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ABSTRACT

This document provides an overview of the process used to assess the performance of the Waste Isolation
Pilot Plant (WIPP), a proposed repository for transuranic wastes that is located in southeastern New
Mexico. The quantitative metrics used in the performance-assessment (PA) process are those put forward
in the Environmental Protection Agency's Environmental Standards for the Management and Disposal of
Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (40 CFR 191). Much has been
written about the individual building blocks that comprise the foundation of PA theory and practice, and
that WIPP literature is well cited herein. However, the present approach is to provide an accurate, well
documented overview of the process, from the perspective of the mechanical steps used to perform the
“actual PA calculations. Specifically, the preliminary stochastic simulations that comprise the WIPP PAs
of 1990, 1991, and 1992 are summarized.
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Preface

PREFACE

In broad terms, performance assessments (PAs) for the Waste Isolation Pilot Plant (WIPP) are
stochastic simulations that cstimate probabilistically the behavior of human-made and/or natural
structures for the express purpose of comparing their performance to regulatory standards. The available
literature on the WIPP's various performance assessments for the WIPP is extensive. However, relatively
little has been written about the overall mechanics of the WIPP PA process itself. To help remedy that
situation, the principal purposc and perspective adopted in this report have been to provide overview of
the structure, form, and function of the WIPP PA process.

Purpose

The purpose of this document is to describe in overview the process used by Sandia National
Laboratorics since 1986 to assess the performance of the WIPP using examples of calculations from 1990
through 1992, The document also serves as a reader’s guide to the tomes of more detailed information
that Sandia (as scientific investigator and advisor for the Department of Energy on characterizing the
WIPP) has published since 1975 on specific and related topics. Each topic treated herein is accompanied
by a list of basic references on that subject. The document is also intended to serve as a primer on the
performance assessment calculation process. It was the latter purpose that provided the first impetus 1o
collect the information presented in the report. However, the former two purposes provided the
motivation to sct the information in writing and determined the organization and content of the report as a
whole. Knowledge of the evolution of the PA calculation process and its application to the WIPP is
important to fully understand the general calculational approach that will be used in the draft and final
applications certifying compliance of the WIPP with regulations of the Environmental Protection Agency.

Organization

The report is divided into eight chapters. Those chapters arc subdivided into sections and subsections.
Most subsections consist of a single page of text that includes a reference list, and a single figure that
illustrates its corresponding text. The text/figure pairs are designed to be fairly sclf-contained. Therefore,
rcaders with specific interests may treat the document as a handbook or manual. Traditional readers will
discover that subsections within a section provide progressively morc detail about the mechanics of the
process being discussed. The final subsection within cach scction usually describes the detailed linkage of
the modularly designed computer codes used in that part of the PA process. Such information will be of
interest to anyone cndeavoring to understand the working details of the system, but it is probably not of
interest to more casual readers.

The introductory chapter sets the stage by overviewing compliance strategy. It subdivides the various
tasks of thc WIPP PA process into six progressive steps and addresses the critical role of multiple
iterations. The introduction also includes a brief history of the WIPP project and PA methodology. The
chapters following the introduction treat the various PA tasks in the order in which they arc described in
the introduction, which is: Chapter 2, disposal-system characterization; Chapter 3, scenario development;
Chapter 4, probability modeling; Chapter 5, consequence modeling; Chapter 6, regulatory assessment;
Chapter 7, scensitivity analysis, Chapter 8, the final chapter, provides summary figures of the PA process
and of the linkages among the modeling subsystems of the WIPP PA for calculations through 1992.

Using This Report

Because cach subscction of the report is sclf-contained, the reader can casily choose the type of
information to be read and the desired level of detail. A genceral reader seeking an overview may choose to
rcad only the first subsection under cach of the PA steps, that is, only the main headings of the report.
However, a PA analyst endeavoring to learn how to contribute to or evaluate the inner workings of the PA
modeling system may wish to concentrate solely on the subsections under his/her PA step of interest, with
cursory forays into neighboring steps so as to understand the interfaces between his/her work and the
other subsystems within the overall PA process.

Caveats

This report focuses on the calculational process used for the 1990, 1991, and 1992 WIPP PAs. The
readers should nof take the descriptions as an exact prescription of what will take place in future PAs. For
example, changes can occur based on availability of new experimental data and improvements in the
modeling process.
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This report is designed for a spectrum of readers having a broad band of technical backgrounds. It is
not, however, written for general nontechnical readers. General readers may find the report useful in that
it provides a measure of insight into the PA process, but it also assumes some technical competency and
familiarity with basic technical nomenclature. On the other hand, knowledgeable readers should not
expect a definitive, step-by-step users' guide with in-depth technical bases for each of the WIPP PA codes.
although the documents in which those topics are treated are referenced.

The reader should bear in mind that no single individual carried out the 1990, 1991, or 1992 annual
PAs. As practiced in the United States, stochastic PAs for nuclear waste disposal system are complicated,
interdisciplinary, demanding tasks that require diverse skills and a thorough understanding of myriad
aspects of the physical and mathematical sciences. They start as conceptual models that must be
transformed into sound theoretical, then computational, and finally applied models. To date, WIPP PAs
have resulted from the well coordinated efforts by a sizable team of experienced specialists who have
become experts in their specific subareas of the PA calculation.

The committed reader will want to start with the overall calculational procedure. Once that is
understood, he/she should then turn to the science of the models and then endeavor to understand how all
of the models interact as a system, thus endeavoring to appreciate both the microscopic and macroscopic
viewpoints of the various WIPP PAs, A concise document such as this cannot promise to support that
entire goal unaided. It can, however, serve as a useful introduction and guide to the inherently complex
stochastic PA of nuclear waste disposal systems in the United States and to the literature that supports it.

Related Overview Documents

Readers who require additional information on the mechanics of the PA process are referred to the
following overview documents:

Rechard, R.P., ed. 1992. User's Reference Manual for CAMCON: Compliance Assessment
Methodology Controller, Version 3.0. SAND90-1983. Albuquerque, NM: Sandia National
Laboratories.

Rechard, R.P., A.P. Gilkey, H.J. Tuzzolino, D.K. Rudeen, and K.A. Byle. 1993a. Programmer's
Manual for CAMCON: Compliance Assessment Methodology Controller. SAND90-1984.
Albuquerque, NM: Sandia National Laboratories.

The User's Guide to the WIPP PA Codes that is being written by W.F. Simmons and G.K. Froehlich.

The individual users' guides and corresponding technical-basis manuals for each of the modular
WIPP PA codes that are under preparation.

Those seeking additional information on the results and applications of the PA process are referred to
the following two sets of reports:

WIPP PA (Performance Assessment) Department. 1992/1993. Preliminary Performance Assessment
Jfor the Waste Isolation Pilot Plant, December 1992. SAND92-0700/1/2/3/4/5. Albuquerque, NM:
Sandia National Laboratories. Vols. 1-5.

