a broad, shallow topographic
depression with no external surface drainage. Nash Draw extends northeast
about 35 km (22 mi) from the Pecos River east of Loving, New Mexico, to the
Maroon Cliffs area. This feature is bounded on the east by Livingston Ridge
and on the west by Quahada Ridge.

Laguna Grande de la Sal, about 9.5 km (6 mi) west-southwest of the WIPP, is a
large playa about 3.2 km (2vmi) wide and 4.8 km (3 mi) long formed by
coalesced collapse sinks that were created by dissolution of evaporite
deposits. In the geologic past, a relatively permanent, saline lake occupied
the playa. In recent history, however, the lake has undergone numerous
cycles of filling and evaporation in response to wet and arid seasons, and
effluent from the potash and oil and gas industries has enlarged the lake.

The lake contains fine sand, clay, and evaporite deposits (Bachman, 1974).

The Pecos River, the principal surface-water feature in southeastern New
Mexico, flows southeastward, draining into the Rio Grande in western Texas.
At its closest point, the river is about 20 km (12 mi) southwest of the WIPP.
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Chapter 1: Introduction

Surface drainage from the WIPP does not reach the river or its ephemeral
tributaries.

Geologic History of the Delaware Basin

The Delaware Basin, an elongated, geologic depression, extends from just
north of Carlsbad, New Mexico, into Texas west of Fort Stockton (Figure 1-8).
The basin covers over 33,000 km? (12,750 miZ) and is filled to depths as
great as 7,300 m (24,000 ft) with sedimentary rocks (Hills, 1984).

Geologic history of the Delaware Basin is contained in Powers et al.
(1978a,b); Cheeseman (1978); Williamson (1978); Hiss (1975); Hills (1984);
Harms and Williamson (1988); and Ward et al. (1986). A broad, low depression
formed about 450 to 500 million years ago during the Ordovician Period as
transgressing seas deposited clastic and carbonate sediments. After a long
period of accumulation and subsidence, the depression separated into the
Delaware and Midland Basins when the area now called the Central Basin

Platform uplifted during the Pennsylvanian Period, about 300 million years
ago.

Rock units representing the Permian System through the Quaternary System are
shown in Table 1-1. During the Early and mid-Permian, the Delaware Basin
subsided more rapidly, and a sequence of clastic rocks rimmed by reef
limestone formed. The thickest of the reef deposits, the Capitan Limestone,
is buried north and east of the WIPP but is exposed at the surface in the
Guadalupe Mountains to the west (Figure 1-8). Evaporite deposits of the
Castile Formation and the Salado Formation, which hosts the WIPP, filled the
basin during the Late Permian and extended over the reef margins.
Evaporites, carbonates, and clastic rocks of the Rustler Formation and the

Dewey Lake Red Beds were deposited above the Salado Formation before the end
of the Permian Period.

Beginning with the Triassic Period and continuing to the present, the
geologic record for the area is marked by long periods of nondeposition and
erosion. Those formations that are present are either relatively thin or
discontinuous and are not included in the performance assessment of the WIPP.
Near the repository, the older, Permian-Period deposits below the Dewey Lake
Red Beds were not affected by erosional processes during the past 250 million
years (Lappin, 1988).

Minimal tectonic activity has occurred in the region since the Permian Period
(Hayes, 1964; Williamson, 1978; Hills, 1984; Section 5.1.1-Regional Geology
in Chapter 5 of this volume). Faulting during the late Tertiary Period
formed the Guadalupe and Delaware Mountains along the western edge of the
basin. The most recent igneous activity in the area was during the mid-
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TABLE 1-1. MAJOR STRATIGRAPHIC DIVISIONS, SOUTHEASTERN NEW MEXICO

Erathem System Series Formation Age Estimate (yr)
Quaternary Holocene Windblown sand
Pleistocene Mescalero caliche ~500,000
Gatuna Formation ~600,000=
Cenozoic
Pliocene
Ogallala Formation 5.5 million
Tertiary Miocene
24 million
Oligocene Absent Southeastern
Eocene New Mexico
Paleocene
66 million
Cretaceous Upper (Late) Absent Southeastern
New Mexico
Lower (Early) Detritus preserved
144 million
Mesozoic  Jurassic Absent Southeastern
New Mexico
208 million
Triassic Upper (Late) Dockum Group
Lower (Early) Absent Southeastern
New Mexico
245 million
Ochoan Dewey Lake Red Beds
Upper Rustler Formation
(Late) Salado Formation
Castile Formation
Paleozoic  Permian
Guadalupian Capitan Limestone
and Bell Canyon
Formation
LLower
(Early) Leonardian Bone Springs
Wolfcampian Wolfcamp
286 million

Source: Modified from Bachman, 1987

Tertiary Period about 35 million years ago and is evidenced by a dike 16 km

(10 mi) northwest of the WIPP (Powers et al., 1978a,b).

Major volcanic

activity last occurred over 1 billion years ago during Precambrian time

(Powers et al.,

1978a,b) .
Formation at the WIPP.

Stratigraphy and Geohydrology

None of these processes affected the Salado

The Bell Canyon Formation of the Delaware Mountain Group is the deepest

hydrostratigraphic unit being considered in the performance assessment
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1.4 Description of the WIPP Project
1.4.3 Physical Setting

(Figure 1-5). Understanding fluid flow in the Bell Canyon is necessary
because o0il and gas drilling into deeper Pennsylvanian strata could penetrate
the WIPP and saturated sandstones of the Bell Canyon Formation.

The Castile Formation near the WIPP consists of anhydrite and lesser amounts
of halite. The Castile Formation is of interest because it contains
discontinuous reservoirs of pressurized brine that could affect repository
performance if penetrated by an exploratory borehole. Except where brine
reservoirs are present, permeability of the Castile Formation is extremely
low, and rates of groundwater flow are too low to affect the disposal system
within the next 10,000 years.

The 250-million-year-old Salado Formation is about 600 m (2,000 ft) thick and
consists of three informal members:

a lower member, mostly halite with lesser amounts of anhydrite,
polyhalite, and glauberite, with some layers of fine clastic material.
The unit is 296 to 354 m (960 ft to 1160 ft) thick, and the WIPP
repository is located within it, 655 m (2,150 ft) below the land surface
(Jones, 1978). Marker Bed 139 (MB139), an anhydritic bed about 1 m in
thickness that is a potential pathway for radionuclide transport to the
repository shafts, also occurs in this unit, about 1 m or less below the
repository (Lappin, 1988).

a middle member, the McNutt Potash Zone, a reddish-orange and brown

halite with deposits of sylvite and langbeinite from which potassium
salts are mined (Jones, 1978).

an upper member, a reddish-orange to brown halite interbedded with
polyhalite, anhydrite, and sandstone (Jones, 1978).

These lithologic layers are nearly horizontal at the WIPP, with a regional
dip of less than one degree. The Salado Formation is intact in the WIPP
area, and groundwater flow within it is extremely slow because primary
porosity and open fractures are lacking in the highly plastic salt (Mercer,
1983). The formation may be saturated throughout the WIPP area, but low
effective porosity allows for very little groundwater movement. The Salado
Formation is discussed in more detail in Section 5.1.2-Stratigraphy in
Chapter 5 of this volume.

The Rustler-Salado contact residuum, a transmissive, saturated zone of
dissolution residue, occurs abhove the halite of the Salado Formation in and
near Nash Draw. Brine in the Rustler-Salado contact residuum becomes more
concentrated as it moves toward the southwest and is nearly saturated with
salt in the lower region of Nash Draw near the Pecos River.
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Chapter 1: Introduction

The Rustler Formation, the youngest unit of the Late Permian evaporite
sequence, includes units that provide potential pathways for radionuclide
migration away from the WIPP. Five units of the Rustler, in ascending order,
have been described (Vine, 1963; Mercer, 1983):

the unnamed lower member, composed mostly of fine-grained, silty
sandstones and siltstones interbedded with anhydrite west of the WIPP but
with increasing amounts of halite to the east.

the Culebra Dolomite Member, a microcrystalline, grayish dolomite or
dolomitic limestone with solution cavities containing some gypsum and
anhydrite filling.

the Tamarisk Member, composed of anhydrite interbedded with thin layers
of claystone and siltstone, with some halite just east of the WIPP.

the Magenta Dolomite Member, a very-fine-grained, greenish-gray dolomite
with reddish-purple layers.

the Forty-niner Member, consisting of anhydrite interbedded with a layer
of siltstone, with halite present east of the WIPP.

Most groundwater flow in the Rustler Formation occurs in the Culebra Dolomite
and Magenta Dolomite Members. The intervening units (the unnamed lower
member, the Tamarisk Member, and the Forty-niner Member) are considered
aquitards because of their low permeability throughout the area.

Groundwater flow in the Culebra Dolomite Member near the WIPP is apparently
north to south (see "Potentiometric Surfaces" in Section 5.1.8-Confined
Hydrostratigraphic Units in Chapter 5 of this volume). Recharge is
apparently from the north, possibly at Bear Grass Draw where the Rustler
Formation is near the surface and at Clayton Basin where karst activity has
disrupted the Culebra Dolomite (Mercer, 1983). Discharge is to the west-
southwest either into the Pecos River at Malaga Bend (Hale et al., 1954; Hale
and Clebsch, 1958; Havens and Wilkens, 1979; Mercer, 1983), into Cenozoic
alluvium in the Balmorhea-Loving Trough, which is a series of coalesced,
lens-shaped solution troughs formed by an ancestral Pecos River, or into both
(Brinster, 1991). Culebra Dolomite Member water contains large

concentrations of total dissolved solids (Haug et al., 1987; LaVenue et al.,
1988) .

Small amounts of water can be produced from the Magenta Dolomite Member from
a thin, silty dolomite, along bedding planes of rock units, and along
fractures (Mercer, 1983). The unit is present at and near the WIPP but is
absent because of erosion in the southern part of Nash Draw. Regionally,
flow direction is similar to flow in the Culebra Dolomite Member and is

either toward Malaga Bend or more directly southward to the Balmorhea-Loving
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1.4 Description of the WIPP Project
1.4.4 Repository/Shaft System

Trough. Near the WIPP, flow is locally from east to west, perpendicular to
flow in the Culebra.

Rock units younger than the Rustler Formation are believed to be unsaturated
throughout most of the WIPP area. However, saturation of these units could
occur as a result of climatic changes or breaching a pressurized brine
reservoir. Overlying the Rustler Formation are the youngest Permian rocks,
the Dewey Lake Red Beds. The Dewey Lake Red Beds consist of alternating
layers of reddish-brown, fine-grained sandstones and siltstones cemented with
calcite and gypsum (Vine, 1963). Drilling has identified only a few
localized zones of relatively high permeability (Mercer, 1983; Beauheim,
1987a). Three wells in the WIPP area produce only small amounts of water
from the Dewey Lake Red Beds for livestock (Cooper and Glanzman, 1971).

The Dewey Lake Red Beds are unconformably overlain east of the WIPP by
Triassic rocks of the undifferentiated Dockum Group (Figure 1-7). The lower
Dockum is composed of poorly sorted, angular, coarse-grained to
conglomeratic, thickly bedded material interfingering with shales. The
Dockum Group is the chief source of water for domestic and livestock use in
eastern Eddy County away from the WIPP and in western Lea County (Nicholson
and Clebsch, 1961; Richey et al., 1985). Recharge to the Triassic rocks is
mainly from downward flow from overlying alluvium.

A long depositional hiatus occurred from Triassic time to the late Tertiary
Period (Table 1-1). ©No rocks represent the Jurassic or Cretaceous Periods
east of the Pecos River near the WIPP. The Tertiary Period is represented by
a very thin Ogallala Formation remnant present only at The Divide west of San
Simon Swale. The Quaternary Period is represented by the Gaturia Formation,
which occurs as discontinuous stream deposits in channels and depressions
(Bachman, 1980, 1984; Mercer, 1983); the informally named Mescalero caliche;
and localized accumulations of alluvium and dune sands.

1.4.4 REPOSITORY/SHAFT SYSTEM

The WIPP repository is about 655 m (2,150 ft) below the land surface in the
bedded salt of the Salado Formation. Present plans call for mining eight
panels of seven rooms (Figure 1-9). As each panel is filled with waste, the
next panel will be mined. Before the repository is closed permanently, each
panel will be backfilled and sealed, waste will be placed in the drifts
between the panels and backfilled, comprising two additional panel volumes,
and access ways will be sealed off from the shafts. Because the WIPP is a
research and development facility, an extensive experimental area is also in
use and under construction north of the waste-disposal area (U.S. DOE,

1990b). Additional information on the repository design is in Chapter 5 of
this volume.
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1.4 Description of the WIPP Project
1.4.5 Waste

1.4.5 WASTE

The TRU waste for which WIPP is designed is defense-program waste generated
by United States government activities since 1970. The waste consists of
laboratory and production trash such as glassware, metal pipes, solvents,
disposable laboratory clothing, cleaning rags, and solidified sludges. Along
with other contaminants, the trash is contaminated by alpha-emitting
transuranic (TRU) elements with atomic numbers greater than 92 (uranium),
half-1lives greater than 20 years, and curie contents greater than 100 nCi/g.
Additional contaminants include other radionuclides of uranium and several
contaminants with half-lives less than 20 years. Approximately 60 percent of
the waste may be co-contaminated with waste considered hazardous under the
Resource Conservation and Recovery Act (RCRA). The waste scheduled for
disposal at the WIPP is described in more detail in Volume 3 of this report.

In accordance with DOE Order 5820.2A (U.S. DOE, 1980b), heads of DOE Field
Organizations can determine that other alpha-contaminated wastes, peculiar to
a specific waste-generator site, must be managed as TRU wastes. The WIPP
Waste Acceptance Criteria (WAC) determine which TRU wastes will be accepted
for emplacement at the WIPP. The most recent draft of the WAC report is
currently being prepared (WIPP-DOE-69-Rev. 4), and much of the WAC data used
in this report are from the Revision 4 draft. Data used in this report from
the draft WAC are not expected to change in the published version. Under
current plans, most TRU waste generated since 1970 will be disposed of at the
WIPP; a small amount will be disposed of at other DOE facilities.

Inventories of the waste to be disposed of at the WIPP are in Volume 3,
Chapter 3 of this report.

Waste Form

Alpha-emitting TRU waste, although dangerous if inhaled or ingested, is not
hazardous externally and can be safely handled if confined in a sealed
container. Most of the waste, therefore, can be contact handled (CH) because
the external dose rate (200 mrem/h or less) permits people to handle properly
sealed drums and boxes without any special shielding. The only containers
that can currently be shipped to the WIPP in a TRUPACT-II (NuPac, 1989)
truck-transport container are 55-gallon steel drums, metal standard waste
boxes (SWBs), 55-gallon drums packed in an SWB, and an experimental bin
overpacked in an SWB (U.S. DOE, 1990c). Additional information on waste
containers is in Volume 3, Chapter 3 of this report.

A small portion of the waste volume must be remotely handled (RH); that is,

the surface dose rate exceeds 200 mrem/h so that the waste canisters must be
packaged for handling and transportation in specially shielded casks. The

1-27




W O N O ;M AW N =

PUG—Y
- O
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surface dose rate of RH-TRU canisters cannot exceed 1,000 rem/h; however, no
more than 5 percent of the canisters can exceed 100 rem/h. RH-TRU waste in

canisters will be emplaced in holes drilled into the walls of the rooms
(U.S. DOE, 1990a).

The WIPP's current design capacity for all radionuclides is 6.2 x 106 ft3
(approximately 175,000 m3) containing about 16,000,000 Ci of CH-TRU waste and
no more than 5,100,000 Ci of RH-TRU waste. The total curies of RH-TRU waste
is limited by the First Modification to the Consultation and Cooperation
Agreement (U.S. DOE and State of New Mexico, 1981). The complex analyses for
evaluating compliance with Subpart B of the Standard require knowledge of the
waste inventory. Therefore, all analyses will be based on current
projections of a design volume inventory, estimated at about 532,500 drums
and 33,500 boxes of CH-TRU waste. The wastes are classified as retrievably
stored or newly generated (future generated). If approved, ten defense
facilities eventually will ship TRU waste directly to the WIPP: Idaho
National Engineering Laboratory, Rocky Flats Plant, Hanford Reservation,
Savannah River Site, Los Alamos National Laboratory, Oak Ridge National
Laboratory, Nevada Test Site, Argonne National Laboratory-East, Lawrence
Livermore National Laboratory, and Mound Laboratory (U.S. DOE, 1990c).

Additional information on inventory estimates is in Volume 3 of this report.

A hazardous constituent of CH-TRU waste is lead that is present as incidental
shielding, glovebox parts, and linings of gloves and aprons (U.S. DOE,
1990b). Trace quantities of mercury, barium, chromium, and nickel have also
been reported. A significant quantity of aluminum is also identified in
CH-TRU waste. An estimate of the quantity of metals and combustibles is
discussed in Volume 3 of this report. Sludges contain a solidifier (such as
cement), absorbent materials, inorganic compounds, complexing agents, and
organic compounds including oils, solvents, alcohols, emulsifiers,
surfactants, and detergents. The WAC waste-form requirements designate that
the waste material shall be immobilized if greater than 1% by weight is
particulate material less than 10 microns in diameter or if greater than 15%
by weight is particulate material less than 200 microns in diameter. Only
residual liquids in well-drained containers in quantities less than
approximately 1% of the container’s volume are allowed. Radionuclides in
pyrophoric form are limited to less than 1% by weight of the external
container, and no explosives or compressed gases are allowed. A list of
CH-TRU waste forms identified as also containing trace quantities of
hazardous chemical constituents is in Volume 3, Chapter 3 of this report.
These hazardous materials are not regulated under 40 CFR Part 191 but are
regulated separately by the EPA and New Mexico under the Resource
Conservation and Recovery Act (RCRA). Many of these chemicals, if present in
significant quantities, could affect the ability of radionuclides to migrate
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out of the repository by influencing rates of degradation of the organics,

microbial activity, and gas generation. The effects of these processes are
being studied.

Radionuclide Inventory

The radionuclide composition of CH-TRU waste varies depending upon the
facility and process that generated the waste. The existing RH-TRU waste
contains a wide range of radionuclides. An estimate of the CH- and RH-TRU
radionuclide inventories is in Volume 3 of this report.

The fissile material content in equivalent grams of plutonium-239 allowed by
the WAC for CH-TRU waste is a maximum of 200 g for a 55-gallon drum and

5 g/ft3 up to 350 g for boxes. An RH-TRU waste package shall not exceed
600 g.

Subpart B of the Standard sets release limits in curies for isotopes of
americium, carbon, cesium, iodine, neptunium, plutonium, radium, strontium,
technetium, thorium, tin, and uranium, as well as for certain other
radionuclides (Appendix A of this volume). Although the initial WIPP
inventory contains little or none of some of the listed nuclides, they will
be produced as a result of radioactive decay and must be accounted for in the
compliance evaluation; moreover, for compliance with the Individual
Protection Requirements, any radionuclides not listed in Subpart B must be
accounted for if those radionuclides could contribute to doses.

Possible Modifications to Waste Form

If ongoing research does not establish sufficient confidence in acceptable
performance or indicates a potential for unacceptable performance,
modifications to the waste form or backfill could be required. SNL has
conducted preliminary research on possible modifications (Butcher, 1990).

The Engineered Alternatives Task Force (EATF), assembled by WEC, identified
specific alternatives, ranked alternatives according to specific feasibility
criteria, and recommended further research (WEC, 1990; U.S. DOE, 1990d). The
DOE will make decisions about testing and, if necessary, implementing
alternatives based on the recommendations of the EATF and performance-
assessment considerations provided by SNL.

Chapter 1-Synopsis

Purpose of Before disposing of transuranic (TRU) radioactive
This Report waste at the Waste Isolation Pilot Plant (WIPP), the
United States Department of Energy (DOE) must have a
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Chapter 1: Introduction

reasonable expectation that the WIPP will comply with
pertinent regulations. This report considers the

regulations promulgated by the Environmental Protection
Agency (EPA) as 40 CFR Part 191 (the Standard).

Regulatory compliance will be determined by
establishing a reasonable expectation that long-term

performance of the WIPP disposal system will meet the
requirements of the Standard.

This 1991 report contains the second preliminary
assessment of predicted long-term performance of the
WIPP but does not yet provide a definitive assessment
of compliance.

The Standard

1-30

The 1985 Standard is composed of two subparts and two
appendixes. The full text of the Standard is in
Appendix A of this report.

The U.S. Court of Appeals has vacated Subpart B of the
Standard and remanded it to the EPA for clarification.

The WIPP Project has agreed to continue evaluating
compliance with the original Standard until a revised
Standard is available.

A repromulgated Standard is not expected before 1993.

Subpart A

applies to a disposal facility prior to
decommissioning and contains the standards for
management and storage of TRU wastes,

sets limits on the amount of radiation from waste
management and storage operations that is acceptable
for members of the public outside the waste disposal
facility.

This report does not discuss the approach chosen for
assessing compliance with Subpart A.

Subpart B

applies to a disposal facility after it is
decommissioned and contains the standards for
disposal of TRU wastes,

sets probabilistic limits on cumulative releases of
radionuclides to the accessible environment for
10,000 years after disposal (Containment
Requirements),
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defines qualitative means of increasing confidence
in containment (Assurance Requirements),

sets limits on the amount of radiation that is
acceptable for members of the public in the
accessible environment within or near the specified
controlled area for 1,000 years after disposal
(Individual Protection Requirements),

sets limits on the acceptable amount of radiocactive
contamination of certain sources of groundwater
within or near the controlled area for 1,000 years
after disposal (Groundwater Protection
Requirements).

This report discusses the approach for evaluating
compliance with Subpart B.

Appendix A specifies how to determine release limits.

Appendix B provides nonmandatory guidance for
implementing Subpart B.

A "Reasonable
Expectation” of
Compliance

Because of the uncertainties in long-term projections,
the EPA does not expect absolute proof of the future
performance of the disposal system.

The three quantitative requirements in Subpart B of the
Standard specify that the disposal system shall be
designed to provide a "reasonable expectation" that
their quantitative tests can be met.

The EPA intends the qualitative Assurance Requirements
to compensate for uncertainties in projecting future
performance of the disposal system over 10,000 years.

Application of Additional
Regulations to the WIPP

Resource Conservation and Recovery Act (RCRA)

The EPA has issued a conditional "no migration"
determination for the WIPP Test Phase. The EPA
determined that the DOE had demonstrated, to a
reasonable degree of certainty, that hazardous

constituents will not migrate from the disposal unit
during the Test Phase.

National Environmental Policy Act (NEPA)

The DOE has issued environmental impact statements
(EIS) evaluating the effects that disposal of
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radioactive wastes at the WIPP would have on the
quality of the environment.

The Purpose of
the WIPP Project

The WIPP is a full-scale pilot plant for demonstrating
the safe management, storage, and disposal of defense-
generated, radioactive, transuranic waste.

The long-term performance of the WIPP is being
predicted to assess whether the WIPP will isolate
wastes from the accessible environment sufficiently
well to satisfy the disposal requirements in Subpart B
of the Standard.

Upon completion of the performance assessment, the
decision will be made on whether the WIPP will become a
permenent disposal facility. The DOE will apply
Subpart A of the Standard to the WIPP beginning with
the first receipt of radionuclides for the Test Phase.

Participants in the
WIPP Project

The DOE has overall responsibility for implementing the
WIPP Project.

Westinghouse Electric Corporation (WEC) 1is the
management and operating contractor (MOC) during the
Test Phase. The MOC is responsible for operations once

the decision is made to permanently emplace waste at
the WIPP.

Sandia National Laboratories (SNL) provides scientific
investigations for evaluating compliance with the long-
term performance criteria in Subpart B of the Standard.

New Mexico and the DOE have an agreement for
consultation and cooperation for the WIPP.

The Board of Radionuclide Waste Management (BRWM) of
the National Research Council, the Advisory Committee
on Nuclear Facility Safety, and the Defense Nuclear
Facilities Safety Board review the WIPP Project.

The U.S. Congress assigned the Environmental Evaluation
Group (EEG) the responsibility of independent technical
evaluation of the WIPP.

Physical Setting

1-32

The WIPP is in southeastern New Mexico, about 42 km

(26 mi) east of Carlsbad, the nearest major population
center (pop. 25,000).

Less than 30 permanent residents live within a 16-km
(10-mi) radius of the WIPP; the nearest residents live

about 5.6 km (3.5 mi) south of the WIPP surface
facility.



O N O W Ny =

GOW W W WRNNDNNDNDNDNDNDN 2 = = 2 =

(S}
N =

o
w
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The quality of well water has always been poor;
drinking water for the WIPP is supplied by pipeline.

Potash, oil, and gas are the only known important
mineral resources in the area. Subject to valid
existing rights, resource extraction is not allowed

within the proposed land-withdrawal boundaries.

The WIPP is in the Delaware Basin in an area of gently
rolling sand dunes known as Los Medarios.

Minimal tectonic activity has occurred in the region
during the past 250 million years. Faulting about 3.5
to 1 million years ago formed the Guadalupe and
Delaware Mountains along the western edge of the basin.

The most recent igneous activity in the area was about
35 million years ago; major volcanic activity last
occurred over 1 billion years ago. None of these
processes affected the Salado Formation at the WIPP.

The Bell Canyon Formation, deposited more than 250
million years ago, is about 600 m (2,000 ft) below the
WIPP repository. Exploratory drilling into this
formation for oil and gas could penetrate the WIPP.

The Castile Formation, the formation below the rock
unit hosting the WIPP, contains discontinuous
reservoirs of pressurized brine that could affect
repository performance if breached by an exploratory
borehole.

The Salado Formation, the bedded salt that hosts the
WIPP, has slow groundwater movement because the salt
lacks primary porosity and open fractures.

Several rock units above the Salado Formation could

provide pathways for radionuclide migration away from
the WIPP:

The Rustler-Salado contact residuum, above the salt
of the Salado Formation, contains brine.

Groundwater flow in the Rustler Formation, above the
residuum, is most rapid in the Culebra and Magenta
Dolomite Members. Water in the Culebra Dolomite
contains high concentrations of total dissolved
solids; recharge is apparently an uncertain distance

north of the WIPP, and discharge is to the west-
southwest.

Units younger than the Rustler Formation are currently
unsaturated throughout most of the WIPP area. However,

1-33




- -
- O ©O O N O O &N -

W W W WM NN RN NNDDN MR = = = s a2
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climatic changes or breaching a pressurized reservoir
could cause saturation in the future.

The WIPP
Repository/Shaft
System

The WIPP repository is about 655 m (2,150 ft) below the
land surface in salt that is 600 m (2,000 ft) thick.

Groundwater movement in the bedded salt is extremely
slow; the repository has remained dry while it is
ventilated, but slow seepage of brine does occur,

The WIPP underground workings are composed of four
shafts connected to a single underground disposal
level. The shafts will be sealed upon decommissioning
of the WIPP.

The WIPP repository is designed with eight panels
(groups) of seven rooms each. As each panel is filled
with waste, the next panel will be mined.

Radionuclides
Accepted at the WIPP

The TRU waste for which the WIPP is designed is

defense-program waste generated by U.S. government
activities since 1970.

A projected inventory shows that the contaminated waste
will typically be composed of laboratory and production
trash, including glassware, metal pipes, solvents,
disposable laboratory clothing, cleaning rags, and
solidified sludges.

Approximately 60 percent of the waste may be co-
contaminated with waste considered hazardous under the
Resource Conservation and Recovery Act (RCRA).

Most of the waste has external dose rates so low that
people can handle properly sealed drums and boxes
without any special shielding.

A small portion of the waste has a higher external dose
rate and must be remotely handled. Waste canisters
will be packaged for handling and transportation in
specially shielded casks.

For disposal at the WIPP, both contact-handled and
remotely handled waste must comply with the WIPP Wasrte
Acceptance Criteria.
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2. APPLICATION OF SUBPART B TO THE WIPP

[NOTE: The text of Chapter 2 is followed by a synopsis that summarizes
essential information, beginning on page 2-16.]

Subpart B of the Standard applies at the WIPP to probabilities of cumulative
releases of radionuclides into the accessible environment (§ 191.13) and to
annual radiation doses received by members of the public in the accessible
environment (§ 191.15) as a result of TRU waste disposal. Actions and
procedures are required (§ 191.14) for increasing confidence that the
probabilistic release limits will be met at the WIPP. Radioactive
contamination of certain sources of groundwater (§ 191.16) in the vicinity of
the WIPP disposal system from such TRU wastes would also be regulated, if any
of these sources of groundwater were found to be present (U.S. DOE, 1989a).
Each of the four requirements of Subpart B and their evaluation by the WIPP
Project is discussed in this chapter. The full text of the Standard is
reproduced as Appendix A of this volume.

Appendix B to the Standard is EPA’s guidance to the implementing agency (in
this case, the DOE). 1In the supplementary information published with the
Standard in the Federal Register (U.S. EPA, 1985, p. 38069), the EPA stated
that it intends the guidance to be followed:

...Appendix B...describes certain analytical approaches and assumptions
through which the [EPA} intends the various long-term numerical standards
of Subpart B to be applied. This guidance is particularly important
because there are no precedents for the implementation of such long-term
environmental standards, which will require consideration of extensive
analytical projections of disposal system performance.

The EPA based Appendix B on analytical assumptions it used to develop the
technical basis for the numerical disposal standards. Thus, the EPA
"believes it is important that the assumptions used by the [DOE] are
compatible with those used by the EPA in developing this rule. Otherwise,
implementation of the disposal standards may have effects quite different
than those anticipated by EPA"™ (U.S. EPA, 1985, p. 38074). The DOE
compliance approach to the Standard is described in the WIPP Compliance
Strategy (U.S. DOE, 1989a; also see U.S. DOE, 1990b).

The WIPP compliance assessment for Subpart B is based on four concepts.
First, a performance assessment must determine the events that can occur, the
likelihood of these events, and the consequences of these events.
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Chapter 2: Application of Subpart B to the WIPP

Determining the possible events is commonly referred to as scenario
development. In general, each combination of events and processes (scenario)
is composed of phenomena that could occur at the WIPP. Similarly, evaluating
the likelihood of events happening determines probabilities for these
scenarios. These probabilities characterize the likelihood that individual
scenarios will occur at the WIPP. Determining consequences requires
calculating cumulative radionuclide releases or possibly human radiation

exposures for individual scenarios. In most cases, such calculations require

complex computer models.

Second, as uncertainties will always exist in the results of a performance
assessment, the impacts and magnitudes of these uncertainties must be
characterized and displayed. Thus, uncertainty analysis and sensitivity
analysis are important parts of a performance assessment. Uncertainty
analysis characterizes the uncertainty in analysis results that derive from
uncertainty in the information on which the analysis is based. Sensitivity

analysis attempts to determine the impact that specific information has on
the final outcome of an analysis.

Third, no single summary measure can adequately display all the information
produced in a performance assessment. Thus, decisions on the acceptability
of the WIPP, or any other complex system, must be based on a careful
consideration of all available information rather than on a single summary
measure. To facilitate informed decisions as to whether "reasonable
expectations” exist for the WIPP to comply with Subpart B, the WIPP
performance assessment will generate and present results of detailed
analyses. Consideration of these results must also include any available
qualitative information as prescribed in § 191.13(b).

Fourth, adequate documentation is an essential part of a performance
assessment. Obtaining independent peer review and successfully communicating
with interested parties requires careful documentation. An extensive effort,
therefore, is being devoted to documenting and peer reviewing the WIPP
performance assessment and the supporting research, including techniques,
models, data, and analyses. Without adequate decumentation, informed
judgments on the suitability of the WIPP as a waste repository are not

possible.

The EPA requirements for radionuclide containment and individual radiation
protection drive the performance assessment. Chapter 2 documents the

assumptions and interpretations of the Standard used in the performance
assessment.

2-2
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2.1 Containment Requirements
2.1.1 Performance Assessment

2.1 Containment Requirements

The primary objective of Subpart B is to isolate most of the waste from the
accessible environment by limiting probabilities of long-term releases

(U.S. EPA, 1985, p. 38070). This objective is reflected in § 191.13, the
Containment Requirements.

2.1.1 PERFORMANCE ASSESSMENT

Quantitatively evaluating compliance with 191.13(a) requires a performance
assessment, which has specific meaning within the Standard:

"Performance Assessment" means an analysis that: (1) identifies the
processes and events that might affect the disposal system; (2) examines
the effects of these processes and events on the performance of the
disposal system; and (3) estimates the cumulative releases of
radionuclides, considering the associated uncertainties, caused by all
significant processes and events. These estimates shall be incorporated
into an overall probability distribution of cumulative release to the
extent practicable (§ 191.12(q)).

The assessment as defined must provide a reasonable expectation that releases
resulting from all significant processes and events that may affect the
disposal system for 10,000 years after disposal have (1) a likelihood of less
than one chance in ten of exceeding quantities calculated as specified in
Appendix A of the rule; and (2) a likelihood of less than one chance in 1,000
of exceeding ten times the specified quantities (§191.13(a)). Numerical
limits have been placed not on the predicted cumulative radionuclide
releases, but rather on the probability that cumulative releases will exceed
quantities calculated as prescribed.

The term "performance assessment" has come to refer to the prediction of all

long-term performance, because the performance-assessment methodology, with
minor modifications, can also be used to assess compliance with the
1,000-year undisturbed performance for the Individual Protection

Requirements. Henceforth, this report will refer to the assessment of

compliance with both §191.13(a) of the Containment Requirements and the

Individual Protection Requirements as the "performance assessment."”

Qualitatively evaluating compliance (§191.13(b)) requires informed judgment
by the DOE as to whether the disposal system can reasonably be expected to

provide the protection required by §191.13(a). Thus, instead of relying on
the performance assessment to prove that future performance of the disposal
system will comply, the DOE must examine the numerical predictions from the

perspective of the entire record, and judge whether a reasonable expectation
exists on that basis.
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Chapter 2: Application of Subpart 8 to the WIPP

For the WIPP performance assessment, the disposal system consists of the
underground repository, shafts, and the engineered and natural barriers of
the disposal site. The engineered barriers are backfill in rooms; seals in
drifts and panel entries; backfill and seals in shafts; and plugs in
boreholes. Engineered modifications to the repository design could include
making the waste a barrier. Natural barriers are the subsurface geologic and
hydrologic features within the controlled area that inhibit release and

migration of hazardous materials. Barriers are not limited to the examples
given in the Standard’'s definition, nor are those examples mandatory for the
WIPP. As recommended by the EPA in Appendix B, "...reasonable projections

for the protection expected from all of the engineered and natural
barriers...will be considered." ©No portion will be disregarded, unless that

portion of the system makes "negligible contribution to the overall isolation
provided" by the WIPP (U.S. DOE, 1989a).

2.1.2 HUMAN INTRUSION

In the Second Modification to the Consultation and Cooperation Agreement, the
DOE agreed to prohibit further subsurface mining, drilling, slant drilling
under the withdrawal area, or resource exploration unrelated to the WIPP
Project on the sixteen square miles to be withdrawn under DOE control. The
Standard clearly limits reliance on future institutional control in that
"performance assessments...shall not consider any contributions from active
institutional controls for more than 100 years after disposal" (§ 191.14(a)).
The Standard further requires that "disposal sites shall be designated by the
most permanent markers, records, and other passive institutional controls
practicable to indicate the dangers of the wastes and their location"

(§ 191.14(c)). Analysis of the probability of human intrusion into the
repository may include the effectiveness of passive institutional controls
over a 9,900-year period because such controls could substantially reduce the
probability of intrusion and improve predicted repository performance
(Bertram-Howery and Swift, 1990).

Determining compliance with the Standard requires performance assessments
that include the probabilities and consequences of disruptive events. The
most significant event to affect a disposal system within a salt formation
will probably be human intrusion. The EPA noted that salt formations are
easy to mine and are often associated with economic resources. Typical
examples of human intrusion include but are not limited to exploratory
drilling for any reason, mining, or construction of other facilities for
reasons unrelated to the repository. The possibility of inadvertent human
intrusion into repositories in salt formations because of resource evaluation

must be considered, and the use of passive institutional controls to deter
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2.1 Containment Requirements
2.1.2 Human Intrusion

such intrusion should be "taken into account" in performance assessments
(U.S. EPA, 1985, p. 38080).

The EPA gives specific guidance in Appendix B of the Standard for considering
inadvertent human intrusion. The EPA believes that only realistic
possibilities for human intrusion that may be mitigated by design, site
selection, and passive institutional controls need be considered.
Additionally, the EPA assumes that passive institutional controls should

" ..reduce the chance of inadvertent intrusion compared to the likelihood if
no markers and records were in place." Exploring for subsurface resources
requires extensive and organized effort. Because of this effort, information
from passive institutional controls is likely to reach resource explorers and
deter intrusion into the disposal system (U.S. EPA, 1985, p. 38080). In
particular, as long as passive institutional controls "endure and are
understood, " the guidance states they can be assumed to deter systematic or
persistent exploitation of the disposal site, and, furthermore, can reduce
the likelihood of inadvertent, intermittent human intrusion. The EPA assumes
that exploratory drilling for resources is the most severe intrusion that
must be considered (U.S. EPA, 1985). Mining for resources need not be
considered within the controlled area (Hunter, 1989).

Effects of the site, design, and passive institutional controls can be used
in judging the likelihood and consequences of inadvertent drilling intrusion.
The EPA suggests in Appendix B of the Standard that intruders will soon
detect or be warned of the incompatibility of their activities with the
disposal site by their own exploratory procedures or by passive institutional
controls (U.S. EPA, 1985).

Three assumptions relative to human intrusion have been made by the WIPP
performance-assessment team:

No human intrusion of the repository will occur during the period of
active institutional controls. Credit for active institutional controls
can be taken for no more than 100 years after decommissioning

(§ 191.14(a)). The performance assessment will assume active control for
the first 100 years.

While passive institutional controls are effective, no advertent resource
exploration or exploitation will occur inside the controlled area, but
reasonable, site-specific exploitation outside the controlled area may
occur. The period of effective passive control will be factored into the

performance assessment as soon as specifications for passive controls are
developed.

The number of exploratory boreholes assumed to be drilled inside the
controlled area through inadvertent human intrusion is to be based on
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site-specific information and, as specified in Appendix B of the Standard
(U.S. EPA, 1985, p. 38089), need not exceed 30 boreholes/km2 (0.4 miz)
per 10,000 years. No more severe scenarios for human intrusion inside
the controlled area need be considered. While passive institutional
controls endure, the drilling rate assumed for inadvertent human
intrusion will be significantly reduced, although the likelihood cannot
be eliminated.

Given the approach chosen by the EPA for defining the disposal standards,
repository performance must be predicted probabilistically to quantitatively
evaluate compliance. Determining the probability of intrusion poses
questions that cannot be answered by numerical modeling or experimentation.
Projecting future drilling activity requires knowledge about complex
variables such as economic demand for natural resources, institutional
control over the site, public awareness of radiation hazards, and changes in
exploration technology. Extrapolating present trends 10,000 years into the
future requires expert judgment. All approaches to assessing drilling
probability presently being considered by SNL will include expert judgment.