Rechard, R.P., ed. 1995. Performance Assessment of the Direct Disposal in Unsaturated Tuff of Spent
Nuclear Fuel and High-Level Waste Owned by U.S. Department of Energy. Volume 1: Executive
Summary. Volume 2: Methodology and Results. Volume 3: Appendices. SAND94-2563/1/2/3.
Albuquerque, NM: Sandia National Laboratories.

Note: The second of the two reports does not pertain to the WIPP Project, but it uses the same general
methodology. It has the advantage of describing an entire PA calculation in one main volume (Volume 2),
rather than the five or more volumes necessary to treat the WIPP.
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1.0 Introduction

1.0 INTRODUCTION

In 1979, Congress authorized the U.S. Department of Energy (DOE)" to build a research and
development facility to test the safe management, storage, and disposal of wastes containing transuranic
(TRU) radionuclides. The Waste Isolation Pilot Plant (WIPP) was designed and built as a full-scale pilot
repository. It is mined horizontally at a depth of 655 m (2150 ft) in a thick and extensive bedded salt
formation (mostly halite) 42 km (26 mi) east of Carlsbad, New Mexico. If the design proves tenable on the
basis of all regulatory criteria, the facility would become a permanent repository for TRU radioactive
wastes produced by federal programs for the development and manufacture of nuclear weapons (transuranic
refers to elements with atomic numbers greater than uranium-92). Because these wastes contain
radionuclides and other hazardous constituents, such as heavy metals and volatile organic compounds
(VOCs), a full suite of regulatory criteria has to be satisfied before the WIPP can be certified as an
acceptable repository for federal wastes. In 1992, Congress charged the U.S. Environmental Protection
Agency (EPA) to review the DOE's published findings on the WIPP and to certify whether or not overall
compliance has been satisfactorily demonstrated.!**

In general, the overall process of assessing whether a waste disposal system meets a set of performance
criteria is known as a performance assessment (PA).2*** A PA provides important input to decisions on the
safety (i.e., social acceptability of the risks) of a plan of action using a detailed procedure and scientific
knowledge. For radioactive wastes, a computationally demanding set of risk-based performance criteria is
specified in the EPA's Environmental Radiation Protection Standards for Management and Disposal of
Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes (40 CFR 191).3:4 TThey are specific,
quantitative criteria that specify probabilistic limits that must be met for the first 10,000 years of operation
of a waste repository. Clearly, it is not sufficient to develop an accurate scientific understanding of the
current status of a disposal system. Rather, calculations illustrating possible behavior well into the future
are required. Consequently, a PA is carried out on a suite of models that represents and illustrates the
disposal system's present and future behavior, and the assessment is through computer simulation. The
physical, chemical, and geological processes that determine the behavior and evolution of the site are
complex and often highly nonlinear. Accordingly, the models that describe the processes are themselves
complex and often technically sophisticated.

This document describes in overview the procedural steps that comprise a WIPP performance
assessment. Specifically, it treats the 1990, 1991, and 1992 PAs,56.7which were evolutionary in nature,
each building on and extending the scope and results of the ones before. The 1990 PA highlighted the
backbone of the assessment modeling system, the so-called Compliance Assessment Methodology
CONtroller (CAMCON 8:%:10), The CAMCON system is the central information-transmission and quality-
assurance system to which PA computational and utility codes connect, and through which they
communicate. It served as the central utility code for the subsequent PAs in 1991 and 1992.!10.7With
CAMCON in place, the 1991 PA featured a complete suite of computational components and highlighted
the documentation.6 With a complete array of working models in place, the 1992 PA used improved field

The U.S. Department of Energy was formed in 1977 by the Department of Energy Organization Act(Public Law 95-91, 912
Stat, 565). It replaced the Energy Research and Development Agency (ERDA). ERDA was formed by the 1974 Energy
Reorganization Act (Public Law 93-438) and replaced the Atomic Energy Commission (AEC), which was formed in 1946
(Public Law 585, August 1, 1946, 60 Stat. 755).

¥ The WIPP is not regulated by the Nuclear Regulatory Commission (NRC).2 (Sce also Section 1.5.1, Timeline of Events for

the Waste Isolation Pilot Plant.)

This general definition of a PA is used herein. However, the 40 CFR 191 regulation defines a performance assessment as an
analysis for comparison with the Containment Requircments of 40 CFR 191; specinically, 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. Concerning these events, Appendix C of 40 CFR 191 states that
the most severe anthropogenic event to consider is human intrusion into the repository from exploratory drilling.

As noted in the preface, because of changes instituted by the DOE in response to the Waste Isolation Pilot Plant
Land Withdrawal Act (Public Law 102-5791) and changes introduced by the Secretary of the Department of Energy to
accelerate the regulatory compliance program, the information in this document may not apply to future PAs.
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1.0 Introduction

data and highlighted both the conceptual and refined computational models that had been developed to
comprise the WIPP PA modeling system.5tt

The EPA's official guidance concerning the nature of performance assessments (50 FR 38066) 3
suggests a PA in the United States requires a stochastic simulation of the possible long-term behaviors of a
real system based on computer-implemented mathematical models of that system. In that respect, WIPP
PAs are similar to other, perhaps more familiar, large-scale stochastic simulations such as the Reactor
Safety Study.!1-12 These large-scale simulations have been used by federal agencies to explore policy
options and to develop regulatory criteria.!3 However, unlike those simulations, PA results are not intended
merely to gain insight into the behavior of a system for purposes of rational bases for governmental policy
or regulatory standards. Rather, they are used to test the compliance of a real system (i.e., the WIPP) with
environmental standards. But bear in mind, PAs are not truly predictive, but rather illustrative calculations
for comparison to regulatory measures. Thus, not only are the PA results themselves of critical importance,
but also equally important are the uncertainty analyses that accompany them. The quantitative analysis of
uncertainty in PA calculations is not just good scientific practice, it is strongly suggested as necessary by
EPA regulations. Moreover, a disposal system cannot be analyzed and assessed piecemeal. By federal
regulation, all results must be combined to form an "overall probability distribution" whenever practicable.

Use of a stochastic simulation to quantitatively evaluate uncertainty is only one of several constraints
that complicate PAs. Modeling problems are often compounded by the inherent characteristics of the
disposal system itself. The principal elements of geological waste-disposal systems are natural materials,
that is, stratified layers of soils, sands, clays, rocks, salts, and other minerals that have been deformed and
worked for millennia by tectonic, hydrological, and climatic forces. The distribution and physical and
chemical characteristics of these natural components are not well known, usually inhomogeneous,
anisotropic, and temporally variable on scales that are difficult to characterize thoroughly.

Correspondingly, the EPA has acknowledged explicitly that a performance assessment, being an
indirect demonstration or illustration of possible future conditions, need not providecomplete assurance
that performance requirements will be met. Quoting from 40 CFR 191, "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
implementing agency, that compliance with 191.13(a) (Containment Requirements, see Sections 6.1.2 and
6.1.3) will be achieved.”