2.1.3 RELEASE LIMITS

Appendix A to the Standard establishes release limits for all regulated
radionuclides. Table 1 in that appendix gives the limit for cumulative
releases to the accessible environment for 10,000 years after disposal for
each radionuclide per unit of waste. Note 1(e) to Table 1 defines the unit
of waste as an amount of TRU wastes containing one million curies of alpha-
emitting transuranic radionuclides with half-lives greater than 20 years.
Note 2(b) describes how to develop release limits for a TRU-waste disposal
system by determining the waste unit factor, which is the inventory (in
curies) of transuranic alpha-emitting radionuclides in the waste with half-
lives greater than 20 years divided by one million curies, where transuranic
is defined as radionuclides with atomic weights greater than 92 (uranium).
Consequently, as currently defined in the Standard, all transuranic
radiocactivity in the waste cannot be included when calculating the waste unit
factor. For the WIPP, 1.186 x 10/ curies of the radioactivity design total
of 1.814 x 107 curies comes from transuranic alpha-emitting radionuclides
with half-lives greater than 20 years. This number is based on the design
radionuclide inventories by waste generator for contact-handled (CH) and
remotely handled (RH) waste (Volume 3, Chapter 3 of this report). Regardless
of the waste unit, WIPP calculations have assumed that all nuclides in the
design radionuclide inventories for CH- and RH-waste are regulated and must
be included in the release calculations. Therefore, the release limits used
by the WIPP are somewhat reduced and are more restrictive.
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2.1 Containment Requirements
2.1.4 Uncertainties

Note 6 of Table 1 in the Standard’s Appendix A describes the manner in which
the release limits are to be used to determine compliance with § 191.13(a):
for each radionuclide released, the ratio of the cumulative release to the
total release limit for that radionuclide must be determined; ratios for all
radionuclides released are then summed for comparison to the requirements of
§ 191.13(a). Thus, the quantity of a radionuclide that may be safely
released depends on the quantities of all other nuclides projected to be
released but cannot exceed its own release limit. The summed normalized
release cannot exceed 1 for probabilities greater than 0.1, and cannot exceed
10 for probabilities greater than 0.001 but less than 0.1 (§ 191.13(a)).
Potential releases estimated to have probabilities less than 0.001 are not
limited (§ 191.13(a)). Calculation methods for summed normalized releases
are described in more detail in Volume 3, Chapter 3 of this report.

2.1.4 UNCERTAINTIES

The EPA recognized that "[s]tandards must be implemented in the design phase
for these disposal systems because active surveillance cannot be relied

upon ..." over the very long time of interest. The EPA also recognized that
"standards must accommodate large uncertainties, including uncertainties in
our current knowledge about disposal system behavior and the inherent
uncertainties regarding the distant future" (U.S. EPA, 1985, p. 38070).

Performance assessment requires considering numerous uncertainties in the
projected performance of the disposal system. The WIPP Project will use the
interpretation of the EPA requirement for uncertainty analysis developed in
previous work at SNL for high-level waste disposal (Chapter 3 of this volume;
Cranwell et al., 1990; Pepping et al., 1983; Hunter et al., 1986; Cranwell et
al., 1987; Campbell and Cranwell, 1988; Rechard, 1989). The EPA has
explicitly recognized that performance assessments will contain uncertainties
and that many of these uncertainties cannot be eliminated. For the WIPP,
uncertainties will be parameter uncertainties, that is, uncertainties about
the numerical values in or resulting from data, uncertainties in the
conceptual model and its mathematical representation, and scenario
uncertainty. The WIPP Project will use expert judgment for parameters or
models identified by sensitivity analyses as being important to WIPP
performance assessment and for which significant uncertainty exists in the
data sets and conceptual models. Thus far, conditional on existing data sets
and conceptual models, these parameters include radionuclide solubility,
geochemical retardation of radionuclides in the Culebra Dolomite above the
repository, dual porosity, permeabilities related to the repository room and
its contents, and human-intrusion borehole properties. Data from expert
panels quantifying radionuclide concentrations in brines in WIPP waste panels
and radionuclide retardation in the Culebra Dolomite are being compiled.

2-7
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Chapter 2: Application of Subpart B to the WIPP

Additional expert panels are planned to quantify other parameters and thus
address the uncertainty in using those important data sets and associated
conceptual models.

In addition, WIPP performance assessment must also include the potential for
human intrusion and the effectiveness of passive institutional controls to
deter such intrusion. Including these factors in the WIPP performance
assessment requires using expert judgment. An expert panel has already
identified future societies’ possible technical capabilities, needs, and
levels of intelligence. An additional panel is currently developing a marker
methodology to maximize both information that could be communicated to future
generations and marker lifetimes. Another expert panel may develop
strategies concerning barriers to intrusion-by-drilling.

One type of uncertainty that cannot be completely resolved is the validity of
various models for predicting disposal system behavior 10,000 years into the
future. Although models will be validated (checked for correctness) to the
extent possible, expert judgment will be relied upon where validation is not
possible. Uncertainties arising from the numerical solutions of a
mathematical model are resolved in the process of verifying computer
programs. Completeness in scenario development or screening is most

appropriately addressed through peer review and probability assignment (U.S.
DOE, 1990b).

The WIPP Project will assess and reduce uncertainty to the extent practicable
using a variety of techniques (Table 2-1). The techniques in Table 2-1 are
typically applied iteratively. The first iteration can include rather crude
assumptions leading to preliminary results that help focus these techniques
in subsequent iterations. In this manner, the resources required to
implement the techniques in Table 2-1 can be directed at the areas of the

WIPP performance assessment where the benefits of reducing uncertainty would
be the greatest.

The necessity of considering uncertainty in estimated behavior, performance,
and cumulative releases is recognized in the Standard in § 191.12(p),

§ 191.12(q)(3), § 191.13(b), and in Appendix B (U.S. EPA, 1985). Parameter
uncertainty is mentioned only in one paragraph in Appendix B, although
parameter uncertainty is a major contributor to the other areas of
uncertainty. Model uncertainty and scenario uncertainty are not mentioned at
all, yet they could be even more Important sources of uncertainty than the
parameters. Although uncertainties must be addressed, no guidance is
provided in the Standard as to how this is to be accomplished.

2-8
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2.1 Containment Requirements
2.1.5 Compliance Assessment

TABLE 2-1. TECHNIQUES FOR ASSESSING OR REDUCING UNCERTAINTY IN THE WIPP
PERFORMANCE ASSESSMENT

Type of Technique for Assessing
Uncertainty or Reducing Uncertainty
Scenarios Expert Judgment and Peer Review
(Completeness, Quality Assurance

Logic, and Probabilities)

Conceptual Models Expert Judgment and Peer Review
Sensitivity Analysis
Uncertainty Analysis
Quality Assurance

Computer Models Expert Judgment and Peer Review
Verification and Validation*
Sensitivity Analysis
Quality Assurance

Parameter Values Expert Judgment and Peer Review
and Variability Data-Collection Programs
Sampling Techniques
Sensitivity Analysis
Uncertainty Analysis
Quality Assurance

*to the extent possible
Source: Bertram-Howery and Hunter, 19839b

2.1.5 COMPLIANCE ASSESSMENT

The Standard assumes that the results of the performance assessment for

§ 191.13(a) will be incorporated into an overall probability distribution of
cumulative release to the extent practicable. In Appendix B, the EPA assumes
that, whenever practicable, results can be assembled into a single
complementary cumulative distribution function (CCDF) that indicates the

probability of exceeding various levels of summed normalized cumulative
releases (Figure 2-1).

Descriptions of a procedure for performance assessment based on the
construction of a CCDF are available (Cranwell et al., 1990; Pepping et al.,
1983; Hunter et al., 1986; Cranwell et al., 1987; Campbell and Cranwell,
1988; and Rechard, 1989). The construction of CCDFs follows from the
development of scenario probabilities and the calculation of scenario
consequences. Further, the effects of different types of uncertainties can
be shown by constructing families of CCDFs and then reducing each family to a




Chapter 2: Application of Subpart B to the WIPP

0
10 T T T T
|
|
I
|
w 10-7 |L____‘ Containment |
£ | ~=— Requirement
> | (§ 191.13 (a))
) Example CCDF |
< of Releases |
—_ Satisfying |
(S EPA Limits |
E 10-2 k_ I —
3
«» |
& 1
o
u |
AN
o |
7]
S 4 '
E 10 [ -_—————————
o
©
=
.'-é
©Q
L
4
& 104 [~ =
10-5 | I 1 | [ | ] |
10-5 10-4 10-3 10-2 101 100 10" 102 103 104

EPA Summed Normalized Releases, R
TRI-6342-192-1

Figure 2-1. Hypothetical CCDF lllustrating Compliance with the Containment Requirements (after
Marietta et al., 1989).
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2.1 Containment Requirements
2.1.5 Compliance Assessment

single CCDF. The construction of families of CCDFs and the single CCDF is
described in Chapter 3 of this volume.

The EPA assumes that a single CCDF will incorporate all uncertainty, and if
this single distribution function meets the requirement of § 191.13(a), then
a disposal system can be considered to be in compliance with the Containment
Requirements (U.S. EPA, 1985). Thus, EPA assumes that satisfying the numeric
requirements is sufficient to demonstrate compliance with § 191.13(a) but not
mandatory. A basis for concluding that a system provides good isolation can
include qualitative judgment as well as quantitative results and thus does
not totally depend upon the calculated CCDF. The Containment Requirements

(§ 191.13(a)) state that, based upon performance assessment, releases shall
have probabilities not exceeding specified limits. Noncompliance is implied
if the single CCDF suggested by the EPA exceeds the limits; however,

§ 191.13(b) states that performance assessments need not provide complete
assurance that the requirements in § 191.13(a) will be met and that the
determination should be "on the basis of the record before the [DOE]." Given
the discussions on use of qualitative judgment in Appendix B, this means the

entire record, including qualitative judgments. The guidance states that

it will be appropriate for the [DOE] to make use of rather complex
computational models, analytical theories, and prevalent expert judgment
relevant to the numerical predictions.... 1In fact, sole reliance on
these numerical predictions to determine compliance may not be
appropriate; the [DOE] may choose to supplement such predictions with
qualitative judgments as well (U.S. EPA, 1985, p. 38088).

The likelihood that excess releases will occur must be considered in the
qualitative decision about a "reasonable expectation" of compliance, but is
not necessarily the deciding factor (Bertram-Howery and Swift, 1990).

At present, single-scenario CCDF curves are used extensively in performance-
assessment sensitivity analysis for comparing various intermediate results in
the modeling process. Such CCDF curves do not establish compliance or
noncompliance, but they convey vital information about how changes in

selected model parameters may influence performance and compliance (Bertram-
Howery and Swift, 1990).

No "final" CCDF curves yet exist. Because probabilities for specific
scenarios and many parameter-value distribution functions are still
undetermined (see Chapters 4 and 5 of this volume), all CCDF curves presented
in Chapter 6 of this volume are preliminary. Although the compliance limits
are routinely included on all plots as reference points, the currently

available curves cannot be used to judge compliance with the Containment
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Chapter 2: Application of Subpart B to the WIPP

Requirements because the curves reflect an incomplete modeling system
(Volume 2 of this report) and incomplete data (Volume 3 of this report) and
because the Standard has not been repromulgated.

2.1.6 MODIFYING THE REQUIREMENTS

The EPA acknowledged that implementation of the Containment Requirements
might require modifying those standards in the future. This implementation

..will require collection of a great deal of data during site
characterization, resolution of the inevitable uncertainties in such
information, and adaptation of this information into probabilistic risk
assessments. Although [EPA] is currently confident that this will be
successfully accomplished, such projections over thousands of years to
determine compliance with an environmental regulation are unprecedented.
If--after substantial experience with these analyses is acquired-
-disposal systems that clearly provide good isolation cannot reasonably
be shown to comply with the containment requirements, the [EPA] would
consider whether modifications to Subpart B were appropriate.

Another situation that might lead to suggested revisions would be if
additional information were developed regarding the disposal of certain
wastes that appeared to make it inappropriate to retain generally
applicable standards addressing all of the wastes covered by this rule
(U.S. EPA, 1985, p. 38074).

In discussing the regulatory impacts of the Standard (U.S. EPA, 1985,

p. 38083), the EPA acknowledged that no impact analysis had been performed
for TRU wastes. The EPA evaluated the costs of the various engineering
controls potentially needed for repositories for commercially generated spent
fuel or high-level waste to meet different levels of protection for the

Containment Requirements and concluded additional precautions beyond those

already planned were unnecessary. No such analysis was performed prior to
promulgation of the Standard for the only TRU-defense-waste repository, the
WIPP. An impact study was recently initiated for TRU-waste repositories, but
findings are not yet available.

2.2 Assurance Requirements

The EPA included Assurance Requirements (§ 191.14) in the 1985 Standard to
provide confidence the agency believed is needed for long-term compliance
with the Containment Requirements by disposal systems not regulated by the
NRC. These requirements are designed to complement the Containment
Requirements because of the uncertainties involved in predicting long-term
performance of disposal systems (U.S. EPA, 1985, p. 38072).



pry

O W ® N O U B W P

2.3 Individual Protection Requirements

The Assurance Requirements include six provisions: active institutional
controls; monitoring after decommissioning to detect performance deviations;
passive institutional controls; different types of barriers encompassing both
engineered and natural barriers; avoidance of sites where a reasonable
expectation of future resource exploration exists, unless favorable disposal
characteristics compensate; and the possibility of removal of wastes for a
reasonable period of time. Each Assurance Requirement applies to some aspect
of uncertainty about long-term containment. Limiting reliance on active
institutional controls to 100 years will reduce reliance on future
generations to maintain surveillance. Carefully planned monitoring will
mitigate against unexpectedly poor system performance going undetected.
Markers and records will reduce the chances of systematic and inadvertent
intrusion. Multiple barriers, both engineered and natural, will reduce the
risk should one type of barrier not perform as expected. Considering future
resource potential and demonstrating that the favorable characteristics of
the disposal site compensate for the likelihood of disturbance will add to
the confidence that the Containment Requirements can be met for the WIPP. A
selected disposal system that permits possible future recovery of most of the
wastes for a reasonable period of time after disposal will allow future
generations the option of relocating the wastes should new developments
warrant such recovery (U.S. DOE, 1990b). In promulgating the Standard, the
EPA stated that "[t]he intent of this provision was not to make recovery of
waste easy or cheap, but merely possible...because the [EPA] believes that
future generations should have options to correct any mistakes that this
generation might unintentionally make" (U.S. EPA, 1985, p. 38082). The EPA
also stated that "any current concept for a mined geologic repository meets

this requirement without any additional procedures or design features"
(ibid.).

2.3 Individual Protection Requirements

The Individual Protection Requirements (§ 191.15) of the Standard require
predicting potential doses to humans resulting from releases to the
accessible environment for undisturbed performance during the first 1,000
years after decommissioning of the repository, in the event that performance
assessments predict such releases. Although challenges to this requirement
contributed to the remand of Subpart B to the EPA, the WIPP Project cannot
assume that the requirement will change when the Standard is repromulgated.

The methodology developed for assessing compliance with the Contailnment
Requirements can be used to estimate doses as specified by the Individual
Protection Requirements. One of the products of scenario development for the
Containment Requirements is a scenario for undisturbed conditions. The
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Chapter 2: Application of Subpart B to the WIPP

undisturbed performance of the repository is its design-basis behavior and
reasonable variations in that behavior resulting from uncertainties in
natural barriers and in designing systems and components to function for
10,000 years. Undisturbed performance for the WIPP is understood to mean
that uncertainties in such repository features as engineered barriers
(backfill, seals, and plugs) must be specifically included in the analysis of
the predicted behavior (U.S. DOE, 1990b).

"Undisturbed performance” means predicted behavior of a disposal systen,
including consideration of the uncertainties in predicted behavior, if
the disposal system is not disrupted by human intrusion or the occurrence
of unlikely natural events (§ 191.12(p)).

Human intrusion means any human activity other than those directly related to
repository characterization, construction, operation, or monitoring. The
effects of intrusion are specifically excluded for the undisturbed
performance analysis (U.S. DOE, 1989%a).

Unlikely natural events at the WIPP are those events and processes that have
not occurred in the past at a sufficient rate to affect the Salado Formation
at the repository horizon within the controlled area and potentially cause
the release of radionuclides. Only the presence of groundwater has
significantly affected the Salado near the WIPP at the repository horizon for
the past several million years. Therefore, the WIPP Project will model only
groundwater flow and the effects of the repository as the undisturbed
performance (U.S. DOE, 198%9a). Because of the relative stability of the
natural systems within the region of the WIPP disposal system, all naturally
occurring events and processes that are expected to occur are part of the

base-case scenario and are assumed to represent undisturbed performance
(Marietta et al., 1989).

The EPA assumes in Appendix B of the Standard that compliance with § 191.15
"can be determined based upon best estimate predictions" rather than a CCDF.
Thus, according to the EPA, when uncertainties are considered, only the mean

or median of the appropriate distributions, whichever is greater, need fall
below the limits (U.S. EPA, 1985, p. 38088).

The Individual Protection Requirements state that "the annual dose equivalent
from the disposal system to any member of the public in the accessible
environment” shall not exceed "25 millirems to the whole body or 75 millirems
to any critical organ" (§ 191.15). These requirements apply to undisturbed
performance of the disposal system, considering all potential release and
dose pathways for 1,000 years after disposal. A specifically stated
requirement is that modeled individuals be assumed to consume 2 £ (0.5 gal)
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2.3 Individual Protection Requirements

per day of drinking water from a significant source of groundwater, which is
specifically defined in the Standard.

"Significant source of ground water" ... means: (1) An aquifer that:

(i) Is saturated with water having less than 10,000 milligrams per liter
of total dissolved solids; (ii) is within 2,500 feet of the land surface;
(iii) has a transmissivity greater than 200 gallons per day per foot,
provided that any formation or part of a formation included within the
source of groundwater has a hydraulic conductivity greater than 2 gallons
per day per square foot ...; and (iv) is capable of continuously yielding
at least 10,000 gallons per day to a pumped or flowing well for a period
of at least a year; or (2) an aquifer that provides the primary source of
water for a community water system as of [November 18, 1985]

(§ 191.12 (n)).

No water-bearing unit at the WIPP meets the first definition of significant
source of groundwater at tested locations within the proposed land withdrawal
area. At most well locations, water-bearing units meet neither requirement
(1) nor (iii): total dissolved solids exceed 10,000 mg/2 and transmissivity
is less than 200 gallons per day per foot (26.8 ft2/day or 2.9 x 102 m2/s)
(Lappin et al., 1989; Brinster, 1991). Outside the land withdrawal area,
however, portions of the Culebra Dolomite Member do meet the requirements of
the first definition. The WIPP Project will assume that any portion of an
aquifer that meets the first definition is a significant source of
groundwater and will examine communication between nonqualifying and
qualifying portions. No community water system is being supplied by any
aquifer near the WIPP; therefore, no aquifer meets the second definition of
significant source of groundwater (U.S. DOE, 1989a).

The Dewey Lake Red Beds are saturated only in some areas. Based on current
evaluations, neither the Magenta Dolomite Member nor the Culebra Dolomite
Member of the Rustler Formation (Figure 1-5) appears to meet the entire
definition of a significant source of groundwater. Aquifers below the Salado
Formation are more than 762 m (2,500 ft) below the land surface at the WIPP.
The nearest aquifer that meets the first definition of a significant source
of groundwater over its entire extent is the alluvial and valley-fill aquifer
along the Pecos River. Communication between this aquifer and any other
aquifers in the vicinity of the WIPP will be evaluated (U.S. DOE, 1989a).
Studies will include reviewing and assessing regional and WIPP drilling

records and borehole histories for pertinent hydrologic information
(U.S. DOE, 1990b).

No releases from the repository/shaft system are expected to occur within

1,000 years (Lappin et al., 1989; Marietta et al., 1989; Chapter 7 of this
volume); therefore, dose predictions for undisturbed performance could be

2-15
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unnecessary. To date, analyses of undisturbed conditions suggest successful
long-term isolation of the waste.

2.4 Groundwater Protection Requirements

Special sources of groundwater are protected from contamination at levels
greater than certain limits by the Groundwater Protection Requirements

(§ 191.16). There are no special sources of groundwater as defined in

§ 191.16 at the WIPP; therefore, the requirement to analyze radionuclide
concentrations in such groundwater is not relevant to the WIPP (see Chapter 9
of this volume).

Chapter 2-Synopsis

WIPP Compliance The WIPP compliance assessment is based on four ideas:
Assessment
A performance assessment must determine the events
that can occur (scenario development), the

likelihood of those events, and the consequences of
those events.

The impact of uncertainties must be characterized
and displayed because uncertainties will always
exist in the results of a performance assessment.

No single summary measure can adequately display all
the information produced in a performance
assessment. Decisions on the acceptability of the
WIPP must be based on a careful consideration of all
available information, including qualitative
information not in the calculations.

Adequate documentation and independent peer review

are essential parts of the performance assessment
and supporting research.

Containment The primary objective of the Containment Requirements

Requirements of the Standard is to ensure isolation of the
radionuclides from the accessible environment by
limiting the probability of long-term releases.

Performance Assessment

Subpart B of the Standard defines "performance
assessment” as an analysis that

2-16
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Synopsis

identifies the processes and events that might
affect the disposal system,

examines the effects of these processes and events
on the performance of the disposal system,

estimates the cumulative releases of radionuclides,
considering the associated uncertainties, caused by
all significant processes and events.

Disposal systems are to be designed to provide a
reasonable expectation, based on performance
assessments, that cumulative releases for 10,000 years
after disposal from all significant processes and
events that may affect the disposal system have

a likelihood of less than one chance in ten of

exceeding quantities specified in Appendix A of the
Standard,

a likelihood of less than one chance in 1,000 of
exceeding ten times the quantities specified in
Appendix A of the Standard.

This report refers to the assessment of compliance with
both the Containment Requirements and the Individual
Protection Requirements as the "WIPP performance
assessment."

Probability of Human Intrusion

Performance assessments must consider the probability
of human intrusion into the repository within the
9,900-year period after active institutional controls,
such as post-operational monitoring, maintaining fences

and buildings, and guarding the facility, are assumed
to end.

Typical examples of human intrusion include but are not
limited to exploratory drilling, mining, or
construction of other facilities for reasons unrelated
to the repository.

The EPA assumes that exploratory drilling for resources
is the most severe intrusion that must be considered.

Performance assessments may consider the effectiveness
of passive institutional controls such as permanent
markers and records to indicate the dangers of the
wastes and their location.
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Chapter 2: Application of Subpart B to the WIPP

Three assumptions relative to human intrusion at the
WIPP have been made by the performance-assessment team:

No human intrusion into the repository will occur
during the period of active institutional controls.
Credit for active institutional controls can be
taken only for 100 years after decommissioning.

While passive institutional controls are effective,
no advertent resource exploration or exploitation
will occur inside the controlled area, but
reasonable, site-specific exploitation outside the
controlled area may occur and should be considered
in the performance assessment.

No more than 30 exploratory boreholes/km2 (0.4 mi2)
will be assumed drilled inside the controlled area
through inadvertent human intrusion in the 10,000
vears of regulatory interest. While passive
institutional controls endure, the rate for
exploratory drilling may be significantly reduced,
although the likelihood cannot be eliminated.

Release Limits

Appendix A to the Standard establishes release limits
for all regulated radionuclides, based on a calculated
"waste unit factor" that considers alpha-emitting
radionuclides with atomic weights greater than 92
(uranium) with half-lives greater than 20 years.
Consequently, all TRU waste scheduled for disposal in
the WIPP cannot be included when calculating the waste-
unit factor.

To determine compliance with § 191.13(a), for each
radionuclide released, the ratio of the cumulative
release to the total release limit for that
radionuclide must be determined. Ratios for all
radionuclides released are then summed for comparison
to the requirements.

Uncertainties

For the WIPP, uncertainties in parameters, scenarios,

and mathematical, conceptual, and computer models are
significant considerations.

The WIPP Project will reduce uncertainty to the extent
practicable using a variety of techniques that are
typically applied iteratively.
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Synopsis

Expert judgment will be used for parameters that have
significant uncertainty in data sets.

Expert judgment will also be used to include the
potential for human intrusion and the effectiveness of
passive institutional controls to deter such intrusion.

Models will be validated (checked for correctness) to
the extent possible. Expert judgment must be relied
upon where validation is not possible.

Compliance Assessment

The EPA suggests that, whenever practicable, the
results of the performance assessment be assembled into

a single complementary cumulative distribution function
(CCDF) .

A CCDF is a graphical method of showing the probability
of exceeding various levels of cumulative release.

According to the EPA guidance, if the CCDF shows that
releases have probabilities that do not exceed
specified limits, then a disposal system can be
considered to be in compliance with the Containment
Requirements.

The CCDF could show that some releases have
probabilities that exceed the specified limits; EPA
guidance states that compliance should be determined
from all information assembled by the DOE, including
qualitative judgments.

The likelihood that excess releases will occur must be
considered in a qualitative decision about a
"reasonable expectation” of compliance but is not
necessarily the deciding factor.

No "final" CCDF curves yet exist. Because
probabilities for specific scenarios and many
parameter-value distribution functions are still
undetermined, all CCDF curves presented in this report
are preliminary.

Modifying the Requirements

The Containment Requirements could be modified by the
EPA if

complete analyses showed that disposal systems that
clearly demonstrated good isclation could not
reasonably comply with the requirements,
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Chapter 2. Application of Subpart B to the WIPP

additional information indicated that the general
requirements were too restrictive or not adequate
for certain types of waste.

Assurance
Requirements

Each Assurance Requirement applies to some aspect of
uncertainty about the future relative to long-term
containment by

limiting reliance on active institutional controls
to 100 years to reduce reliance on future
generations to maintain surveillance,

monitoring to mitigate against unexpectedly poor
system performance going undetected,

using markers and records to reduce the chances of
systematic and inadvertent intrusion,

including multiple barriers, both manmade and
natural, to reduce the risk should one type of
barrier not perform as expected,

avoiding areas with natural resource potential,
unless the favorable characteristics of the area as
a disposal site outweigh the possible problems
associated with inadvertent human intrusion of the
repository,

selecting a disposal system that permits possible
future recovery of most of the wastes for a
reasonable period of time after disposal, so that
future generations have the option of relocating the
wastes should new developments warrant such
recovery.

Individual
Protection
Requirements

2-20

The Individual Protection Requirements apply only

to undisturbed performance and require predicting
potential annual doses to humans resulting from
releases to the accessible environment during the first
1,000 years after decommissioning of the repository, if
performance assessments predict such releases.

The EPA assumes that compliance can be determined based
upon "best estimate" predictions rather than a CCDF.

One of the requirements is that individuals be assumed

to consume 2 £ (0.5 gal) per day of drinking water from
a significant source of groundwater. The WIPP Project

has concluded that:
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No water-bearing unit at the WIPP met the EPA's
first definition of significant source of
groundwater everywhere prior to construction of the
WIPP (or currently). The WIPP Project will assume
that any portion of a water-bearing unit that meets
the definition is a significant source of
groundwater.

No community water system is currently being

supplied by any aquifer near the WIPP; therefore, no

aquifer meets the second definition of significant
source of groundwater.

The nearest aquifer that meets the definition of
significant source of groundwater over its entire
extent is along the Pecos River. Communication
between this aquifer and any other aquifers in the
vicinity of the WIPP will be evaluated.

No releases from the undisturbed repository/shaft
system are expected to occur within 1,000 years;

therefore, dose predictions for undisturbed performance

may be unnecessary.

Groundwater
Protection
Requirements

Special sources of groundwater are protected from
contamination at levels greater than certain limits.

No special sources of groundwater are present at the
WIPP; therefore, the requirement to predict

concentrations of radionuclides in such groundwater is
not relevant.
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3. PERFORMANCE-ASSESSMENT OVERVIEW
Jon C. Helton1

[NOTE: The text of Chapter 3 is followed by a synopsis that summarizes
essential information, beginning on page 3-85.]

The design and implementation of a performance assessment is greatly
facilitated by a clear conceptual model for the performance assessment
itself. The purpose of this chapter is to present such a model and then to
indicate how the individual parts of the WIPP performance assessment fit into
this model. The WIPP performance assessment is, in effect, a risk
assessment., As a result, a conceptual model that has been used for risk
assessments for nuclear power plants and other complex systems is also
appropriate for the WIPP performance assessment.

3.1 Conceptual Model for WIPP Performance Assessment

3.1.1 RISK

Risk is often defined as consequence times probability or consequence times
frequency. However, this definition neither captures the nature of risk as
perceived by most individuals nor provides much conceptual guidance on how
risk calculations should be performed. Simply put, people are more likely to
perceive risk in terms of what can go wrong, how likely things are to go
wrong, and what are the consequences of things going wrong. The latter
description provides a structure on which both the representation and
calculation of risk can be based.

In recognition of this, Kaplan and Garrick (1981l) have proposed a
representation for risk based on sets of ordered triples. Specifically, they
propose that risk be represented by a set R of the form

R = {(Si, pSi, €S3), i=1, ..., nS}, (3-1)
where
Si = a set of similar occurrences,
pSi = probability that an occurrence in the set Sj will take place,

1 Arizona State University, Tempe, Arizona
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Chapter 3: Performance-Assessment Overview

€S; = a vector of consequences associated with Sj,

nS = number of sets selected for consideration,
and the sets S{ have no occurrences in common (i.e., the Sj are disjoint
sets). This representation formally decomposes risk into what can happen
(the Sj), how likely things are to happen (the pSi), and the consequences for
each set of occurrences (the ¢Si). The Sj are typically referred to as

"scenarios" in radioactive waste disposal. Similarly, the pS; are scenario
probabilities, and the vector ¢Si contains environmental releases for
individual isotopes, the normalized EPA release summed over all isotopes, and
possibly other information associated with scenario S;. The set R in

Equation 3-1 will be used as the conceptual model for the WIPP performance
assessment.

Although the representation in Equation 3-1 provides a natural conceptual way
to view risk, the set R by itself can be difficult to examine. For this
reason, the risk results in R are often summarized with complementary
cumulative distribution functions (CCDFs). These functions provide a display
of the information contained in the probabilities pSj and the consequences
¢S;. With the assumption that a particular consequence result cS in the
vector €S has been ordered so that ¢Sj; < c¢Sj41 for i=1, ., nS, the CCDF for
this consequence result is the function F defined by

F(x) = probability that ¢S exceeds a specific consequence value x
nS
=% pS., (3-2)
=i

where 1 is the smallest integer such that ¢S; > x. As illustrated in

Figure 3-1, F is a step function that represents the probabilities that
consequence values on the abscissa will be exceeded. Thus, "exceedance
probability curve" is an alternate name for a CCDF that is more suggestive of
the information that it displays. To avoid a broken appearance, CCDFs are
often plotted in the form shown in Figure 3-2, which is the same as Figure

3-1 except that vertical lines have been added at the discontinuities.

The steps in the CCDFs shown in Figure 3-1 and Figure 3-2 result from the
discretization of all possible occurrences into the sets S3, ..., Sps.

Unless the underlying processes are inherently disjoint, the use of more sets
Si will tend to reduce the size of these steps and, in the limit, will lead
to a smooth curve. Thus, Equation 3-2 really defines an estimated CCDF.
Better estimates can be obtained by using more sets Si and also by improving

the estimates for pS; and ¢Sj. However, various constraints, including

3-2
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Figure 3-1.  Estimated CCDF for Consequence Result ¢S (Helton et al., 1991). The open and solid
circles at the discontinuities indicate the points included on (solid circles) and excluded
from (open circles) the CCDF.
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Figure 3-2.  Estimated CCDF for Consequence Result ¢S Including Vettical Lines at the Discontinuities

3-4

(Helton et al., 1991). This figure is the same as Figure 3-1 except for the addition of the
vertical lines at the discontinuities.
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3.1 Conceptual Model for WIPP Performance Assessment
3.1.2 Uncertainty in Risk

available information and computational cost, will always limit how far such
efforts can be carried. The consequence result of greatest interest in the
WIPP performance assessment is the EPA sum of normalized radionuclide
releases to the accessible environment. This sum is one of many predicted
quantities (e.g., travel time, dose to humans, ...) that could be the
variable on the abscissa in Figures 3-1 and 3-2. However, the normalized
release is special in that the Standard places restrictions on certain points
on its CCDF. As discussed in Chapter 2 and illustrated in Figure 3-3, the
probabilities of exceeding 1 and 10 are required to be less than 0.1 and
0.001, respectively. The CCDF in Figure 3-3 is drawn as a smooth curve,
which is the limiting case for a large number of scenarios S;. If the number
of scenarios Sj; is small, then the CCDF for the normalized sum will resemble
the step functions shown in Figures 3-1 and 3-2, although smoothing
procedures can be used to develop continuous approximations to these curves.
Additional discussion of the CCDF for normalized releases is given in Section
3.1.4-Risk and the EPA Limits.

3.1.2 UNCERTAINTY IN RISK

A number of factors affect the uncertainty in risk results, including
completeness, aggregation, model selection, imprecisely known variables, and
stochastic variation. The risk representation in Equation 3-1 provides a
convenient structure in which to discuss these uncertainties.

Completeness refers to the extent that a performance assessment includes all
possible occurrences for the system under consideration. In terms of the
risk representation in Equation 3-1, completeness deals with whether or not
all possible occurrences are included in the union of the sets S§; (i.e., in
UiSi). Aggregation refers to the division of the possible occurrences into
the sets S and thus relates to the logic used in the construction of the
sets Sj. Resolution is lost if the §{ are defined too coarsely (e.g., nS is
too small) or in some other inappropriate manner. Model selection refers to
the actual choice of the models for use in a risk assessment. Appropriate
model choice is sometimes unclear and can affect both pS; and cSj.
Similarly, once the models for use have been selected, imprecisely known
variables required by these models can affect both pS; and ¢S;. Due to the
complex nature of risk assessments, model selection and imprecisely known
variables can also affect the definition of the S;. Stochastic variation is
represented by the probabilities pSj, which are functions of the many factors
that affect the occurrence of the individual sets S;. The CCDFs in

Figures 3-1 and 3-2 display the effects of stochastic uncertainty. Even if
the probabilities for the individual Sj were known with complete certainty,
the ultimate result of a risk assessment would still be CCDFs of the form
shown in Figures 3-1 and 3-2.
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Containment
-«—— Requirement
(§191.13(a))

01 7 (cs, Probability of Release > cS)

Probability of Release > cS

0.001 —

¢S: Summed Normalized Release

TRI-6342-782-0

Figure 3-3.  lllustration of Hypothetical CCDF for Summed Normalized Release for Containment

Requirements (§ 191.13(a}). For a limited number of scenarios, the CCDF will look like the
step functions shown in Figures 3-1 and 3-2.
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The calculation of risk begins with the determination of the sets Si. Once
these sets are determined, their probabilities pSj and associated
consequences €Si must be determined. In practice, development of the 5i is a
complex and iterative process that must take into account the procedures
required to determine the probabilities pSj and the consequences ¢Sj.
Typically, the overall process is organized so that pSj and €S will be
calculated by various models whose exact configuration will depend on S; and
which will also require a number of imprecisely known variables. It is also
possible that imprecisely known variables could affect the definition of the
S1.

These imprecisely known variables can be represented by a vector

1’ x2, e, XnV]’ (3-3)

where each Xj is an imprecisely known input required in the analysis and nV
is the total number of such inputs. In concept, the individual X could be
almost anything, including vectors or functions required by an analysis and
indices pertaining to the use of several alternative models. However, an
overall analysis, including uncertainty and sensitivity studies is more
likely to be successful if the risk representation in Equation 3-1 has been
developed so that each xj is a real-valued quantity for which the overall
analysis requires a single value, but it is not known with preciseness what
this value should be. With the preceding ideas in mind, the representation
for risk in Equation 3-1 can be restated as a function of x:

R(x) = {(S1(xX), pS3(x), €Si(x)), i=1, ..., nS(xX)}. (3-4)

As X changes, so will R(x) and all summary measures that can be derived from
R(x). Thus, rather than a single CCDF for each consequence value contained
in the vector €S shown in Equation 3-1, a distribution of CCDFs results from
the possible values that X can take on.

The individual variables Xj in X can relate to different types of
uncertainty. Individual variables might relate to completeness uncertainty
(e.g., the value for a cutoff used to drop low-probability occurrences from
the analysis), aggregation uncertainty (e.g., a bound on the value for nS),
model uncertainty (e.g., a 0-1 variable that indicates which of two
alternative models should be used), variable uncertainty (e.g., a solubility
limit or a retardation for a specific isotope), or stochastic uncertainty
(e.g., a variable that helps define the probabilities for the individual 5;).
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3.1.3 CHARACTERIZATION OF UNCERTAINTY IN RISK

If the inputs to a performance assessment as represented by the vector x in
Equation 3-3 are uncertain, then so are the results of the assessment.
Characterization of the uncertainty in the results of a performance
assessment requires characterization of the uncertainty in X. Once the
uncertainty in X has been characterized, then Monte Carlo techniques can be

used to characterize the uncertainty in the risk results.

The outcome of characterizing the uncertainty in x is a sequence of
probability distributions

Dys Dy, ovvy Doy (3-5)

where Dj is the distribution developed for the variable X5, j=1, 2, ..., nV,
contained in x. The definition of these distributions may also be
accompanied by the specification of correlations and various restrictions
that further define the possible relations among the xj. These distributions
and other restrictions probabilistically characterize where the appropriate
input to use in the performance assessment might fall given that the analysis
is structured so that only one value can be used for each variable under
consideration. In most cases, each Dj will be a subjective distribution that
is developed from available information through a suitable review process and
serves to assemble information from many sources into a form appropriate for
use in an integrated analysis. However, it is possible that the Dj may be
obtained by classical statistical techniques for some variables.

Once the distributions in Equation 3-5 have been developed, Monte Carlo
techniques can be used to determine the uncertainty in R(X) from the
uncertainty in x. First, a sample

X, =

k= Ky X

k2 o Fogyls kLo 0K, (3-6)

is generated according to the specified distributions and restrictions, where
nK is the size of the sample. The performance assessment is then performed

for each sample element Xy, which yields a sequence of risk results of the
form

R(xp) = {(S1(x), pSi(Xx), €Si (X)), i=1, ..., nS(xk)} (3-7)

3-8
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3.1 Conceptual Model for WIPP Performance Assessment
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for k=1, ..., nK. Each set R(xy) is the result of one complete performance
assessment performed with a set of inputs (i.e., xix) that the review process
producing the distributions in Equation 3-5 concluded was possible. Further,
associated with each risk result R(Xy) in Equation 3-7 is a probability or
weightl that can be used in making probabilistic statements about the
distribution of R(X).

In most performance assessments, CCDFs are the results of greatest interest.
For a particular consequence result, a CCDF will be produced for each set
R(xg) of results shown in Equation 3-5. This yields a distribution of CCDFs
of the form shown in Figure 3-4.