This document presents a condensed overview of the overall calculation procedure for assessing the
performance of the WIPP for 10,000 yr. It endeavors to present the system at several levels of technical
sophistication so as to be useful to readers with a broad spectrum of technical backgrounds. To make that
possible, the physics, chemistry, and mathematics of the WIPP PA models have been described only
functionally. The nuances of the various natural phenomena treated in the WIPP's scientific models have
been intentionally omitted so as to save the overview reader from inevitable and considerable technical
encumbrances. These nuances are treated extensively in the referenced documents. Technical manuals
describing each of the WIPP codes are presently in preparation. They are scheduled to appear some time
during 1995 and 1996. Readers should regard them as additions to this document's list of references.

In addition to providing a general overview of the PA process, this document may be used as a guide to
the extensive and more detailed WIPP scientific literature. Each subsection of the body of the report
includes an abbreviated reference list that gives the principal scientific references related to the topic treated
in that subsection. In addition, readers having access to the WIPP codes, the required computational
hardware, and the desire to run them are referred to the Users’ Guide to the WIPP PA Codes that is
currently being written and may be regarded as a companion volume to this document for serious technical
readers. -

The remaining sections of this introduction describe (a) Sandia's overall strategy for evaluating the
WIPP in terms of the various environmental regulations and the multiple-iteration technique used to
improve the quality of the PA (Section 1.1), (b) the general steps that comprise Sandia's PA process
(Section 1.2), (c) the types of uncertainty that arise in a PA (Section 1.3), (d) the terminology pertinent to a

T An carly 1989 PA highlighted the methodology to be used in the following ycars.l4 However. the modeling system used was
only a prototype of the one used for the later PAs. Consequently, the PA mechanics described in this document do not apply to
the 1989 PA.




1.0 Introduction

geologic disposal system (Section 1.4), and (e) a history of waste-disposal issues that affected the initiation
and evolution of the WIPP Project (Section 1.5).

The organization of the remainder of the report follows the steps of a performance assessment as they
are described in Section 1.2. Each section of a chapter explains one aspect of that chapter, and each
subsection of that section offers increasing detail on the PA process being discussed. Thus, the final
subsection of each section usually describes the detailed linkage of codes used for that portion of the PA
process code linkages that are clearly of interest to readers endeavoring to master the operational details of
the PA process. However, they are probably not of interest to the casual reader. Thus, a reasonable strategy
for approaching this document is to obtain a general overview of the PA process by skimming the text of the
main chapter headings (denoted 1.0, 2.0, 3.0,...). Technically inclined readers can then delve more into the
details of the process by progressively reading the text in the main sections of the report (denoted 1.1, 1.2,
. 2.1,2.2, ..., 3.1, ...) and then studying the text and figures of the subsections (denoted 1.1.1, 1.1.2, 1.2.1,
1.2.2,1.3.1, ...).
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1.1 40 CFR 191 - Based Compliance Strategy

The Environmental Protection Agency (EPA) standard, Environmental Radiation Protection
Standards for Management and Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive
Wastes (40 CFR 191) requires extensive computations of a probabilistic nature to illustrate the performance
of the disposal system of the Waste Isolation Pilot Plant (WIPP). Thus, it provides the incentive for the
development of the modeling methodology and associated analysis tools devised and complled by Sandia
National Laboratories to evaluate the long-term behavior of the WIPP disposal system.!That methodology,
with modifications, also serves to assess compliance with other environmental regulations and laws
concerned with long-term release of nonradioactive contaminants, such as the regulations of theResource
Conservation and Recovery Act of 1976 (see Chapter 6.0, Long-Term Regulatory Assessment).”

Essentlally, the EPA standard 40 CFR 191 spec1ﬁes the required safety of a geologlc disposal system,
that is, the risk from the WIPP that is acceptable in the United States. In turn, risk** is the potential that
some unwanted loss may occur. Although 40 CFR 191 does not directly use that risk to human health as a
criterion, its requirements are related to health risk. Specifically, the individual protection requirements set
limits on radionuclide doses to humans, and the containment requirements set limits on (a) radionuclide
releases and (b) on the probability that such releases will occur. Because 40 CFR 191 explicitly recognizes
the uncertainty of scientific explanations, uncertainties associated with the WIPP modeling process must
also be quantified to the extent possible (see Chapter 6.0, Long-Term Regulatory Assessment).

Sandia's overall assessment approach was developed simultaneously with early drafts of 40 CFR 191,
so as to evaluate early options for regulating deep, geologic reposnorles 24 sandia's approach to
assessment modeling benefited further from its scientific participation in earlier studies of the feasibility of
subseabed disposal of radioactive wastes in deep-ocean sediments. Those studies were conducted under the
auspices of the Nuclear Energy Agency of the International Organisation for Economic Co-Operation and
Development.? Sandia used information from those exploratory analyses to guide the development of
performance-assessment techniques for the WIPP.

Attention is called to two important aspects of the compliance strategy of the WIPP, namely: (1) the
use of a detailed modeling style, and (2) multiple iterations performed to improve assessment quality. These
aspects are described further in the two subsections that follow.
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An alternative compliance strategy might have been to start by implementing the RCRA regulations because they include well
defined legal steps (e.g., applications, hearings, etc.). However, the RCRA regulations are less demanding of the models.
Furthermore, these regulations were the last to be applied to the WIPP and so their influence is not as strong (see Section 1.5.1,
Timeline of Events for the WIPP Project).

** Toarriveata quantifiable risk (or a risk related measure) requires describing what may happen, quantifying the probability of

some unwanted loss happening, and quantifying the loss (see Section 1.2.2, Performance Assessment as an Ordered Triplet)
Although not done here, authors frequently define risk as the product of the loss (consequence) and the probability of the loss.
Herein the loss and the probability loss for various happenings (scenarios) are paired to form the complementary cumulative
distribution function (CCDF) (see Section 1.3 and Chapter 6).
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1.1.1 The Modeling Style of the PA for the WIPP

The general definition of performance assessment (PA)—a process of assessing whether a system
meets a set of performance criteria—is easy to understand. Even the six general steps of a performance
assessment for a waste disposal system described in Section 1.2 are easy to comprehend because, in general,
the steps are tied to the process of building scientific models. It is the approaches within these six steps that
were used for analyzing the Waste Isolation Pilot Plant (WIPP) from 1990 through 1992 that this report
seeks to illuminate.” In this report, the guiding philosophy used to construct models is termed "modeling
style." Examples of modeling style include the following: the type of natural and anthropogenic
phenomena considered, assumptions of symmetry and dimensionality of the conceptual model, and density
of spatially varying data. The modeling style, in turn, is dependent upon the type of system, the
performance criteria, and the available assessment technology. Different modelers approach and frame
modeling problems differently. For the geologic disposal systems in general, and the WIPP in particular,
modeling style was determined by Sandia scientists and engineers. Important influences on this style were
congressional policies set forth in laws (e.g., NEPA! and the WIPP Land Withdrawal Act?) and regulations
of the Environmental Protection Agency (EPA) implementing these laws (e.g., 40 CFR 198). Future
influences will be determined by the EPA as they review the WIPP compliance application (e.g., 40 CFR
194%). For example, 40 CFR 191 specifies performance criteria for 10,000 yr; therefore, the system is
necessarily a mathematical model. Furthermore, 40 CFR 191 uses a probabilistic performance criterion for
assessing compliance and requests an applicant display the results of the analysis as a "complementary
cumulative distribution function" (CCDF).