Although Figure 3-4 provides a complete summary of the distribution of CCDIs
obtained for a particular consequence result by propagating the sample shown
in Equation 3-6 through a performance assessment, the figure is hard to read.
A less crowded summary can be obtained by plotting the mean value and
selected percentile values of the exceedance probabilities shown on the
ordinate for each consequence value on the abscissa. For example, the mean
plus the 5th, 50th (i.e., median), and 95th percentile values might be used.
The mean and percentile values can be obtained from the exceedance
probabilities associated with the individual consequence values and the
weights or "probabilities" associated with the individual sample elements. L
The determination of the mean and percentile values for ¢S =1 is illustrated
in Figure 3-5. 1If the mean and percentile values associated with individual
consequence values are connected, a summary plot of the form shown in

Figure 3-6 1s obtained. Due to their construction, the percentile curves
hold pointwise above the abscissa, and thus, do not define percentile bounds
for the distribution of R(x), which is a distribution of functions. However,

the mean curve is an estimate for the expected value of this distribution of
functions.

The question is often asked: "What is the uncertainty in the results of this
performance assessment?" The answer depends on exactly what result of the
performance assessment is of concern. In particular, the question is often
directed at either (1) the total range of risk outcomes that results from
imprecisely known inputs required in the assessment or (2) the uncertainty in

quantities that are derived from averaging over the outcomes derived from
these inputs.

1 In random or Latin hypercube sampling, this weight is the reciprocal of the
sample size (i.e., 1/nK) and can be used in estimating means, cumulative
distribution functions, and other statistical properties. This weight is
often referred to as the probability for each observation (i.e., sample
element xi). However, this is not technically correct. If continuous

distributions are involved, the actual probability of each observation is
Zero.

3-9
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Figure 3-6.
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Example Summary Curves Derived from an Estimated Distribution of CCDFs (after Breeding

etal., 1990). The curves in this figure were obtained by calculating the mean and the
indicated percentiles for each consequence value on the abscissa in Figure 3-4 as shown in
Figure 3-5. The 95th percentile curve crosses the mean curve due to the highly skewed
distributions for exceedance probability. This skewness also results in the mean curve
being above the median (i.e., 50th percentile} curve.
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3.1 Conceptual Model for WIPP Performance Assessment
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The answer to questions of the first type is provided by results of the form
shown in Figure 3-4, which displays an estimated distribution for CCDFs
conditional on the distributions and models being used in the analysis. The
mean and percentile curves in Figure 3-6 summarize the distribution in

Figure 3-4. The percentile curves in Figure 3-6 also provide a way to place
confidence limits on the risk results in Figure 3-4. For example, the
probability is 0.9 that the exceedance probability for a specific consequence
value falls between the 5th and 95th percentile values. However, this result
is approximate since the percentile values are estimates derived from the

sampling procedures and are conditional on the assumed input distributions.

Questions of the second type relate to the uncertainty in estimated means.

If a distribution of CCDFs is under consideration, then the "mean" is a mean
CCDF of the type shown in Figure 3-6. Because most real-world analyses are
very complex, assigning confidence intervals to estimated means by
traditional parametric procedures is typically not possible. Replicating the
analysis with independently generated samples and then estimating confidence
intervals for means from the results of these replications is possible. When
three or more replications are used, the t-test (Iman and Conover, 1983) can
be used to assign confidence intervals with a procedure suggested by Iman
(1981). When only two replications are used, the closeness of the estimated
means and possibly other population parameters can indicate the confidence
that can be placed in the estimates for these quantities. The results of a

comparison of this latter type for the curves in Figure 3-6 are shown in
Figure 3-7.

Uncertainty in risk results due to imprecisely known variables and
uncertainty in estimates for means and other statistical summaries that
result from imprecisely known variables can be displayed in a single plot as
shown in Figure 3-8. For figures of this type, the confidence interval for
the family of CCDFs would probably be obtained by a sampling-based approach
as illustrated in conjunction with Figure 3-6. As indicated earlier, this
produces confidence intervals that hold pointwise along the abscissa.
Similarly, the mean curve would be obtained by averaging over the same curves
that gave rise to the preceding confidence intervals. The confidence
intervals for the mean would have to be derived by replicated sampling or
some other appropriate statistical procedure.

The point of greatest confusion involving the risk representation in
Equation 3-1 is probably the distinction between the uncertainty that gives
rise to a single CCDF and the uncertainty that gives rise to a distribution
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Figure 3-7. Example of Mean and Percentile Curves Obtained with Two Independently Generated
Samples for the Results Shown in Figure 3-4 (after Breeding et al., 1990; additional
discussion is provided in Iman and Helton, 1991). The two samples have the same number
of elements and differ only in the random seed used in their generation.

3-14



Probability of Consequence Value > ¢S

3.1 Conceptual Model for WIPP Performance Assessment
3.1.3 Characterization of Uncertainty in Risk

Mean Curve
— — — — Confidence Interval on Mean
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cS: Consequence Value
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Figure 3-8. Example Confidence Bands for CCDFs (Helton et al., 1991).
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of CCDFs. A single CCDF arises from the fact that a number of different
occurrences have a real possibility of taking place. This type of
uncertainty is referred to as stochastic variation in this report. A
distribution of CCDFs arises from the fact that fixed, but unknown,
quantities are needed in the estimation of a CCDF. The development of
distributions that characterize what the values for these fixed quantities
might be leads to a distribution of CCDFs. 1In essence, a performance
assessment can be viewed as a very complex function that estimates a CCDF.
Since there is uncertainty in the values of some of the input variables
operated on by this function, there will also be uncertainty in the output

variable produced by this function, where this output variable is a CCDF.

Both Kaplan and Garrick (1981) and a recent report by the International
Atomic Energy Agency (TAEA) (1989) have been very careful to make a
distinction between these two types of uncertainty. Specifically, Kaplan and
Garrick distinguish between probabilities derived from frequencies and
probabilities that characterize degrees of belief. Probabilities derived
from frequencies correspond to the probabilities pSj in Equation 3-1 while
probabilities that characterize degrees of belief (i.e., subjective
probabilities) correspond to the distributions indicated in Equation 3-5.

The TAFA report distinguishes between what it calls Type A uncertainty and
Type B uncertainty. The IAEA report defines Type A uncertainty to be
stochastic variation; as such, this uncertainty corresponds to the frequency-
based probability of Kaplan and Garrick and the pSj of Equation 3-1. Type B
uncertainty is defined to be uncertainty that is due to lack of knowledge
about fixed quantities; thus, this uncertainty corresponds to the subjective
probability of Kaplan and Garrick and the distributions indicated in
Equation 3-5. This distinction has also been made by other authors,
including Vesely and Rasmusen (1984), Paté-Cornell (1986) and Parry (1988).

As an example, the WIPP performance assessment includes subjective
uncertainty in quantities such as solubility limits, retardation factors, and
flow fields. Stochastic uncertainty enters into the analysis through the
assumption that future exploratory drilling will be random in time and space
(i.e., follow a Poisson process). However, the rate constant A in the
definition of this Poisson process is assumed to be imprecisely known. Thus,

there is subjective uncertainty in a quantity used to characterize stochastic
uncertainty.

A recent reassessment of the risk from commercial nuclear power plants
performed by the U.S. Nuclear Regulatory Commission (U.S. NRC, 1990) has been
very careful to preserve the distinction between these two types of
uncertainty and provides an example of a very complex analysis in which a
significant effort was made to properly incorporate and represent these two
different types of uncertainty. Many of the results used for illustration in

3-16
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3.1 Conceptual Model for WIPP Performance Assessment
3.1.4 Risk and the EPA Limits

this chapter are adapted from that study. A similarly careful effort to
represent uncertainty in performance assessment for radiocactive waste
disposal will greatly facilitate the performance and presentation of analyses
intended to assess compliance with the EPA release limits.

3.1.4 RISK AND THE EPA LIMITS

As discussed in Chapter 2 of this volume, the EPA has promulgated the
following standard for the long-term performance of geologic repositories for
high-level and transuranic (TRU) wastes (1985):

191.13 Containment requirements.

(a) Disposal systems for spent nuclear fuel or high-level or
transuranic radiocactive wastes shall be designed to provide a reasonable
expectation, based on performance assessments, that the cumulative
releases of radionuclides to the accessible environment for 10,000 years
after disposal from all significant processes and events that may affect
the disposal system shall:

(1) Have a likelihood of less than one chance in 10 of exceeding the
quantities calculated according to Table 1 (Appendix A); and

(2) Have a likelihood of less than one chance in 1,000 of exceeding
ten times the quantities calculated according to Table 1 (Appendix A).

The term "accessible environment" means: "(1) The atmosphere; (2) land
surfaces; (3) surface waters; (4) oceans; and (5) all of the lithosphere that
is beyond the controlled area" (U.S. EPA, 1985, 191.12(k)). Further,
"controlled area" means: "(1l) A surface location, to be identified by
passive institutional controls, that encompasses no more than 100 square
kilometers and extends horizontally no more than five kilometers in any
direction from the outer boundary of the original location of the radioactive
wastes in a disposal system; and (2) the subsurface underlying such a surface
location" (U.S. EPA, 1985, 191.12(g)). The preceding requirements refer to
Table 1 (Appendix A). This table is reproduced here as Table 3-1.

For a release to the accessible environment that involves a mix of
radionuclides, the limits in Table 3-1 are used to define a normalized

release for comparison with the release limits. Specifically, the normalized
release for TRU waste is defined by

nR = f [Qi/Li] [1 x 10° Ci/C] (3-8)
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2 TABLE 3-1. RELEASE LIMITS FOR THE CONTAINMENT REQUIREMENTS (U.S. EPA, 1985, Appendix A,
3 Table 1)

8

6

7 Radionuclide Release limit L; per 1000 MTHM™
8 or other unit of waste (curies)
10

1

12 Americium-241 or -243 100

13 Carbon 14 100

14 Cesium-135 or -137 1,000

15 lodine-129 100

16 Neptunium-237 100

17 Plutonium-238, -239, -240, or -242 100

18 Radium-226 100

19 Strontium-90 1,000
20 Technetium-99 10,000
21 Thorium-230 or -232 10

22 Tin-126 1,000
23 Uranium-233, -234, -235, -236 or -238 100

24
25 Any other alpha-emitting radionuclide with
26 a half-life greater than 20 years 100
27
28 Any other radionuclide with a half-life

29 greater than 20 years that does not emit

30 alpha patrticles 1,000
31
32
33 Metric tons of heavy metal exposed to a burnup between 25,000 megawatt-days per metric ton of
34 heavy metal (MWd/MTHM) and 40,000 MWd/MTHM.
38

38
39

40 where

42 Qi = cumulative release (Ci) of radionuclide i to the accessible

43 environment during the 10,000-yr period following closure of the
44 repository,

45

46 Li = the release limit (Ci) for radionuclide i given in Table 3-1,

47

48 and

49

50 C = amount of TRU waste (Ci) emplaced in the repository.

52 For the 1991 WIPP performance assessment, C = 11.87 x 106 ci.
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3.1 Conceptual Mode! for WIPP Performance Assessment
3.1.4 Risk and the EPA Limits

In addition to the previously stated Containment Requirements, the EPA
expressly identifies the need to consider the impact of uncertainties in
calculations performed to show compliance with these requirements.
Specifically, the following statement is made:

. .whenever practicable, the implementing agency will assemble all of the
results of the performance assessments to determine compliance with
[section] 191.13 into a "complementary cumulative distribution function"
that indicates the probability of exceeding various levels of cumulative
release. When the uncertainties in parameters are considered in a
performance assessment, the effects of the uncertainties considered can
be incorporated into a single such distribution function for each
disposal system considered. The Agency assumes that a disposal system
can be considered to be in compliance with [section] 191.13 if this

single distribution function meets the requirements of [section]
191.13(a) (U.S. EPA, 1985, p. 38088).

The representation for risk in Equation 3-1 provides a conceptual basis for
the calculation of the "complementary cumulative distribution function" for
normalized releases specified in the EPA standard. Further, this
representation provides a structure that can be used for both the
incorporation of uncertainties and the representation of the effects of
uncertainties.

With respect to the EPA Containment Requirements (§ 191.13(a)), the sets S;i,
i=1, ..., nS, appearing in Equation 3-1 are simply the scenarios selected
for consideration. Ultimately, these scenarios S; derive from the
significant "processes" and "events" referred to in the Standard. These
scenarios Si will always be sets of similar occurrences because any process
or event when examined carefully will have many variations. The pS; are the
probabilities for the Sj. Thus, each pSj is the total probability for all
occurrences contained in S;. Finally, ¢S; is a vector of consequences
associated with S;. Thus, ¢Si is likely to contain the releases to the
accessible environment for the individual radionuclides under consideration
as well as the associlated normalized release. In practice, the total amount
of information contained in ¢Sj is likely to be quite large.

The preceding ideas are now illustrated with a hypothetical example involving
nS=8 scenarios S1, S9, ..., Sg. If the probabilities pS; and consequences
cSi associated with the Si{ were known with certainty, then a single CCDF of
the form shown in Figure 3-1 could be constructed for comparison with the EPA
release limits. Unfortunately, neither the pS; nor the ¢S; are likely to be
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Chapter 3: Performance-Assessment Overview

known with certainty. When this is incorporated into the representation in
Equation 3-1, the set R can be expressed as

R(x) = {(Si, pSi(x), €Si(x)), i =1, ..., nS = 8}, (3-9)
where X represents a vector of imprecisely known variables required in the
estimation of the pSj; and the €Sj. For this example, the Sj are assumed to
be fixed and thus are not represented as functions of X as is done for the
more general case shown in Equation 3-4. The effect of uncertainties in x
can be investigated by generating a random or Latin hypercube sample (McKay

et al., 1979) from the variables contained in x. This creates a sequence of
sets R(X) of the form

R(xk) = {(S1, pSi(xx), €Si(xKk)), i =1, ..., nS = 8) (3-10)

for k = 1, ..., nK, where X is the value for X in sample element k and nK is
the number of elements in the sample.

As previously illustrated in Figure 3-1, a CCDF can be constructed for each
sample element and each consequence measure contained in €¢S. Figure 3-9
shows what the resultant distribution of CCDFs for the normalized EPA release
might look like. Each curve in this figure is a CCDF that would be the
appropriate choice for comparison against the EPA requirements if xy
contained the correct variable values for use in determining the pS;i and ¢S;.
The distribution of CCDFs in Figure 3-9 reflects the distributions assigned
to the sampled wvariables in X. Actually, what is shown is an approximation
to the true distribution of CCDFs, conditional on the assumptions of this
analysis. This approximation was obtained with a sample of size nK=40, so 40
CCDFs are displayed, one for each sample element. In general, a larger
sample would produce a better approximation but would not alter the fact that
the distribution of CCDFs was conditional on the assumptions of the analysis.

Figure 3-9 is rather cluttered and hard to interpret. As discussed in

conjunction with Figure 3-6, mean and percentile curves can be used to
summarize the family of CCDFs in Figure 3-9. The outcome of this
construction is shown in Figure 3-10, which shows the resultant mean curve
and the 90th, 50th (median), and 10th percentile curves. The mean curve has
generally been proposed for showing compliance with § 191.13(a) (e.g.,
Cranwell et al., 1990; Cranwell et al., 1987; Hunter et al., 1986).
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3.1 Conceptual Model for WIPP Performance Assessment
3.1.4 Risk and the EPA Limits

Now that Figures 3-9 and 3-10 have been introduced, the nature of the EPA’'s
probability limits can be elaborated. Specifically, § 191.13(a) requires
that the probability of exceeding a summed normalized release of 1 shall be
less than 0.1 and that the probability of exceeding a summed normalized
release of 10 shall be less than 0.001. Because quantities required in a
performance assessment are uncertain, the probabilities of exceeding these
release limits can never be known with certainty. However, by placing
distributions on imprecisely known quantities, distributions for these
probabilities can be obtained. To the extent that the distributions assumed
for the original variables are subjective, so also will be the distributions
for these probabilities.

In the example, an estimated distribution of probabilities at which a
normalized release of 1 will be exceeded can be obtained by drawing a
vertical line through 1 on the abscissa in Figure 3-9. This line will cross
the 40 CCDFs generated in this example to yield a distribution of 40
exceedance probabilities. A similar construction can be performed for a
normalized release of 10. Means (actually, estimates for the expected value
of the true distribution, conditional on the assumptions of the analysis) for
these two distributions can be obtained by summing the 40 observed values and
then dividing by 40. The result of this calculation at 1, 10, and other

points on the abscissa appears as the mean curve in Figure 3-10.

The EPA suggests in the guidance in Appendix B that, whenever practicable,
the results of a performance assessment should be assembled into a CCDF.
This is entirely consistent with the representation of risk given in
Equation 3-1. The EPA further suggests that, when uncertainties in
parameters are considered, the effects of these uncertainties can be
incorporated into a single CCDF. Calculating a mean CCDF as shown in
Figure 3-10 is one way to obtain a single CCDF. However, there are other
ways in which a single CCDF can be obtained. For example, a median or 90th
percentile curve as shown in Figure 3-10 could be used. However, whenever a
distribution of curves is reduced to a single curve, information on
uncertainty is lost.

Replicated sampling can characterize the uncertainty in an estimated mean
CCDF or other summary curve. However, representing the uncertainty in an
estimated value in this way is quite different from displaying the
variability or uncertainty in the population from which the estimate is
derived (Figure 3-9). For example, the uncertainty in the estimated mean
curve in Figure 3-10 is less than the variability in the population of CGCDFs
that was averaged to obtain this mean.

Preliminary analyses for § 191.13(a) have typically assumed that the
individual scenario probabilities are known with certainty and that the only
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Chapter 3: Performance-Assessment Overview

uncertainties in the analysis relate to the manner in which the summed
normalized release required for comparison with the EPA Standard is
calculated. As an example, Figure 3-11 shows the family of CCDFs that
results when the same sample used to construct the CCDFs in Figure 3-9 is
used but the individual scenario probabilities are fixed. In this case, the
values for the pSi{ do not change from sample element to sample element, but
the values for ¢8; do. This results in a very simple structure for the CCDFs
in which the step heights for all CCDFs are the same. Mean and percentile
curves can be constructed from these CCDFs as before and are shown in

Figure 3-12. The hypothetical results on which Figures 3-9 and 3-11 are
based were constructed so that the normalized release for scenario Si41 is
greater than the normalized release for scenario Si for each sample element.
The step heights associated with the individual scenarios in Figure 3-11
would still be the same if this ordering did not exist, but there would be a
more complex mixing of step heights.

Another approach to constructing a CCDF for comparison with the EPA Standard
is based on initially constructing a conditional CCDF for each scenario and
then vertically averaging these conditional CCDFs with the probabilities of
the individual scenarios as weights. This approach is described in Cranwell
et al. (1987; also see Cranwell et al., 1990; Hunter et al., 1986) and has
been extensively used in calculating CCDFs for comparison with § 191.13(a).
Figure 3-13 gives a schematic representation for this construction approach.
This approach is applicable to situations in which the scenario probabilities
are known and, in this case, yields the same mean CCDF as shown in

Figure 3-12.

3.1.5 PROBABILITY AND RISK

A brief discussion of how the concepts associated with a formal development
of probability relate to the definition of risk in Equation 3-1 is now given.
The intent is to emphasize the ideas involved rather than mathematical rigor.
A more detailed development of the mathematical basis of probability can be
found in numerous texts on probability theory (e.g., Feller, 1971; Ash,

1972). 1In addition, several excellent discussions of different conceptual
interpretations of probability are also available (Barnett, 1982;
Weatherford, 1982; Apostolakis, 1990). A familiarity with the basic ideas in
the mathematical development of probability greatly facilitates an
understanding of scenario development.

A formal development of probability is based on the use of sets. The first
of these sets is called the sample space, which is the set of all possible
outcomes associated with the particular process or situation under
consideration. In the literature on probability, these individual outcomes
are referred to as elementary events. As an example, performance assessment
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Figure 3-13.