The modeling style adopted must be adequate to provide the EPA with ". . . a reasonable expectation
... that compliance will be achieved." In the calculations through 1992 for assessing the safety of the
WIPP, Sandia adopted a detailed”® modeling style (i.e, a style that included phenomenological details and
often multiple dimensions in the model, and avoided simplified or conservative models and/or parameters
unless required data or knowledge was not available***). Certainly, an important reason for using a detailed
modeling style was the general acceptance in the United States of using detailed probabilistic risk
assessments (PRAs) for nuclear regulatory matters; PRAs were used because of the pioneering work in
1975 in the Reactor Safety Study’ that was the backdrop for the development of 40 CFR 191 in the late
1970s and early 1980s. Similarly, Sandia also used detailed models in the major update of theReactor
Safety Study® and in the process of examining deep seabed disposal of nuclear waste.” Also, a detailed
modeling style has been proposed as policy by the Nuclear Regulatory Commission.8 Furthermore, early
comment received from the EPAY and the WIPP Panel of the National Academy of Science encouraged
Sandia to continue using a detailed modeling style (at least for preliminary assessments when determining
general understanding of the disposal system).

The principal advantage of the detailed modeling style is that is provides a sufficient level of realism
(1) to provide general scientific understanding® of the WIPP disposal system over 10,000 yr, (2) to explore
many potential sources of uncertainty, and (3) be able to tie any lack of understanding or sources of
uncertainty directly to measurable quantities, should they be important to study further in other modeling
iterations. The major self-imposed constraint on the amount of detail and what type of phenomena to
include was Sandia's desire to perform an entire performance assessment each year to obtain the benefits of
performance assessment iterations (see Section 1.1.2, Multiple Iterations: a Performance Assessment
Strategy).

Should the myriad details presented throughout the remainder of the report become confusing, recall that the structure of the
report is such that much can be gleaned about the modeling style by reading the major sections rather than the many
subsections.

* . .. . . .
A frequently used term is "realistic," but even realistic models are models nonetheless, and only mimic nature; thus, the term is

avoided in this report.

e Although not adopted for preliminary assessments of the WIPP, the use of simple and often conservative models and/or

parameters to give conservative results can be a convincing approach to use in a compliance applications; thus, this is one
aspect that can change from the preliminary assessments discussed in this report and future compliance applications.

Science is a consensual human endeavor, but consensus on scientific issues can take many years to form; thus, scientific
consensus that all potentially important knowledge that could be obtained about the site had indeed occurred was certainly
desired but was not a goal.
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1.1.2 Multiple lterations: a Performance Assessment Strategy

The strategy of conducting sequential performance assessment (PA) iterations (see Figure 1.1-2) is
beneficial because each iteration provides enhanced information about the disposal system in precisely
those areas where it is required. Initially, available data and supplementary information are used to develop
preliminary scenarios. These are analyzed with simple models and produce preliminary results, which may
be but simple bounding values. If these initial results are either indefensible or indecisive, better data, more
complete conceptual models, and more realistic computational models are sought and used in subsequent
calculations. By repeating this process iteratively, engineers and scientists can replace weak links in the
simulation chain and, eventually, devise defensible, definitive calculations on which intelligent decisions
about radioactive waste disposal at the Waste Isolation Pilot Plant (WIPP) can be made.*

In addition to assuring the overall goal of producing defensible calculations, multiple PA iterations
achieve six other goals, as follows:

* The analysis team focuses on the expectations to both the customer (purchasers of PA, i.e., the
Department of Energy [DOE]), regulators (e.g., Environmental Protection Agency), and the
stakeholders (agencies and individuals with internal and possible desire to impact PA). Moreover,
the customers, regulators, and stakeholders can become involved in the PA process. These iterative
interactions facilitate decisions that must be made by more than one person or agency over long
periods of time, e.g., nuclear waste disposal decisions.

¢ Because different performance hypotheses can be tested, analysts develop insight as to the behavior
of the disposal system.

¢ Through periodic peer reviews, analysts receive invaluable scientific feedback that can provide new
approaches, and insights, as well as new interactions for multidisciplinary teams.

¢ In instances where critical questions can be posed, early analyses can sometimes be partially
validated in later iterations based on more advanced models or newly collected data.

o Through sensitivity analyses on the results of simplified preliminary systems, project managers and
the participants can decide intelligently how best to allocate resources for supplementary data
collection and whether models should be elaborated or simplified.

e The WIPP PA, which is a large, long-term project, can be-divided into several smaller parts, each
with more easily agreed upon constraints and schedules. The PA becomes a series of smaller
projects repeated and refined several times—a useful technique, providing a quality product.
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Sandia’s PA Department performed annual iterative PAs of the WIPP from 1989 through 1992.1-4Along with the iterative
PAs, the DOE intended to perform in situ experiments on actual waste at the WIPP. However, circumstances associated with the
in situ experiments caused the DOE to decide in October 1993 to (1) eliminate in situ experiments at the WIPP, (2) perform any
necessary experiments with waste above ground away from the WIPP, and (3) implement an accelerated regulatory compliance
program that included preparing a draft application for certifying compliance of the WIPP as a means to begin discussions with
the Environmental Protection Agency (EPA) (see Section 1.5.1, Timeline of Events for the WIPP Project). The latter decision
required the curtailment of the annual PAs performed by Sandia.
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1.2 The Six Principal Steps of Performance Assessment
In this report, performance assessments (PAs) are subdivided into six principal steps,-2 as follows:

1. Disposal-system and regional characterization entails data collection on waste properties,
facility design, regional geology, and regional hydrology.

2, Scenario development identifies and selects features, events, and processes that collectively
comprise the scenarios, S(x), through which contaminants might be released to the "accessible
environment" as defined by the Environmental Protection Agency It provides guidance for
subsequent model development.

3. Probability estimation models likelihoods that the various scenarios will occur, P(x,é}-(x)).

4. Consequence analysis including uncertainty propagation calculates the potential amounts of
contaminants that mlght be released for a given scenario, C(x,S; (x)) and includes the quantitative
evaluation of uncertainties associated with those predlctlons

5. Long-term regulatory compliance assessment involves the construction of CCDFs and other
performance and uncertainty metrics and their comparisons with the relevant long-term
environmental regulations.

6. Sensitivity analysis determines the individual parameters and model forms that most influence
performance metrics and thereby provides guidance to WIPP project managers on where to direct
resources to further evaluate uncertainty of the parameters.