3.1 Conceptual Model for WIPP Performance Assessment
3.1.5 Probability and Risk

. [xpES > x|s)]
Ix, p(cS > x|S,)]
nS
x, % p(cS>x|Si)pSi]

X, p(cS > x| S, 91 — Mean CCDF

I
1
I
1
]
1
X
¢S : Consequence Value

TRI-6342-764-5

Construction of Mean CCDF from Conditional CCDFs. The expression p(cS>x|S1) is the
probability of a normalized release exceeding x over 10,000 years given that scenario S5
has occurred. The ordinate displays conditional probability for the CCDFs for the
individual scenarios S; and probability for the mean CCDF. When the probabilities pS; are
small, the mean CCDF may fall far below most of the individual conditional CCDFs (Helton
et al., 1991).
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Chapter 3: Performance-Assessment Overview

at the WIPP involves the characterization of the behavior of this site over a
10,000-yr period beginning at the decommissioning of the facility. Thus, the
sample space would consist of all possible 10,000-yr "histories" at the WIPP

for this time period. To avoid confusion with the regulatory use of the word
"event," outcome or history is used for elementary event in this report.

More specifically, the sample space is the set S defined by

S = {x: x a single 10,000-yr history beginning at decommissioning of the

WIPP). (3-11)

Each 10,000-yr history is complete in the sense that it includes a full
specification, including time of occurrence, for everything of importance to
performance assessment that happens in this time period. 1In the terminology
of Cranwell et al. (1990), each history would contain a characterization for
a specific sequence of "naturally occurring and/or human-induced conditions
that represent realistic future states of the repository, geologic systems,
and ground-water flow systems that could affect the release and transport of
radionuclides from the repository to humans."

In general, the sample space will contain far too many outcomes to permit a
meaningful development of probability to be based on the outcomes themselves.
Crudely put, the individual outcomes are so unlikely to occur that
probabilities cannot be assigned to their individual occurrences in a way
that leads to a useful probabilistic structure that permits a calculation of
probabilities for groups of outcomes. As a result, it is necessary to group
the outcomes into sets called events, where each event is a subset of the
sample space, and then to base the development of probability on these sets.
An event, as used in a formal development of probability, corresponds to what
is typically called a scenario in performance assessment (i.e., the Sy
appearing in Equation 3-1).

An example of an event E in the probabilistic development for the WIPP would
be the set of all time histories in which the first borehole to penetrate the

repository occurs between 5000 and 10,000 years after decommissioning. That
is,

E = {x: x a 10,000-yr history at the WIPP in which the first borehole to
penetrate the repository occurs between 5000 and 10,000 years
after decommissioning}. (3-12)

Due to the many ways in which the outcomes in a sample space might be sorted,
the number of different events is infinite. In turn, each event is composed
of many outcomes or, in the case of the WIPP, many 10,000-yr histories.

Thus, events are "larger" than the individual outcomes contained in the
sample space.
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3.1 Conceptual Model for WIPP Performance Assessment
3.1.5 Probability and Risk

As another example, Cranwell et al. (1990) define a scenario (i.e.

as used in the formal development of probability) to be "a set of naturally

, an event

occurring and/or human-induced conditions that represent realistic future
states of the repogitory, geologic systems, and ground-water flow systems
that could affect the release and transport of radionuclides from the
repository to humans." As their development shows, they include all possible
ways in which this set of "conditions" could occur. Thus, they are actually
using the set of all time histories in which this set of conditions occurs as
their scenario. Their logic diagram for constructing scenarios (Cranwell et

al., 1990, Figure 2) is equivalent to forming intersections of sets of time
histories.

Probabilities are defined for events rather than for the individual outcomes
in the sample space. Further, probabilities cannot be meaningfully developed
for single events in isolation from other events but rather must be developed
in the context of a suitable collection of events. The basic idea is to
develop a logically complete representation for probability for a collection
of events that is large enough to contain all events that might reasonably be
of interest but, at the same time, is not so large that it contains events
that result in intractable mathematical properties. As a result, the
development of probability is usually restricted to a collection § of events
that has the following two properties:

(1) if E is in &, then EC¢ is in §, where the superscript ¢ is used to
denote the complement of F,

and

(2) if (Ei) 1s a countable collection of events from §, then Uj{Ej and
NiEj also belong to §.

A collection or set § satisfying the two preceding conditions is called a o-
algebra or a Borel algebra. The significance of such a set is that all the
familiar operations with sets again lead to a set in it (i.e., it is closed
with respect to set operations such as unions, intersections, and

complements) .

As noted earlier, an event in the probabilistic development corresponds to
what is typically called a scenario in performance assessment. Thus, in the
context of performance assessment, the set § would contain all allowable
scenarios. However, for a given sample space S, the definition of § is not
unique. This results from the fact that it is possible to develop the events
in & at many different levels of detail. As described in the preceding
paragraph, & is required to be a c-algebra. The importance of this

requirement with respect to performance assessment is that it results in the
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Chapter 3: Performance-Assessment Overview

complements, unions, and intersections of scenarios also being scenarios with
defined probabilities.

Given that a suitably restricted set § is under consideration (i.e., a o-
algebra), the probabilities of the events in § are defined by a function p
such that

(1) p(sy =1,
(2) if £ is in &, then 0 < p(E) < 1,

and

(3) 1if E7, E9, ... is a sequence of disjoint sets (i.e., E; N Ej =@ if
i = j) from §, then p(UiE{) = Zi p(£i).

All of the standard properties of probabilities can be derived from this
definition.

An important point to recognize is that probabilities are not defined in
isolation. Rather, there are three elements to the definition of
probability: the sample space S, a collection § of subsets of S, and the
function p defined on §. Taken together, these quantities form a triple
(S, &, p) called a probability space and must be present, either implicitly
or explicitly, in any reasonable development of the concept of probability.

Now that the formal ideas of probability theory have been briefly introduced,
the representation for risk in Equation 3-1 is revisited. As already
indicated in Equation 3-11, the sample space in use when the EPA release
limit for the WIPP is under consideration is the set of all possible
10,000-yr histories that begin at the decommissioning of the facility. The
sets S3i appearing in Equation 3-1 are subsets of the sample space, and thus
the pS; are probabilities for sets of time histories. If an internally
consistent representation for probability is to be used, the S{ must be
members of a suitably defined set &, and a probability function p must be
defined on §&. Typically, the set § is not explicitly developed. However, if
there is nothing inherently inconsistent with the probability assignments
already made in Equation 3-1, it is possible to construct a set § and an
associated probability function p such that the already assigned
probabilities for the S; remained unchanged. However, this extension is not
unique unless it is made to the smallest ¢-algebra that contains the already
defined scenarios. Such an extension permits the assignment of probabilities
to new scenarios in a manner that is consistent with the probabilities
already assigned to existing scenarios.
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3.1 Conceptual Model for WIPP Performance Assessment
3.1.5 Probability and Risk

The most important idea that the reader should take out of this section is
that scenarios (i.e., the sets S; in Equation 3-1) are sets of time
histories. In particular, scenarios are arrived at by forming sets of
similar time histories. There is no inherently correct grouping, and the
probabilities associated with individual scenarios Si{ can always be reduced
by using a finer grouping. Indeed, as long as low-probability 5i{ are not
thrown away, the use of more but lower probability S; will improve the
resolution in the estimated CCDF shown in Figure 3-1. Further, as an
integrated release or some other consequence result must be calculated for
each scenario Sj, the use of more Sy also results in more detailed
specification of the calculations that must be performed for each scenario.

For example, a scenario Si{ for the WIPP might be defined by

5{ = {x: x a 10,000-yr history at the WIPP beginning at
decommissioning in which a single borehole occurs).(3-13)

A more refined definition would bhe

Six = {x: x a 10,000-yr history at the WIPP beginning at
decommissioning in which a single borehole occurs between
(i—l)*lO3 and i*103 yrs and no boreholes occur during any

other time interval). (3-14)
Then,
10
Sik C Si’ i =1, ..., 10, and Siz kil Sik' (3-15)

Thus, 53 and UiSik contain the same set of time histories. However, the
individual Sji contain smaller sets of time histories than does S;. 1In terms
of performance assessment, each Sii describes a more specific set of
conditions that must be modeled than does Sj. The estimated CCDF in

Figure 3-1 could be constructed with either 5i or the Sjk, although the use
of the Six would result in less aggregation error and thus provide better
resolution in the resultant CCDF.

The Si appearing in the definition of risk in Equation 3-1 should be
developed to a level of resolution at which it is possible to view the
analysis for each 55 as requiring a fixed, but possibly imprecisely known,

vector X of variable values. Ultimately, this relates to how the set § in
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the formal definition of probability will be defined. When a set Sj is
appropriately defined, it should be possible to use the same model or models
and the same vector of variable values to represent every occurrence (e.g., a
10,000-yr time history for WIPP) in S;. 1In contrast, Si is "too large" when
this is not possible. For example, the set S in Equation 3-13 is probably
"too large" for the assumption that a fixed time of intrusion (e.g., 5000 yr)
is appropriate for all 10,000-yr histories contained in Sj, while a similar
assumption about time of intrusion (e.g., (k-l/Z)*lO3 yr) might be
appropriate for Sji as defined in Equation 3-14. A major challenge in
structuring a performance assessment is to develop the sets Si appearing in
Equation 3-1, and hence the underlying probability space, at a suitable level
of resolution.

3.2 Definition of Scenarios

As indicated in Equation 3-1, the outcome of a performance assessment for
WIPP can be represented by a set of ordered triples. The first element of
each triple, denoted Si, is a set of similar occurrences or, equivalently, a
scenario. As a result, an important part of the WIPP performance assessment
is the development of scenarios.

The WIPP performance assessment uses a two stage procedure for scenario
development. The purpose of the first stage is to develop a comprehensive
set of scenarios that includes all occurrences that might reasonably take
place at the WIPP. The result of this stage is a set of scenarios that
summarize what might happen at the WIPP. These scenarios provide a basis for
discussing the future behavior of the WIPP and a starting point for the
second stage of the procedure, which is the definition of scenarios at a
level of detail that is appropriate for use with the computational models
employed in the WIPP performance assessment.

The first stage is directed at understanding what might happen at the WIPP
and answering completeness questions. The second stage is directed at
organizing the actual calculations that must be performed to obtain the
consequences €S appearing in Equation 3-1, and as a result, must provide a
structure that both permits the ¢8i to be calculated at a reasonable cost and
holds the amount of aggregation error that enters the analysis to a

reasonable level. These two stages are now discussed in more detail.

3.2.1 DEFINITION OF SUMMARY SCENARIOS

The first stage of scenario definition for the WIPP performance assessment

uses a five-step procedure proposed by Cranwell et al. (1990). The steps in
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3.2 Definition of Scenarios
3.2.1 Detinition of Summary Scenarios

this procedure are: (1) compiling or adopting a "comprehensive" list of
eventsl and processes that potentially could affect the disposal system,

(2) classifying the events and processes to aid in completeness arguments,
(3) screening the events and processes to identify those that can be
eliminated from consideration in the performance assessment, (4) developing
scenarios by combining the events and processes that remain after screening,
and (5) screening scenarios to identify those that have little or no effect
on the shape or location of the CCDF used for comparisons with EPA release
limits.

Conceptually, the purpose of the first three steps is to develop the sample
space S appearing in a formal definition of probability. As indicated in
Equation 3-11, the sample space for the WIPP performance assessment is the
set of all possible 10,000-yr histories beginning at decommissioning of the
facility. The development of S is described in Chapter 4. For the 1991
performance assessment, this development lead to a set § in which all

creditable disruptions were due to drilling intrusions.

Once the sample space S is developed, it is necessary to partition S§ into the
subsets, or scenarios, Sj appearing in Equation 3-1. This is the fourth step
in the scenario development procedure. As explained in Section 3.1.5-
Probability and Risk, the Si belong to a set § that, in concept, contains all
scenarios for which probabilities will be defined.

The S; are developed by decomposing S with logic diagrams of the form shown
in Figure 3-14. The logic diagram shown in Figure 3-14 starts with the
following three scenarios (i.e., subsets of S):

TS = {x: x a 10,000-yr history in which subsidence results due to

solution mining of potash}, (3-16)
El = {x: % a 10,000-yr history in which one or more boreholes pass
through the repository and into a brine pocket}, (3-17)
and
E2 = {x: x a 10,000-yr history in which one or more boreholes pass
through the repository without penetration of a brine pocket).
(3-18)

1 Cranwell et al. (1990) do not use the word "event" in the formal

probabilistic sense used in Section 3.1.5-Probability and Risk, although
their usage can be interpreted in that formal sense.

3-33



Chapter 3: Performance-Assessment Overview

TS E1 E2
I | I
et S, = IS¢ E1¢n E2¢ (Base Case)
————e S, = [SCNET¢n E2
————— S, = TS®n £1nE2C
No * ———e S, =TS N ETNE2
Yes + 2 5. =TSN E1¢nE2C
———e 5= TSN E1°cnE2C
—e S, =TSN EInE2°
Sg=TSNnEITNnE2

TS = {x: Subsidence Resulting From Solution
Mining of Potash}

E1= {x: One or More Boreholes Pass Through a
Waste Panel and into a Brine Pocket}

E2 = {x: One or More Boreholes Pass Through a
Waste Panel Without Penetration
of a Brine Pocket}

Superscript ¢ (e.g., TS ©) Denotes Set Complement

TRI-6342-576-3

Figure 3-14. Example Use of Logic Diagram to Construct Summary Scenarios.
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3.2 Definition of Scenarios
3.2.2 Definition of Computational Scenarios

Additional scenarios are then defined by the paths through the logic diagram
shown in Figure 3-13. This results in the decomposition of $ into the
following eight scenarios:

S1 = TSCNEICNE2S, Sy = TSCNEICNE2, S3 = TSCNEINE2C, S; = TSCNEINEZ,

I

Sg TSNEICNE2C, Sg = TSNEICNE2, S7 = TSNEINE2C, Sg = TSNEINE2, (3-19)
where the superscript ¢ denotes the complement of a set. These eight
scenarios constitute a complete decomposition of S in the sense that

S= u §,. (3-20)
. i
i=1
The development of these scenarios is discussed and more detail on their
individual characteristics is given in Chapter 4 of this volume.

The last step in the development procedure is screening to remove unimportant
scenarios. As discussed in Chapter 4 of this volume, screening did not
remove any of the preceding eight scenarios from further consideratiocn for
the 1991 WIPP performance assessment, although the assumption is made that
scenario TS has no impact on releases from the repository for the 1991

performance assessment. The effect of this assumption will be evaluated in
the 1992 performance assessment.

3.2.2 DEFINITION OF COMPUTATIONAL SCENARIOS

Although the preceding decomposition of S is useful for discussion and the
development of an understanding of what is important at the WIPP, a more
detailed decomposition is needed for the actual calculations that must be
performed to determine scenario consequences (i.e., the ¢8; as shown in
Equation 3-1) and to provide a basis for CCDF construction. To provide more
detail for the determination of both scenario probabilities and scenario
consequences, the scenarios on which the actual CCDF construction is based
for the WIPP performance assessment are defined on the basis of (1) number of
drilling intrusions, (2) time of the drilling intrusions, (3) whether or not
a single waste panel is penetrated by two or more boreholes, of which at
least one penetrates a brine pocket and at least one does not, and (4) the
activity level of the waste penetrated by the boreholes. The purpose of this

decomposition is to provide a systematic coverage of what might reasonably
happen at the WIPP.
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Chapter 3: Performance-Assessment Overview

The preceding scenario construction procedure starts with the division of the
10,000-yr time period appearing in the EPA regulations into a sequence

[ti-1, ti], 1 =1, 2, ..., nT, (3-21)

of disjoint time intervals. When activity loading is not considered, these
time intervals lead to scenarios of the form

s(n)

{x: x an element of S for which exactly n(i) intrusions
occur in time interval [tj.71, t;] for i=1, 2,

nT) (3-22)
and
S*¥-(ti-1,ti) = (x: x an element of S involving two or more boreholes
that penetrate the same waste panel during the
time interval [tj.1, tj], at least one of these
boreholes penetrates a pressurized brine pocket
and at least one does not penetrate a pressurized
brine pocket}, (3-23)
where
n= [n(l), n(2), ..., n(nT)]. (3-24)

When activity loading is considered, the preceding time intervals lead to
scenarios of the form

i

S,n) {x: x an element of S(n) for which the jth borehole
encounters waste of activity level £(j) for j=1,
2, ..., nBH, where nBH is the total number of
boreholes associated with a time history in S(n)}

(3-25)

and

St-(;ti-1,t1) =

|
]
&

an element of S$*-(tj.1, tj) for which the jth
borehole encounters waste of activity level £(j)

for j=1, 2, ..., nBH, where nBH is the total
number of boreholes associated with a time history
in S+'(ti_1,ti)}, (3-26)
where
nT
Il = [£(1), £(2), ..., Z(nBH)] and nBH = X mn(i). (3-27)
i=1
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3.3 Determination of Scenario Probabilities
3.3.2 Probabilities for Computational Scenarios

Further refinements on the basis of whether or not subsidence occurs and
whether or not individual boreholes penetrate pressurized brine pockets are
also possible. However, at present, these distinctions do not appear to be
important in the determination of scenario consequences and, as a result, are
not included in calculations performed for the 1991 WIPP performance
assessment. In essence, the computational scenarios defined in Equation 3-21
through Equation 3-27 are defining an important sampling strategy that covers
the stochastic or type A uncertainty that is characterized by the scenario
probabilities pSi appearing in Equation 3-1. Additional information on the
definition of computational scenarios is given in Volume 2, Chapter 3 of this
report.

3.3 Determination of Scenario Probabilities

The second element of the ordered triples shown in Equation 3-1 is the
scenario probability pSj. As with scenario definition, the probabilities pSi
have been developed at two levels of detail.

3.3.1 PROBABILITIES FOR SUMMARY SCENARIOS

The first level was for use with the summary scenarios described in

Section 3.2.1-Definition of Summary Scenarios. The logic used to construct
these probabilities is shown in Figures 4-10 and 4-11 in Chapter 4 of this
volume. The construction shown in Figure 4-10 is based on a classical
probability model in which alternative occurrences of unknown probability are
assumed to have equal probability. The construction shown in Figure 4-11 is
based on the use of a Poisson model. Additional discussion of these
probability estimation procedures is given in Guzowski (1991). Further,
Apostolakis et al. (1991) provide an extensive discussion of techniques for

determining probabilities in the context of performance assessment for
radicactive waste disposal.

In the WIPP performance assessment, probabilities are assigned to summary
scenarios to assist in completeness arguments and to provide guidance with
respect to what parts of the sample space must be considered in constructing
CCDFs for comparison with the EPA release limits. The probabilities in
Figure 4-11 were used to construct CCDFs for the 1990 preliminary comparison

(Bertram-Howery et al., 1990). The probabilities used in the present report
are now described.