The first two performance assessment steps (see Chapters 2.0 and 3.0) are referred to collectively as
"mode] conceptualization” in this report. The third step, probability estimation, evaluates the probability of
occurrence of the various scenarios and includes the uncertainty in some of the system parameters (e.g.,
exploratory drilling for resources [human intrusion]) (see Chapter 4.0, Probability Estimation).

The fourth step, consequence analysis, consists of simulating the relevant physical, chemical,
biological, geological, and climatological processes that could influence repository performance (see
Chapter 5.0, Consequence Analysis). It is important to understand that it would take too long and cost too
much to build and run a single, three-dimensional, system model that would represent the Waste Isolation
Pilot Plant (WIPP) in sufficient detail to simulate all the events and processes that affect its performance.
Consequently, a suite of interconnecting submodels is used as the system model. Each submodel simulates
one of the WIPP's principal physical components. A "consequence model" is, thus, not a single model, but a
suite of many submodels that interface through CAMCON. This so-called "modular" approach to
consequence modeling is well suited to model development and refinement. To treat parameter uncertainty,
system parameters are sampled probabilistically, and the model is exercised many times over to yield a suite
of realizations illustrating the possible performance of the system.

The fifth step involves calculation of performance metrics such as cumulative release over 10,000 yr, or
individual dose. Metrics are evaluated and compared to established regulatory performance criteria (see
Chapter 6.0, Long-Term Regulatory Assessment).

In the final step, sensitivity analysis, the quantitative systemic effect of externally imposed variations in
selected individual parameters (x,) is assessed in terms of predicted consequences or the probabilities of
their occurrence (see Chapter 7.0, Sensitivity/Uncertainty Analysis).

The following subsections describe the general component of the six steps and then introduce several
underlying concepts of PAs.
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1.2.1 Components of the Six Performance Assessment Steps

Figure 1.2-1 displays the various components (shown as boxes) of the six performance assessment (PA)
steps and the flow of information through these components. The information flow is normally sequential
and usually follows the general order shown. However, in part because of the modular nature of the PA
system and in part because of its exercise through multiple iterations, system characterization and the
development of scenarios, probability models, and consequence models can occur concurrently with
consequence modeling. The system is modular and dynamic, and development is an ongoing process. One
component of the probability modeling step, estimates of probability, is normally postponed and calculated
concurrently with the construction of performance metrics (complementary cumulative distribution
function) during the regulatory assessment step.

Although the location and flow of information is generally as depicted in Figure 1.2-1, it is important to
realize that discrete boxes were selected more for illustrative purposes than for their absolute accuracy in
representing PA organizational subdivisions and the flow of information. In fact, the boundaries between
many of the subdivisions are fuzzy, and subareas can overlap to a great extent. For example, gathering new
input data might be categorized equally well as site characterization or model parameter compilation.
Moreover, the distribution of tasks among the depicted components is not unique, in part because the
process of performing the specific tasks is more continuous than discrete. Despite its inherent deficiencies,
the figure remains a useful tool in describing the complex operational nature of the PA process.

Note that the bottom-most box of Figure 1.2-1 is connected via an upward-pointing arrow to the top-
most boxes, suggesting the iterative nature of the PA process. Iterative refinement is not confined to the
entire PA (once per year between 1989 and 1992), but it may occur more frequently over many of the
subprocesses.! For example, inner iterations frequently occur during disposal system characterizations. A
particularly important "inner" iteration is the appropriate assignment of parameters and uncertainties to fit
the scale and detail of the models chosen for the PA analysis, given the facility design and knowledge of the
character of the site (see Chapter 3.0, Scenario Development).

The individual components shown in Figure 1.2-1 are discussed in greater detail in subsections of this
report. The figure is repeated at the beginning of each chapter and the components treated in that chapter
are highlighted in boldface.
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Quantitative Risk and Policy Analysis. New York, NY: Cambridge University Press.
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Figure 1.2-1. Components of the six general steps of a performance assessment.
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1.0 Introduction

1.2.2 Performance Assessment as an Ordered Triplet

A revealing description of the performance assessment (PA) task (see Figure 1.1-2) arises if the risk-
based performance criteria of the Containment Requirements in 40 CFR 191 (see Section 6.1.3,
Containment Requlrementsg are viewed as a set of ordered triplets, each triplet con51stmg of answers to the
following three questlons

e What can happen? [hereafter called scenarios, Sj(x), wherej =1, 2, ..., nS].
e How likely are these things to happen? (probabilities of scenarios, (P[x, Sj(x)]).'

e What are the outcomes of these happenings? (consequences of scenarios, C[x, (x)])
where x represents all the numerical parameters required to quantify the applied model, anénS is
the number of scenarios to be included.

The first question is answered via the scenario development process (see Chapter 3.0). Part of scenario
development consists of selecting features, events, and processes from a general list to create a set of
plausible occurrences that specify what might happen to the disposal system in the future. These are denoted
SA{x), where j = 1, 2, ..., nS. The second question requires a modeling system capable of estimating the
probability P[x,S; (x)] that the jth scenario will occur. The third questlon requires several modeling systems
capable of estlmatm0 the consequences of each of the nS scenarios, C[x, Si(x)]* (see Chapter 5.0,
Consequence Ana1y51s) For a given scenario, a complementary cumulative distribution function (CCDF)
displays as a single curve the second and third elements, that is, the consequence and the probability of that
consequence occuiring [see Section 6.1, Environmental Protection Agency 40 CFR 191 Simulations, and
Section 1.3.1, Propagating Uncertain Parameters (Epistemic Uncertainty) through Consequence Models].
For »S scenarios, there will be nS CCDF curves. Uncertainty in the calculation of the CCDF can arise from
uncertainty in any of the three elements of the triplet (scenario selection, probability model form,
consequence model form) or in the underlying numerical parameters characterrzmg the system (x= x{,...
x,y, where nV is the total number of parameters required).™ Evaluations of predictive uncertainty that
cannot be derived quantitatively may be derived qualitatively by expert judgment (see Sectlon 4.1,
Assigning Parameter Uncertainties).

References

1 Kaplan, S, and B.J. Garrick. 1981. "On the Quantitative Definition of Risk," Risk Analysis. Vol. 1, no. 1, 11-27.

2 Helton, J.C. 1993a. "Risk, Uncertainty in Risk, and the EPA Release Limits for Radioactive Waste Disposal,”
Nuclear Technology. SAND91-1255]. Vol. 101, no. 1, 18-39.

3 Helton, J.C., M.G. Marietta, and R.P. Rechard. 1993a. "Conceptual Structure of Performance Assessments
Conducted for the Waste Isolation Pilot Plant," Scientific Basis for Nuclear Waste Management XVI, Materials
Research Society Symposium Proceedings, Boston, MA, November 30-December 4, 1992 Eds. C.G. Interrante
and R.T. Pabalan. SAND92-2285C. Pittsburgh, PA: Materials Research Society. Vol. 294, 885-898.

In evaluating compliance, a suite of nS consequences, C[x,.S}(x)], wherej = 1, 2, ..., nS, is produced, one for each scenario.
These may then be combined into a single performance metric, denoted R (see Section 6.1, Environmental Protection Agency
40 CFR 191 Simulations and Figure 1.1-2).

**  The transition from three parts of stochastic simulation to the three components of the PA triplet is discussed in Section 1.2.3.

See also Section 8.1, Concise Review of the Six-Step Performance Assessment Process.

I-14




1.2 The Six Principal Steps of Performance Assessment

Risk Triplet

s Posed  owsen } =t

| 1 :

Scenarios Probability of Consequences
(Chapter 3)  Scenarios of Scenarios

(Chapter 4) (Chapter 5)

.

J
These two terms plotted as:

1) Probability density function (PDF)

2) Cumulative distribution function (CDF)

3) Complementary cumulative distribution
function (CCDF)(Chapter 6)

TRI-6342-4332-0

Figure 1.2-2. The ordered triplet of a performance assessment.




1.0 Introduction

1.2.3 Stochastic Simulations

Three elements are required to evaluate the statistical properties of the outcomes of a model
(a stochastic simulation).! They are (1) a parameter space, D,,,, for a model composed of nV parameters,
(2) a joint probability distribution for the uncertain parameters, F(x), and a complete system model, C (see
Section 1.2.4, Model Development). For parameters that are statistically independent, the joint probability
distribution is equivalent to the product of the probability distributions of the individual parameters,F(x) =

Fi(x;) @ Fy(xy) e ...e F,y(x,,) (Figure 1.2-3).

Usually for the practical application of stochastic simulation for a large structured probabilistic
analysis, several steps are made to arrive at a risk triplet (as described in Section 1.1.2). First, the parameter
space, D,,j, is divided into disjoint sets that form scenarios—i.e., a scenario space (see Chapter 3.0). The
partition of the parameter space, D,,, into scenarios is somewhat arbitrary and depends on the purposes of
the analysis. Ideally, those parameters whose variability can be classified epistemic (related to precision of
knowledge) and thus describable by a distribution remain in the parameter space.” [Those parameters that
are aleatoric (related to chance) describe chance features or events, such as an inadvertent human intrusion,
and can be used to define individual scenarios]. For the partition of the parameter space to be practical, the
probability of each disjoint occurring set must be calculable by a probability model,P, which is devised in
the second step. The description of the distributions of the parameters remaining in the parameter space is
also part of the second step. (The description of the distribution is usually through a subjective probability
model, see Section 4.1). The third step is to evaluate the distribution of the results, Ck, S;(x)/, from the
complete system model, C. The most common way is through random sampling (see Section 1.3). This
information is then displayed as a complementary cumulative distribution function (CCDF) (see Section
1.3.1).

Although identical in theory, any structured probabilistic analysis can differ in the emphasis and
assumptions made in the three simplifying steps described above. A probabilistic risk assessment (PRA) for
a nuclear power plant and a performance assessment (PA) for a nuclear waste repository demonstrate the
different emphasis possible.”™ To elaborate, in a PRA many events can be postulated from numerous
phenomena that are threaded together in event tree that forms scenarios. The probability of the phenomena
is often evaluated through a large fault tree that because the failure phenomena are shori-term events (i.e.,
the duration of the phenomena in relation to the regulatory period of 40 yr is very short), and measured
failure rates of components are often available. Consequences of the most probable events are then
modeled, often using extensive empirical data that can substitute for mechanistic models. In a PA, the event
tree is simpler. The event tree defining the few scenarios is often related to unknown human or geologic
behavior far in the future, thus, their probability of occurrence is evaluated with simple analytic functions.
Fault trees are usually not used because the phenomena of most interest, possible change of the initially
stable environment of the repository, occur over geologic time scales of the same relative duration as the
regulatory period (10,000 yr or longer). The consequences of the various phenomena are evaluated directly
in often complex, mechanistic models that involve wide uncertainty because direct observation of the
phenomena of interest cannot be obtained over the time scales of interest.

References

1 Tierney, M.S. 1993. "PA Methodology Overview," [nitial Performance Assessment of the Disposal of Spent
Nuclear Fuel and High-Level Waste Stored at Idaho National Engineering Laboratory. Volume 1: Methodology
and Results. Ed. R.P. Rechard. SAND93-2330/1. Albuquerque, NM: Sandia National Laboratories. 3-1 through
3-28.

2 Chernoff, H., and L.E. Moses. 1959. Elementary Decision Theory. New York, NY: John Wiley & Sons, Inc.

The reader should realize that although the differences between these two categories can be subtle and that the classification of
some model parameters may be somewhat nebulous, the distinction has been recognized and used in the scientific community
for many years (e.g., see Chernoff and Moses, 1959, p.l)?‘

™ Herein, a PRA refers to a system composed solely of human-engineered components and performance criteria that include risk

to health over a short time (e.g., human lifetime) relative to geologic time. Whereas, a PA refers to a system composed of both
natural and engineered components that include performance measures such as dose to individuals or cumulative releases over
geologic time.
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Figure 1.2-3. Three components of a stochastic simulation and their translation into the ordered
triplet of a WIPP performance assessment, with comparison to a probabilistic risk
assessment of a nuclear reactor.




1.0 Introduction

1.2.4 Model Development

As previously stated, performance assessments (PAs) are designed to determine whether a system
meets a set of performance criteria. Because the Waste Isolation Pilot Plant's (WIPP's) performance criteria
must be applied over a 10,000-yr period, it is necessary to apply them to a model of the system, not the
system itself. Hence, the process of performing a PA is intimately tied to the process of building models.
Obviously, that model must be capable of representing the "real-world" disposal system in those aspects
that pertain vitally to waste-disposal performance. Model development normally occurs in several steps (see
Figure 1.2-2), and uncertainties are generated at each step.!:2 For example, there is scientific uncertainty
associated with model selection and degree of simplification.” Four principal model types are recognized, as
follows.

A conceptunal model is the set of hypotheses and assumptions about the physical characteristics of a
system (e.g., aquifer structure, boundaries, or boundary types) and the phenomena that ensue there (e.g.,
single-porosity darcy flow) that describe, in terms of scientific postulates, the behavior of pertinent aspects
of that system. A diagram that represents the geology of a region as simplified stratigraphy or a paragraph
of text that describes a phenomenon are examples of conceptual models. For WIPP PAs, conceptual models
provide the foundation for subsequent model-development steps.

A mathematical model is the mathematical description of the conceptual model. It might include
algebraic, ordinary differential, partial differential, or integral equations characterizing accepted
conservation laws (e.g., conservation of mass, energy, or momentum) as well as appropriate constitutive
equations that describe material behavior in the domain of the conceptual model. These equations are
augmented by boundary and initial conditions of the dependent variables.

A computational model is the solution and implementation of the mathematical model. The solution
be analytical, numerical, or empirical. Analytical solutions are, in principle, possible, but in the WIPP, they
are rare, Empirical models use data directly by means of lookup tables or statistical relationships and are
normally used to propagate information into data-sparse regions between discrete points where
observational data are available. In the WIPP, solutions are almost universally implemented via numerical
techniques on computers and consequently the computational models are often called computer or
numerical models.