3.3.2 PROBABILITIES FOR COMPUTATIONAL SCENARIOS

The second level of probability definition was for use with the computational

scenarios described in Section 3.2.2-Definition of Computational Scenarios.
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Chapter 3: Performance-Assessment Overview

These are the probabilities that will actually be used in the construction of
CCDFs for comparison with the EPA release limits. These probabilities are
based on the assumption that the occurrence of boreholes through the
repository follows a Poisson process with a rate constant A. The
probabilities pS(n) and pS(l,n) for the scenarios S(n) and S(I,n) are given by

ar PP e o D
s(n) =4 1 [ 1 i'lJ ex [-A tE .. -t ] (3-28)
P i n(i)! Pl (Car - %o)
and
nBH
I ={I . , 3-29
pS(,n) '=fﬂy(J) psS(n) ( )

where n and | are defined in Equations 3-24 and 2-27, respectively, and plLy
is the probability that a randomly placed borehole through a waste panel will
encounter waste of activity level £. The rate constant X is a sampled
variable in the 1991 WIPP performance assessment. Table 3-2 provides an
example of probabilities pS(n) calculated as shown in Equation 3-28 with

A= 3.28 x 10-% yr-1 for the time interval from 100 to 10,000 yr, which
corresponds to the maximum drilling rate suggested for use by the EPA.
Because the Standard allows for 100 yr of active institutional control, X has
been set equal to zero for the time interval from 0 to 100 yr. Similar, but
more involved, equations are used to obtain pS*¥-(tj.1, ti) and

pSt-(l;ti.1, ti)-

The formulas for determining pS(n), pS{l,n), pS*¥-(tj.1, ti), and

pS*'(I;ti_l, ti) are derived in Volume 2, Chapter 2 of this report under the
assumption that drilling intrusions follow a Poisson process (i.e., are
random in time and space). The derivations are general and include both the

stationary (i.e., constant A) and nonstationary (i.e., time-dependent X)
cases.

3.4 Calculation of Scenario Consequences

The two preceding sections have discussed the development of scenarios Sj and
their probabilities pS{ at two levels of detail. First, scenarios were
considered at a summary level. This provides a fairly broad characterization
of scenarios and their probabilities and thus provides a basis for general
discussions of what might happen at the WIPP. Second, scenarios involving
drilling intrusions were considered at a much finer level of detail. This
additional detail facilitates the necessary calculations that must be

performed to determine the scenario consequences €Sj.
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TABLE 3-2.

3.4 Calculation of Scenario Consequences

PROBABILITIES FOR COMBINATIONS OF INTRUSIONS OVER 10,000 YRS FOR X = 0

FROM 0 TO 100 YRS, X = 3.28 X 10-4 YR-1 FROM 100 TO 10,000 YRS

The individual entries in this table correspond to computational scenarios of the form S(n)

. For a specified

number of intrusions, the first column indicates the time interval in which the first intrusion occurs, the
second column indicates the time interval in which the second intrusion occurs, and so on, where

1 ~ [0, 2000], 2 ~ [2000, 4000], 3 ~ [4000, 6000], 4 ~ [6000, 8000}, and 5 ~ [8000, 10000}; the last
column lists the probability for each combination of intrusions calculated with the relationship in Eq. 3-28.

0 Intrusions 61 3 Intrusions
(prob = 3.888 x 1072) 62  (prob = 2.219x10°1)
(cum prob = 3.888x 10°¢) 63  (cum prob = 5.920 x 10-1)
{(comp scen = 1) 64  (comp scen = 35)
& I 12 13 14 Prob
1 Intrusion B 111 1.569 x 103
(prob = 1.263 x 10°1) 71 112 4.953 x 1073
(cumprob = 1.651x10°1) 72 113 4.953 x 103
(comp scen = 5) 73 114 4.953 x 10°3
74 1165 4.953 x 10-3
W l2l3lq Prob 75 122  5214x103
1 2.423 x 1072 76 123 1.043 x 1072
2 2.551x 102 77 124 1.043x 102
3 2.551x 102 78 125 1.043 x 102
4 2.551x 102 79 133 5.214 x 10-3
5 2.551 x 102 g0 134 1.043 x 102
1.263 x 10-1 g1 135 1.043 x 10-2
g2 14 4 5.214 x 103
83 145 1.043 x 10-2
2 Intrusions 8 155 5.214 x 10-3
(prob = 2.050 x 10-1) 85 2 2 2 1.829 x 10-3
(cumprob =3.701x10°') 8 2 2 3 5.488 x 10-3
(comp scen =15) g7 224 5.488 x 103
1o 131 Prob 88 225 5.488 x 10-3
89 233 5.488 x 10-3
11 7551x103 o 5 5 4 1.098 x 102
12 1590x102 5 5 535 1.098 x 10-2
13 1590x102 o) 5 44 5488x103
14 15900x 102 o 5 4 5 1.098 x 10-2
15 1590x 102 o 5, 5 g 5.488 x 10-3
22 8366x108 o 533 1gogx103
23 1673x102 o 5 5 4 5.488 x 10-3
2 4 1673x102 o 4 4 ¢ 5.488x 103
25 1673x 102 oo 4 4 4 5.488 x 10-3
33 8366x 103 o0 4 4 g 1.098 x 10-2
3 4 1673102 0 35 5 5.488 x 10-3
35 1673x102 0 4 4 4 1.829 x 10-3
44 8366x 100 1, 445  5488x10
45 1.673X102 103 455 5488x 103
55 8366x10° .y, 555  1829x103
2050x 1071 4o 2.219x 101

106
107
108
109

11
118

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

184
135

136
137
138
139
140
142
143
144
145
146
147

4 Intrusions

(prob = 1.801 x 10°1)
(cum prob = 7.722 x 10-1)
(comp scen = 70)

1 1o 13 14 Prob
1111 2444x104
1112 1.029%x103
1234 6841x103
4555 1200x10°3
5555 3.000x104

1.801 x 101
5 Intrusions

(prob = 1.170 x 10-1)
(cum prob = 8.891 x 10-1)
(comp scen = 126)

6 Intrusions

(prob = 6.331 x 10-2)
(cum prob = 9.525 x 10°1)
(comp scen = 210)

7 Intrusions

(prob = 2.937 x 10-2)
(cum prob = 9.818 x 10°)
(comp scen = 330)
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12
13
14
15
16
17
19
20
21
22
23
24
26
27
63
68
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

Chapter 3: Performance-Assessment Overview

TABLE 3-2. PROBABILITIES FOR COMBINATIONS OF INTRUSIONS OVER 10,000 YRS FOR X = 0
FROM 0 TO 100 YRS, X = 3.28 X 10-4 YR-1 FROM 100 TO 10,000 YRS (concluded)

8 Intrusions 28 11 Intrusions 49 14 Intrusions
(prob = 1.192 x 10-2) 29 (prob =4.123x 104 50  (prob = 6.464 x 10-6)
{(cum prob = 9.937 x 10°1) 30 (cum prob = 9.999 x 10-1) 51 (cum prob = )
(comp scen = 495) 31 (comp scen = 1365) 52 {comp scen = 3060)
32 58
34 55
9 Intrusions 35 12 Intrusions 56 15 Intrusions
(prob = 4.301 x 10-3) 36 (prob = 1.116 x 10-4) 57 (prob = 1.399 x 10-6)
(cum prob = 9.980x 10°1) 37 (cum prob = ) 58 (cum prob = )
(comp scen = 715) 38 (comp scen = 1820) 59 (comp scen = 3876)
80 60
41
10 Intrusions 42 13 Intrusions
(prob = 1.397 x 10-3) 43 (prob = 2.787 x 10-5)
(cum prob = 9.994 x 10-1) 44 (cum prob = )
{comp scen = 1001) 45 (comp scen = 2380)
48
48

An important point to bear in mind is that calculations to obtain ¢Si are
performed at the level of the individual time histories contained in the set
S shown in Equation 3-11. For this reason, the computational scenarios 5j
used in the construction of CCDFs should be reasonably "homogeneous";
otherwise, it is not possible to assume that a calculation performed for a
specific time history in S{ is a reasonable surrogate for the calculations
that might be performed for all the other time histories in S§;. However,

calculations are performed at the level of individual time histories

regardless of whether the previously discussed summary or computational

scenarios are under consideration.

In what follows, a summary description of the models being used in the WIPP
performance assessment will be given. Then, the way in which calculations

are organized to provide results for comparison with the EPA release limits
will be described.
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3.4 Calculation of Scenario Consequences
3.4.1 Qverview of Models

3.4.1 OVERVIEW OF MODELS

The models used in the WIPP performance assessment, or any other complex
analysis, actually exist at four different levels. First, there are
conceptual models that characterize our perception of the site. These models
provide a nonmathematical summary of our knowledge of the site and the
physical processes that operate there. Development of an appropriate
conceptual model, or site description as it is sometimes called, is an
important part of the WIPP performance assessment. Summaries of the current
conceptual model for the WIPP are given in Chapter 5 of this volume. An
adequate conceptual model is essential both for the development of the sample
space S appearing in Equation 3-11 and the division of the sample space into
the scenarios S{ appearing in Equation 3-1.

Second, mathematical models are developed to represent the processes at the
site. The conceptual models provide the context within which these
mathematical models must operate and indicate the processes that they must
characterize. The mathematical models are predictive in the sense that,
given known properties of the system and possible perturbations to the
system, they project the response of the system. The processes that are
represented by these mathematical models include fluid flow, heat flow,
mechanical deformation, radionuclide transport by groundwater, removal of
waste by intruding boreholes, and human exposure to radionuclides released to
the surface environment. Among the dependent variables predicted by these
models are pressurization of the repository by gas generation, deformation of
the repository due to salt creep, removal of radionuclides from the
repository due to the inflow and subsequent outflow of brine, release of
radionuclides to the accessible environment due to either radionuclide
transport in the Culebra or cuttings removal to the surface, and human
exposure to radionuclides brought to the surface. Mathematical models are
often systems of ordinary or partial differential equations. However, other
possibilities exist. A description of the mathematical models being used in

the WIPP performance assessment is given in Volume 2, Chapters 4 through 7 of
this report.

Third, numerical models are developed to approximate the mathematical models.
Most mathematical models do not have closed-form solutions. Simply put, it
is mnot possible to find simple functions that equal the solutions of the
equations in the model. As a result, numerical procedures must be developed
to provide approximations to the solutions of the mathematical models. In
essence, these approximations provide "numerical models" that calculate
results that are close to the solutions of the original mathematical models.
For example, Runge-Kutta procedures are often used to solve ordinary
differential equations, and finite difference and finite element methods are

used to solve partial differential equations. In practice, it is unusual for
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a mathematical model to have a solution that can be determined without the
use of an intermediate numerical model. A brief description of the numerical
models being used in the WIPP performance assessment is given in Volume 2,
Chapters 4 through 7 of this report.

Fourth, computer models must be used to implement the numerical models. It
is unusual for a mathematical model and its associated numerical model to be
sufficiently simple to permit a "pencil-and-paper" solution. Thus, computer
programs must be developed that will carry out the actual calculations.
These computer models are often quite general in the sense that the user
exercises a large amount of control over both the mathematical model and its
numerical solution through the specific inputs supplied to the computer
model. 1Indeed, most computer models have the capability to implement a
variety of mathematical and numerical models. The computer model is where
the conceptual model, mathematical model, numerical model, and analyst come
together to produce predicted results.

It is the computer models that actually predict the consequences ¢Sj
appearing in Equation 3-1. Further, several models are often used in a
single analysis, with individual models both receiving input from a preceding
model and producing output that is then used as input to another model.
Figure 3-15 illustrates the sequence of linked models that was used in the
1991 WIPP performance assessment. Each of the models appearing in this
figure is briefly described in Table 3-3; more information is available in

Volume 2, Chapters 4 through 7 of this report and the model descriptions for
the individual programs.

3.4.2 ORGANIZATION OF CALCULATIONS FOR PERFORMANCE ASSESSMENT

As shown in Table 3-2, even a fairly coarse gridding on time leads to far too
many computational scenarios (e.g., S(n)and S(ln)) to perform a detailed
calculation for each of them. Construction of a CCDF for comparison against

the EPA release limits requires the estimation of cumulative probability
through at least the 0.999 level. Thus, depending on the value for the rate
constant X in the Poisson model for drilling, this may require the inclusion
of computational scenarios involving as many as 10 to 12 drilling intrusions,
which results in a total of several thousand computational scenarios.
Further, this number does not include the effects of different activity
levels in the waste. To obtain results for such a large number of
computational scenarios, it is necessary to plan and implement the overall
calculations very carefully. The manner in which this can be done is not
unique. The following describes the approach used in the 1991 WIPP

performance assessment to calculate a CCDF for comparison with the EPA
release limits.
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3.4 Calculation of Scenario Consequences
3.4.2 Organization of Calculations for Performance Assessment
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Figure 3-15.  Models Used in 1991 WIPP Performance Assessment. The names for computer models
(i.e., computer codes) are shown in capital letters.
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TABLE 3-3. SUMMARY OF COMPUTER MODELS USED IN THE 1991 WIPP PERFORMANCE
ASSESSMENT

Model Description

CUTTINGS Calculates the quantity of radioactive material (in curies) brought to the surface as cuttings
and cavings generated by an exploratory drilling operation that penetrates a waste panel
(Volume 2, Chapter 7 of this report).

BRAGFLO Describes the multiphase flow of gas and brine through a porous, heterogenous reservoir.
BRAGFLO solves simultaneously the coupled partial differential equations that describe the
mass conservation of gas and brine along with appropriate constraint equations, initial
conditions, and boundary conditions (Volume 2, Chapter 5 of this report).

PANEL Calculates rate of discharge and cumulative discharge of radionuclides from a repository
panel through an intrusion borehole. Discharge is a function of fluid flow rate, nuclide
solubility, and remaining inventory (Volume 2, Chapter 5 of this report).

SECO2D  Calculates single-phase Darcy flow for groundwater flow problems in two dimensions. The
formulation is based on a single partial differential equation for hydraulic head using fully
implicit time differencing (Volume 2, Chapter 6 of this report).

STAFF2D  Simulates fluid flow and transport of radionuclides in fractured porous media. STAFF2D is a

two-dimensional finite element code (Huyakorn et al., 1989; Volume 2, Chapter 6 of this
report).

As indicated in Equation 3-21, the 10,000-yr time interval that must be
considered for comparison with the EPA release limits can be divided into
disjoint subintervals [t;.1, ¢t;], i =1, 2, ., nT, where nT is the number
of time intervals selected for use. The following results can be calculated

for each time interval:

rC; = EPA normalized release to the surface environment for cuttings
removal due to a single borehole in time interval i with the

assumption that the waste is homogeneous (i.e., waste of

different activity levels is not present), (3-30)
rCjj = EPA normalized release to the surface environment for cuttings

removal due to a single borehole in time interval i that

penetrates waste of activity level j, (3-31)
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3.4 Calculation of Scenario Consequences
3.4.2 Organization of Calculations for Performance Assessment

rGWl;i = EPA normalized release to the accessible environment for
groundwater transport initiated by a single borehole in time
interval i, (3-32)
and
rGW2; = EPA normalized release to the accessible environment for

groundwater transport initiated by two boreholes in the same waste
panel in time interval i, of which one penetrates a pressurized
brine pocket and one does not (i.e., an ElE2-type scenario).

(3-33)

In general, rCj, rCjj, rGWlj, and rGW2;j will be vectors containing a large
variety of information; however, for notational simplicity, a vector
representation will not be used. For the WIPP performance assessment, the
cuttings release to the accessible enviromment (i.e., rC; and rCij) is
determined by the CUTTINGS program, and the groundwater release to the
accessible environment (i.e., rGWl; and rGW2;) is determined for the 1991
performance assessment through a sequence of linked calculations involving
the BRAGFLO, PANEL, SEC02D, and STAFF2D programs.

The releases rCj, rCjj, rGWlj and rGW2; are used to construct the releases
associated with the many individual computational scenarios that are used in
the construction of a CCDF for comparison with the EPA release limits. The
following assumptions are made;

(1) With the exception of ELE2-type scenarios, no synergistic effects
result from multiple boreholes, and thus, the total release for a
scenario involving multiple intrusions can be obtained by adding the
releases associated with the individual intrusions.

(2) An E1E2-type scenario can only take place when the necessary
boreholes occur within the same time interval [tj.1, t;].

(3) An E1lE2-type scenario involving more than two boreholes will have the

same release as an ElE2-type scenario involving exactly two
boreholes.

The preceding assumptions are used to construct the releases for individual
computational scenarios.

The normalized releases rCj, rCjj and rGWl; can be used to construct the EPA
normalized releases for the scenarios S(n) and S{,n) defined in

Equations 3-22 and 3-25, respectively. For S(n), the normalized release to
the accessible environment can be approximated by
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nBH

eS(n) = jfl(rcm(j)

+ rGWl1 . ..), 3-34

m(J)) ( )
where m(j) designates the time interval in which the jth borehole occurs.
The vector

m = [m(l), m(2), ..., m(nBH)] (3-35)

is uniquely determined once the vector n appearing in the definition of S(n)
is specified. The definition of S(n) contains no information on the
activity levels encountered by the individual boreholes, and so ¢S(n) was
constructed with the assumption that all waste is of the same average
activity. However, the definition of S(l,n) does contain information on
activity levels, and the associated normalized release to the accessible
environment can be approximated by

nBH
cs(l,n) = = |rC . .+ rGWl |, 3-36
N RIS m(j) (3-36)
which does incorporate the activity levels encountered by the individual
boreholes. The normalized releases for the computational scenarios
S*¥-(ti-1, ti) and S*t-(l; tj.1, ti) defined in Equations 3-23 and 3-26,
respectively, can be constructed in a similar manner.

Additional information on the procedures being used to construct CCDFs for

the 1991 WIPP performance assessment is given in Volume 2, Chapter 3 of this
report.

3.5 Uncertainty and Sensitivity Analysis

The performance of uncertainty and sensitivity analyses 1s an important part

of the WIPP performance assessment. The need to conduct such analyses has a
large effect on the overall structure of the WIPP performance assessment. In
the context of this report, uncertainty analysis involves determining the
uncertainty in model predictions that results from imprecisely known input
variables, and sensitivity analysis involves determining the contribution of
individual input variables to the uncertainty in model predictions.
Specifically, uncertainty and sensitivity analyses involve the study of the
effects of subjective, or type B, uncertainty. As previously discussed, the
effects of stochastic, or type A, uncertainty is incorporated into the WIPP
performance assessment through the scenario probabilities pS; appearing in
Equation 3-1. However, it is possible to have subjective uncertainty in
quantities used in the characterization of stochastic uncertainty.
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3.5 Uncertainty and Sensitivity Analysis
3.5.1 Available Techniques

3.5.1 AVAILABLE TECHNIQUES
Review of Techniques

Four basic approaches to uncertainty and sensitivity analysis have been
developed: differential analysis, Monte Carlo analysis, response surface
methodology, and Fourier amplitude sensitivity test. This section provides a
brief overview of these approaches and references to more detailed sources of
information.

Differential analysis is based on using a Taylor series to approximate the
model under consideration. Once constructed, this series is used as a
surrogate for the original model in uncertainty and sensitivity studies. A
differential analysis involves four steps: (1) selection of base-case
values, ranges, and distributions for the input variables under
consideration; (2) development of a Taylor series approximation to the
original model; (3) assessment of uncertainty in model predictions through
the use of variance propagation techniques with the Taylor series
approximation to the model; and (4) determination of the sensitivity of model
predictions to model input on the basis of fractional contributions to
variance. The most demanding part of a differential analysis is often the
calculation of the partial derivatives used in the Taylor series constructed
in the second step. Additional sources of information on differential
analysis are given in Table 3-4.

Monte Carlo analysis is based on performing multiple model evaluations with
probabilistically selected model input, and then using the results of these
evaluations to determine both the uncertainty in model predictions and the
independent variables that give rise to this uncertainty. A Monte Carlo
analysis involves five steps: (1) selection of a range and distribution for
each input variable; (2) generation of a sample from the ranges and
distributions assigned to the input variables; (3) evaluation of the model
for each element of the sample; (4) assessment of the uncertainty in model
predictions through the use of estimated means, variances, and distribution
functions; and (5) determination of the sensitivity of model predictions to
model input on the basis of scatterplots, regression analysis, and
correlation analysis. Additional sources of information on Monte Carlo
analysis are given in Table 3-4.