An applied model is the analyst's application of a computational model to a particular system using
appropriate values. Computational models are generic by nature. They cannot be used until all parameter
values, boundary values, initial values, and discretizations of time and space have been specified. The
solutions they provide apply only to particular values used. For the WIPP, the system in question is the
WIPP waste disposal site, and the applied models are sometimes referred to as site-specific models.

References

1 Bear, I, and A. Verruijt. 1987. Modeling Groundwater Flow and Pollution: With Computer Programs for Sample
Cases. Dordrecht, Holland: D. Reidel Publishing Company.

2 Rechard, R.P,, D.K. Rudeen, and P.J. Roache. 1992a. Quality Assurance Procedures for Analyses and Report
Reviews Supporting Performance Assessments of the Waste Isolation Pilot Plant. SAND91-0428. Albuquerque,
NM: Sandija National Laboratories.

Alternatives in model form may exist at each stage of model development. Alternatives at the first stage of model development
(alternative conceptual models) are often of greatest concern. Specifically, alternative conceptual models are multiple working
sets of hypotheses and assumptions of a system that are all scientifically acceptable (i.e., consistent with the purpose of the
model, with one another, and in agreement with existing facts and observations).

Verification of a (computational) model is the process of assuring that model appropriately solves and implements the
mathematical model. In other words,model verification is the process of illustrating that the mathematical model is being
solved appropriately.

The assumptions underlying the model system should also be validated using system-specific data (see "applied model" above).
The validation of an applied model is the ongoing process of assuring that corresponding conceptual, mathematical,
computational, and applied models describe the given "real-world” system with sufficient validity and soundness, consistent
with the purposes of the model.
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Figure 1.2-4. Hierarchy of model development selection of features, events, and processes to include
and corresponding methods of modelmg (i.e., selection of form of model[s]) (after
Rechard et al., 1992a, Figure 1- 6)
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1.3 Types of Uncertainty in Performance Assessments

Three major sources of uncertainty arise in performance assessments (PAs) of geologic disposal
systems. They are (1) parameter uncertainty, that is, uncertainty in the parameters of an applied model
(where a "parameter” is an underlying fundamental entity (e.g., number) required by an applied model,
whereas "data" are the information collected in the field or elsewhere, organized, and used in preparing
parameter values); (2) scenario uncertainty, that is, uncertainty as to the most appropriate features, events,
and processes to include in scenarios and the most appropriate way to group the features, events, and
processes for modeling; and (3) model form uncertainty, that is, uncertainty about the hypotheses and the
appropriate model forms and, of course, uncertainty regarding the adequacy of model verification and
validation (where developing alternative conceptual models is an effective way to acknowledge and
quantify model form uncertainty).

These three sources of uncertainty are related. Occasionally, data are used directly as model
parameters. However, in most situations, data must be transformed so as to convey necessary meaning (e.g.,
"data reduction"), which, in turn, requires a model. Conversely, model uncertainty can result from sparse
data or dearth of information to corroborate or refute alternative models. Hence, model uncertainty can
affect parameter uncertainty and vice versa.

Parameter uncertainty and scenario uncertainty are also closely related because, as noted in
Section 1.1.2, Multiple Iterations: a Performance Assessment Strategy, scenarios may be thought of as
partitions of the set of all model parameters. Finally, scenario uncertainty and model uncertainty are related
through uncertainty that all impartial contributions to behavior of a system have been included. This
"completeness uncertainty” cannot be quantified but only acknowledged and evaluated through expert
judgment and peer review.

The following are techniques for controlling* and/or evaluating the influence of uncertainty:

Type of Uncertainty Technique for Controlling or Evaluating

Parameter values and variability Data collection programs; parameter selection guidelinesk;
sensitivity/uncertainty analysis2

Scenarios (completeness, logic, and Expert judgment and peer review!

probabilities)

Model form Expert judgment and peer review,! sensitivity/uncertainty

analysis,2 verification and validation®

Model-form uncertainty was introduced in Section 1.2.4, Model Development. Sections 1.3.1 and 1.3.2
introduce methods for evaluating the influence of uncertainty from parameter and scenario variability on a
modeling system. Section 1.3.3 discusses the quality assurance procedures developed for the preliminary
PA calculations. Because uncertainty is pervasive throughout the PA process, only a few facets of
uncertainty can be discussed in these three subsections. Other facets of uncertainty will be discussed
elsewhere (see Chapters 3.0 and 4.0).

References™

1 Rechard, R.P., K.M. Trauth, and R.V. Guzowski. 1992b. Quality Assurance Procedures for Parameter Selection
and Use of Expert Panels Supporting Performance Assessments of the Waste Isolation Pilot Plant. SAND91-
0429, Albuquerque, NM: Sandia National Laboratories.

2 Rechard, R.P,, D.K. Rudeen, and P.J. Roache. 1992a. Quality Assurance Procedures for Analyses and Report
Reviews Supporting Performance Assessments of the Waste Isolation Pilot Plant. SAND91-0428. Albuquerque,
NM: Sandia National Laboratories.

3 Rechard, R.P,, P.J. Roache, R.L. Blaine, A.P. Gilkey, and D.K. Rudeen. 1991h. Quality Assurance Procedures
Jor Computer Software Supporting Performance Assessments of the Waste Isolation Pilot Plant. SAND90-1240.
Albuquerque, NM: Sandia National Laboratories.

Ideally, initial uncertainty is largest and subsequent examination "reduces” it, but knowledge does not always progress in that
fashion,

Quality Assurance procedures undergo continual modifications. These reports represent the set of procedures developed in
conjunction with the 1990, 1991, and 1992 PA calculations.

nx
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1.3.1 Propagating Uncertain Parameters (Epistemic
Uncertainty) through Consequence Models

Once highly or moderately uncertain parameters, x,, have been selected and their uncertainties
characterized as probability distributions (see Section 4.1.1, Characterizing Parameter Uncertainty), they
must be propagated through the consequence models to determine the uncertainty they produce in the
results. This process is termed uncertainty propagation. The Waste Isolation Pilot Plant (WIPP)
Performance Assessment Department propagates uncertainty from underlying parameters (or uncertainties
from scenarios, probability models, or consequence models that can be expressed as parameter
uncertainties) through its deterministic computational models using a Monte Carlo technique!-Xsee Figure
1.3-1). A Monte Carlo technique was selected for the following six reasons3 (1) it easily propagates
uncertainty through a sequence of linked models; (2) it produces a mapping of input to output that can be
studied by a variety of standard statistical techniques (e.g., scatterplots, regression analysis); (3) it does not
require an intermediate model that might smooth and obscure discontinuities or other transitions between
regimes of behavior; (4) it does not require that deterministic computer models be modified; (5) it can
include parameters with empirical or subjective distributions having wide ranges and discontinuities; and
(6) it allows the uncertain parameters to be correlated.