Response surface methodology is based on developing a response surface
approximation to the model under consideration. This approximation is then
used as a surrogate for the original model in subsequent uncertainty and
sensitivity analyses. An analysis based on response surface methodology
involves six steps: (1) selection of a range and distribution for each input
variable; (2) development of an experimental design that defines the
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combinations of variable values for which model evaluations will be
performed; (3) evaluation of the model for each point in the experimental
design; (4) construction of a response surface approximation to the original
model on the basis of the model evaluations obtained in the preceding step;
(5) assessment of the uncertainty in model predictions through the use of
either variance propagation techniques or Monte Carlo simulation with the
previously constructed response surface; and (6) determination of the
sensitivity of model predictions to model input on the basis of fractional
contribution to variance. Addition sources of information on response
surface methodology are given in Table 3-4.

The Fourier amplitude sensitivity test (FAST) is based on performing a
numerical calculation to obtain the expected value and variance of a model
prediction. The basis of this calculation is a transformation that converts
a multidimensional integral over all the uncertain model inputs to a one-
dimensional integral. Further, a decomposition of the Fourier series
representation of the model is used to obtain the fractional contribution of
the individual input variables to the variance of the model prediction. An
analysis based on the FAST approach involves four steps: (1) selection of a
range and distribution for each input variable; (2) development of a
transformation that converts the multidimensional integrals required to
calculate the expected value and variance of a model prediction to one-
dimensional integrals; (3) assessment of the uncertainty in model predictions
by evaluation of the one-dimensional integrals constructed in the preceding
step to obtain expected values and variances; and (4) determination of the
sensitivity of model predictions to model inputs on the basis of fractional
contributions to variance obtained from a decomposition of a Fourier series
representation for the model. Additional sources of information on the FAST
approach are given in Table 3-4.

Relative Merits of Individual Techniques

Differential analysis is based on developing a Taylor series approximation to
the model under consideration. Ultimately, the quality of the analysis
results will depend on how well this series approximates the original model.
Desirable properties of differential analysis include the following: (1) the
effects of small perturbations away from the base-case value about which the
Taylor series was developed are revealed; (2) uncertainty and sensitivity
analyses are straightforward once the Taylor series is developed;

(3) specialized techniques (e.g., adjoint, Green’s function, GRESS/ADGEN)
exist to facilitate the calculation of derivatives; and (4) the approach has
been widely studied and applied.

However, there are two important drawbacks to differential analysis that
should always be considered when selecting the procedure to be used in an
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TABLE 3-4. SOURCES OF ADDITIONAL INFORMATION ON UNCERTAINTY AND SENSITIVITY ANALYSIS

Topic

References

Differential
Analysis

Monte Carlo
Analysis

Response
Surface
Methodology

Fourier
Amplitude
Sensitivity
Test

Reviews

Comparative
Studies

Ronen, 1988; Lewins and Becker, 1982; Frank, 1978;
Dickinson and Gelinas, 1976; Tomovic and Vukobratovic, 1972;
Cacuci, 1981a,b; Cacuci et al., 1980; Dougherty and Rabitz,
1979; Dougherty et al., 1979; Hwang et al., 1978; Oblow et al.,
1986; Pin et al., 1986; Worley and Horwedel, 1986; Oblow,
1985

Helton et al., 1986; Helton et al., 1985; Hendry, 1984;
Fedra, 1983; Gardner and O'Neill, 1983; Iman and Conover,
1982a; Iman and Conover, 1980a,b; Iman et al., 1981a;
iman et al., 1981b; Schwarz and Hoffman, 1980; Iman et al.,
1978

Box and Draper, 1987, Kleijnen, 1987; Myers, 1971; Olivi,
1986; Morton, 1983; Mead and Pike, 1975; Kleijnen, 1974

Liepmann and Stephanopoulos, 1985; McRae et al., 1981;
Cukier et al., 1978; Cukier et al., 1973; Schaibly and
Shuler, 1973

Helton et al., 1991; Wu et al., 1991; Zimmerman et al., 1990;
Doctor, 1989; Bonano and Cranwell, 1988; NEA, 1987; Rish
and Marnicio, 1988; Fischer and Ehrhardt, 1985; Iman and
Helton, 1985a; Hendrickson, 1984: Rabitz et al., 1983; Cox and
Baybutt, 1981; Rose and Swartzman, 1981; Tilden et al., 1981;
Mazumdar et al., 1978; Mazumdar et al., 1976;

Mazumdar et al., 1975

Kim et al., 1988a,b; Mishra and Parker, 1989; Doctor et al.,
1988; Iman and Helton, 1988; Maerker, 1988; Seaholm et al.,
1988; Sykes and Thomson, 1988; Obray et al., 1986; Downing
et al., 1985; Iman and Helton, 1985b; Jacobson et al., 1985;
Uliasz, 1985; Harper and Gupta, 1983; Montgomery et al.,
1983; Rose, 1882; Ahmed et al., 1981; Gardner et al., 1981;
Scavia et al., 1981; Cox, 1977; Burns, 1375
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uncertainty/sensitivity study. First, differential analysis is inherently
local. The farther a perturbation moves from the base-case value about which
the Taylor series was constructed, the less reliable the analysis results
become. In particular, differential analysis is a poor choice for use in
estimating distribution functions and provides no information on the possible
existence of thresholds or discontinuities in the relationships between
independent and dependent variables. Overall, the more nonlinear the
relationships between the independent and dependent variables, the more
difficult it is to employ a differential analysis effectively. Second,
differential analyses can be very difficult to implement and often require
large amounts of human and/or computer time. This difficulty arises from the
need to calculate the partial derivatives required in the Taylor series. The
possible use of sophisticated techniques such as the GRESS/ADGEN procedures
offers some encouragement in this area. Even so, the need to calculate the
required derivatives should not be taken lightly.

Monte Carlo analysis is based on the use of a probabilistic procedure to
select model input. Then, uncertainty analysis results are obtained directly
from model predictions without the use of an intermediate surrogate model,
and sensitivity analysis results are obtained by exploring the mapping from
model input to model predictions that formed the basis for the uncertainty
analysis. Desirable properties of Monte Carlo analysis include the
following: (1) the full range of each input variable is sampled and
subsequently used as model input; (2) uncertainty results are obtained
without the use of a surrogate model; (3) extensive modifications to the
original model are not necessary (such modifications are often required when
adjoint or Green’s function techniques are used as part of a differential
analysis); (4) the full stratification over the range of each input variable
facilitates the identification of nonlinearities, thresholds, and
discontinuities; (5) a variety of regression-based sensitivity analysis

techniques are available; and (6) the approach is conceptually simple, widely
used, and easy to explain.

Two particularly appealing features of Monte Carlo analysis are the full
coverage of the range of each input variable and the ease with which an
analysis can be implemented. The first feature is particularly important
when the input variables have large ranges and the existence of nonlinear
relationships between the input and output variables is a possibility. With
respect to the second feature, essentially any variable that can be supplied
as an input or generated as an output can be included in a Monte Carlo
analysis without any modification to the original model.

The major drawback to Monte Carlo procedures i1s the fact that multiple model

evaluations are required. If the model is computationally expensive to

evaluate or many model evaluations are required, then the cost of the
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required calculations may be large. Computational cost should always be
considered when selecting a technique, but it is rarely the dominant cost in
performing an analysis. Special techniques such as Latin hypercube sampling
and importance sampling can often be used to reduce the number of required
model evaluations without compromising the overall quality of an analysis.
Further, it is important to recognize that, in practice, the other analysis
techniques discussed in this section can require as much computational time
as Monte Carlo analysis.

Response surface methodology is based on constructing a response-surface
approximation to the original model. This approximation is then used as a
surrogate for the original model in subsequent uncertainty and sensitivity
studies. Desirable properties of response-surface methodology include the
following: (1) complete control over the structure of model input through
the experimental design selected for use; (2) near optimum choice for a model
whose predictions are known to be a linear or quadratic function of the input
variables; and (3) uncertainty and sensitivity analyses that are inexpensive
and straightforward once the necessary response surface approximation has
been constructed. Further, the development of experimental designs has been
widely studied, although typically for situations that are considerably less
involved than those encountered in performing an uncertainty/sensitivity
study for a complex model.

There are also several drawbacks to response surface methodology that should
be considered when an approach to uncertainty/sensitivity analysis is being
selected. These include the following: (1) difficulty in development of an
appropriate experimental design because of many input variables, many output
variables, unknown form for the model, or spatial/temporal variability;

(2) use of few values for each input variable; (3) possible requirement of
many design points; (4) difficulties in detecting thresholds,
discontinuities, and nonlinearities; (5) difficulties in including
correlations and restrictions between input variables; and (6) difficulty in
construction of an appropriate response-surface approximation to the original
model, which may require a considerable amount of statistical sophistication
and/or artistry. Ultimately, the final uncertainty/ sensitivity results are
no better than the response-surface approximation to the original model.
Response-surface methodology will work when there are only a few (typically,
less than 10) input variables, a limited number of distinct output variables
(because a design that is appropriate for one output variable may not be
appropriate for a different output variable), and the relationships between
the input and output variables are basically linear or quadratic or involve a
few cross-products. Otherwise, the structure of the input-output
relationships is too complicated to be captured by a classical experimental

design (or a sequence of designs if a sequential approach is being used) in
an efficient manner.
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The FAST approach is based on performing a numerical calculation to estimate
expected value and variance. Further, sensitivity results are obtained by
decomposing the variance estimate into the variances due to the individual
input variables. Desirable properties of the FAST approach include the
following: (1) full range of each input variable is covered; (2) estimation
of expected value and variance is by a direct calculation rather than by use

of a surrogate model; and (3) modifications to the original model are not
required.

There are also several drawbacks to using the FAST approach. These include
the following: (1) the underlying mathematics is complicated and difficult
to explain; (2) the approach is not widely known or used; (3) developing the
necessary space-filling curve and performing the numerical integration over
this curve to obtain expected value and variance is complicated; (4) many
model evaluations may be required; (5) an estimate for the cumulative
distribution function of the dependent variable is not provided; and (6) it
is not possible to specify correlations or other types of restrictions
between variables. Fortunately, software has been developed to facilitate
the implementation of an uncertainty/sensitivity study based on the FAST
approach (McRae et al., 198l). As analyses are currently performed with the
FAST approach, no information on discontinuities, thresholds, or
nonlinearities is obtained. However, it is probably possible to investigate
this type of behavior with the model evaluations that must be performed in
the numerical integrations to obtain expected value and variance.

Monte Carlo as a Preferred Approach

Each approach to uncertainty and sensitivity analysis has its advantages and
disadvantages, and all approaches have been successfully applied. It would
be a mistake to state categorically that one approach will always be superior
to the others regardless of the model under consideration. For a given
analysis problem, the available approaches should be considered, and the
approach that seems most appropriate for the problem should be selected.
This selection should take into account the nature of the model, the type of
uncertainty and sensitivity analysis results desired, the cost of modifying
and/or evaluating the model, the human cost associated with mastering and
implementing a technique, the time period over which an analysis must be
performed, and the programmatic risk associated with unanticipated
complications in the implementation of a technique.

The comments of the preceding paragraph notwithstanding, it is felt that
Monte Carlo techniques provide the best overall approach for studying
problems related to performance assessment for radicactive waste disposal.
This statement is made for several reasons.
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3.5 Uncertainty and Sensitivity Analysis
3.5.1 Available Techniques

First, there are often large uncertainties in such problems. Due to full
stratification over the range of each variable, Monte Carlo techniques are
particularly appropriate for analysis problems in which large uncertainties
are associated with the input variables. 1In particular, differential
analysis and response surface methodology are likely to perform poorly when
the relationships between the input and output variables are nonlinear and
the input variables have large uncertainties.

Second, Monte Carlo techniques provide direct estimates for distribution
functions. Neither differential analysis nor the FAST approach is intended
for the estimation of distribution functions. The estimates obtained with
response surface methodology are no better than the response surface
approximation to the original model. It should be possible to estimate
distribution functions with results generated as part of the FAST approach,
but this possibility apparently has not been investigated and applied.

Third, Monte Carlo techniques do not require a large amount of sophistication
that goes beyond the analysis problem of interest. In contrast, differential
analysis, response surface methodology, and the FAST approach require a large
amount of specialized knowledge to make them work. Developing this knowledge
and making these techniques work can be very costly in terms of analyst time.
Conceptually, Monte Carlo techniques are simpler and do not require
modifications to the original model or additional numerical procedures. For
example, both differential analysis and the FAST approach can require
sophisticated numerical calculations. The application of response surface
methodology can require specialized knowledge in experimental design and
response surface construction. As a result, analyses based on Monte Carlo
techniques are usually easier to present and explain than analyses based on
the other techniques.

Fourth, Monte Carlo techniques can be used to propagate uncertainties through
a sequence of separate models. Examples of this type of analysis can be
found in performance assessments for radicactive waste disposal sites (Bonano
et al., 1989; Cranwell et al., 1987) and probabilistic risk assessments for
nuclear power plants (U.S. NRG, 1990; Helton et al., 1988; draft of NUREG/CR-
4551, U.s. NRC). Due to the use of a number of independent computer programs
and the mnecessity to handle information at model interfaces appropriately,
the other methods do not seem to be applicable to this type of analysis.

Fifth, Monte Carlo techniques create a mapping from analysis input to
analysis results. This mapping is rich in information because of the full
stratification over the range of each input variable and the wide variety of
output variables that can be generated and saved. Once produced and stored,
this mapping can be explored in many ways. Differential analysis is

inherently local. Response surface methodology employs a very sparse
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stratification. The exact nature of the mapping produced by the FAST
approach has not been investigated.

3.5.2 MONTE CARLO ANALYSIS

As previously discussed, the WIPP performance assessment uses Monte Carlo
techniques to study the impact of uncertainties. A Monte Carlo analysis
involves five steps. Each of these steps is now discussed in the context of
the WIPP performance assessment.

Selection of Variable Ranges and Distributions

Monte Carlo analyses use a probabilistic procedure for the selection of model
input. Therefore, the first step in a Monte Carlo analysis is the selection
of ranges and distributions for the variables under consideration. When
performed carefully, this can be the largest and most expensive part of a
Monte Carlo analysis. However, the amount of effort expended here depends
strongly on the purpose of the analysis.

If the analysis is primarily exploratory, then rather crude characterizations
of the ranges and distributions for the input variables may be adequate. For
example, physical plausibility arguments might be used to establish ranges,
and uniform or loguniform distributions could be assumed within these ranges.
These assumptions are often adequate to bound the ranges for output variables
of interest and also to determine which input variables have the greatest
influence on the output variables. The estimated range for an output
variable and associated sensitivity results are primarily determined by the
ranges assigned to the input variables. Thus, even for exploratory studies,
care should be taken to avoid assigning unreasonably large ranges to
variables. Sensitivity results are generally less dependent on the actual
distributions assigned to the input variables than they are to the ranges
chosen for the variables. However, distributional assumptions can have a
large impact on the distributions estimated for output variables. Thus, when
distributions for output variables must be estimated accurately, care muct be
used in developing distributions for the input variables.

Resources can often be used most effectively by performing a Monte Carlo
analysis in an iterative manner. 1In a first iteration, rather crude range
and distribution assumptions can be used to determine which input variables
dominate the behavior of output variables of interest. Often, most of the
variation in an output variable will be caused by a relatively small subset
of the input variables. Once the most important input variables are
identified, resources can be concentrated on characterizing their
uncertainty. This avoids spending a large effort to characterize carefully
the uncertainty in variables that have little impact on the ultimate outcome
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of an analysis. This, in essence, is the approach used in the WIPP
performance assessment, where an uncertainty/sensitivity study is performed
each year to determine the importance of individual variables and thereby to
provide guidance for future research (e.g., Helton et al., 1991).

The variables considered in Monte Carlo studies are typically input
parameters to computer models. The individual variables Xy, j=1, ..., m,
can represent any parameter used in an analysis, including hydraulic
conductivities, retardations, solubility limits, scenario probabilities,
parameters in distributions, probabilistic cutoffs used to eliminate low
probability scenarios, and parameters that characterize numerical
calculations such as mesh sizes and error bounds. The defining
characteristic of these variables is that the analysis requires a single
value for each variable but it is uncertain as to what the wvalue should be.
Thus, the range assigned to each variable represents the set of possible
values for that variable, and the corresponding distribution characterizes
the likelihood that the appropriate value to use for this variable falls in
various subsets of this range. As discussed in Section 3.1.3-
Characterization of Uncertainty in Risk, this type of uncertainty corresponds
to what is sometimes called Type B, or subjective, uncertainty.

It is very important that the range assigned to a variable be consistent with
its usage in the computer program that implements the underlying model. 1In
particular, the range assigned to a variable should be consistent with the
scale on which the variable is used in the specific implementation of the
model under consideration. A common mistake is to estimate a variable on a
local scale and then to infer uncritically that the observed local
variability is the same as the uncertainty in this variable on a much larger
scale. This can lead to serious mis-estimates of the range for the
"effective" variable value that is actually used in an analysis.

For example, a computer program might take a single value for the solubility
limit of a radionuclide as input, with this single value being used
throughout a room in a waste repository or perhaps even throughout the entire
repository. Further, theoretical calculations or experimental results might
be available for solubility limits under conditions that could occur in
subregions of a room but which would be very unlikely to occur uniformly over
the entire room. In this case, it would be a mistake to use the range of
local results to characterize the range of solubility limits for a room or
the repository since this range was developed for isolated sets of conditions
that would not exist over large areas. The available information should be
used in the construction of a range of "effective" solubility limits that is
consistent with the use of this parameter in the particular analysis being
performed. Similar situations can occur in the characterizations of

hydraulic conductivities, retardations, and other variables where the scale
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on which data are measured is very different from the scale on which
estimated variables are actually used.

The preceding discussion quite naturally leads to the following question:
How should the ranges and distributions for variables be determined for use
in a Monte Carlo analysis? This is a reasonable question to ask, and a hard
question to answer. Clearly, the answer must depend on the goals of the
analysis, the time and resources available, and the type of information that
exists for use in estimating ranges and distributions.

The simplest and most desirable situation would be to have a sequence

elj’ e

250 T enE,j (3-37)
of independent, unbiased, normally and identically distributed estimates for

a variable Xj exactly as it is used by a model in a particular analysis and

by the computer program that implements this model. In this case, each €eij

is an estimate for the corresponding model input Xy, and the single best
estimate for xj is given by

_ nE
X, =2

e../nE. (3-38)
iy i3/

1

Further, the standard deviation, or standard error as it is sometimes called

when population parameters are being considered, for Ej is given by

1/2

SD(§j> -z (e, - %2 / { nE(nE-1). (3-39)

The quantity

t = (xj - xj)/SD(xj) . (3-40)

is distributed as a t-distribution with nE-1 degrees of freedom, where Xj is
the appropriate but unknown variable value for use in the analysis (Iman and

Conover, 1983). The preceding expression can be rearranged algebraically to
obtain

. =x, - t SD(X.). 3-41
XJ XJ ( J) ( )
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Thus, the t-distribution can be used to define a distribution for Xj .
Further, a confidence interval (e.g., 95%, 99%) for Xj can also be obtained
from the t-distribution and used to define the range of xj. This is
equivalent to excluding specified regions in the tails of the t-distribution
when generating Xj from the expression in Equation 3-41. The justification
for using the t-distribution as a probability distribution for an uncertain
variable comes from applying Bayes' Theorem with a diffuse prior distribution

for both the mean and standard deviation of the sampling process (Winkler,
1972).

As just illustrated, it may be possible to estimate the range and
distribution for some variables with formal statistical procedures. Such
procedures should always be used when data have been collected in an
appropriate manner. Appropriate data collection usually requires prior
knowledge of the precise variable to be estimated and use of a carefully
planned experimental design. The exact statistical procedures selected for
use would depend on the experimental design and the assumed relationships
between the variable to 