Monte Carlo techniques are used as follows. First, a sample is generated from the specified
distributions and correlations between uncertain parameters that varyx; = (xl,k, X3 foe s Xy, pk=1,.., 0K
where #K is the size of the sample and nV is the number of uncertain parameters. Then, the model
calculation is performed #K times using each sample element xz, which yields a sequence of nK results of
the form C(x)), C(x,), ..., C(X,g). These results can be plotted as one of several types of distribution
function, namely a PDF,* a CDF,"* or a CCDF.*** The latter two functions are more commonly used. In
practice, Latin hypercube sampling®5 (see Sections 4.2.3 and 4.2.4) is used to minimize the number of
sample elements needed to capture parameter variability adequately.

References
1 Hammersley, J.M., and D.C. Handscomb. 1954. Monte Carlo Methods. New York, NY: John Wiley & Sons, Inc.
2 Ripley, B.D. 1987. Stochastic Simulation. New York, NY: John Wiley & Sons, Inc.

3 Helton, J.C., J.W. Garner, R.D. McCurley, and D.K. Rudeen. 1991.Sensitivity Analysis Techniques and Results
for Performance Assessment at the Waste Isolation Pilot Plant. SAND90-7103. Albuquerque, NM: Sandia
National Laboratories.

4  McKay, M.D., R.J. Beckman, and W.]. Conover. 1979. "A Comparison of Three Methods for Selecting Values of
Input Variables in the Analysis of Output from a Computer Code," Technometrics. Vol. 21, no. 2, 239-245.

5 Iman, R.L. and W.J. Conover. 1980a. "Small Sample Sensitivity Analysis Techniques for Computer Models,
With an Application to Risk Assessment," Communications in Statistics. Vol. A9, no. 17, 1749-1842,

A probability density function (PDF) is analogous to a mass density function in physics. Whereas a mass density function is
integrated over volume to obtain the mass between the limits of integration, a probability density function is integrated over
outcome to obtain the probability of an outcome between the limits of integration.

** A cumulative distribution function (CDF) is the sum (or integral, as appropriate) of the probability density over those values of

a random variable that are less than or equal to a specified value, C, and represents the probability that an outcome of C or less
will occur.

A complementary cumulative distribution function (CCDF) is one minus the cumulative distribution function. It represents the

probability of exceeding a consequence value of C. For the containment requirements in 40 CFR 191, the consequence value is
the sum of all releases (normalized by the Environmental Protection Agency release limits) accumulated over 10,000 yr.

1-22




Uncertain parameters
(see § 4.1, Assigning

Parameter Uncertainties)

1.3 Types of Uncertainty in Performance Assessments

Fixed parameters
(vast majority of
parameters)

kth sample value

for parameterx,

1 A

N

XnV+1s+-5 Xpp

L

In WIPP PA, the consequence model

is a composite of several submodels
and domains

(see § 3.3, Modeling System
Selection):

C=M,(My(My3(...))

1A

an,f-\\\

\“ C(x1,klx2,kl'"Ian,k,"'xTxnp)
’ Y

/i “. PDF

OR

C(X,XZ,---,XHV,.,.an)
(summary consequences
over all ksamples)

0

CCDF =1-CDF

L.
—

1-C (x5, X0, e e, Xy« o o Xnp)

CDF (or CCDF) represents uncertainty
in consequence value resulting from
uncertainty in input parameters.

TRI-6342-4333-0

Figure 1.3-1. Monte Carlo analysis is used to propagate parameter uncertainty, that is, nurx}ero?s
sample sets of all the uncertain parameters are run through the deterministic
consequence model, C, to define the distribution of the result. The kth sample set, xg,
of the parameters and the deterministic result are shown as an example.
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1.3.2 Propagating Aleatoric Uncertainty through Performance

Assessment*

How uncertainty is propagated through an entire performance assessment (PA) depends on the source
of the uncertainty!: (1) scenarios and form of consequence and probability models underlying the model
and (2) parameters (refer to Section 1.3, Types of Uncertainty in Performance Assessments). Uncertainty in
consequences arising from different scenarios is represented by differences in the complementary
cumulative distribution functions resulting from each scenario (see Section 1.1.2, Multiple Iterations: a
Performance Assessment Strategy, and Section 6.1, Environmental Protection Agency 40 CFR 191
Simulations). Uncertainty in parameters used by computational models is discussed in Section 1.3.1. If
these two types of uncertainty2** are described mathematically (and a Monte Carlo approach is assumed to
propagate uncertainty), the following mathematical statement results and is depicted in Figure 1.3-2:

Risk(xy )=({S;[xy ], C[xy,S;(x¢ )], P[xy,Sj(xx )]} j=1...,nS, k=1,...,nK)
Scenarios, consequences, probabilities

Uncertainty concerning completeness of physical processes included in the consequence model (e.g.,
inclusion of all significant process parameters) or the completeness of events and features (e.g., inclusion of
all significant model parameters representing features) can be controlled only through a specially defined
procedure or peer review; it cannot be "propagated." Uncertainty associated with the formation of the
scenarios and the development of the form of models in the PA can be quantitatively evaluated through the
use of alternatives (e.g., alternative conceptual or mathematical models of fluid flow and transport through
fractures) (see Section 1.2.4, Model Development). Realistically, however, the number of alternatives
examined in preliminary performance assessments is strongly dependent upon the number of model
parameters declared as uncertain and hence requiring propagation through the models. Furthermore,
examining alternatives associated with model form will be useful primarily during preliminary PAs. The
final PA used for determining compliance will likely use only one model form thought to best capture the
behavior of the disposal system.

References

I Helton, J.C., J.W. Garner, R.D. McCurley, and D.K. Rudeen. 1991.Sensitivity Analysis Techniques and Results
for Performance Assessment at the Waste Isolation Pilot Plant. SAND90-7103. Albuquerque, NM: Sandia
National Laboratories.

2 Chemnoff, H., and L.E. Moses. 1959. Elementary Decision Theory. New York, NY: John Wiley & Sons, Inc.

Although important to discuss in the introductory chapter, this topic is easier to discuss after the overall PA process is somewhat
understood. Section 8.1, Concise Review of the Six-Step Performance Assessment Process, provides a good starting point from
which to observe (1) the propagation of uncertainty in a PA from parameters used to describe scenarios and thus represented by
individual CCDFs and (2) the propagation of uncertainty in a PA from parameters in the computational models.

* Although this general division of uncertainty is somewhat nebulous, it has been recognized and accepted by the scientific

community for many years (e.g., see Chemnoff and Moses, 1959, p. 1).2 See also Section 4.1, Assigning Parameter
Uncertainties.
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Figure 1.3-2. Propagating aleatoric uncertainty through performance assessment.
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1.3.3 Quality Assurance Procedures for 1990-1992 Calculations

Given the emphasis of this report on the mechanics of the performance assessment (PA) process, it is
important to mention the concepts behind the procedures developed to provide a reasonable degree of
assurance that the results from the PA process at that time presented a scientifically reliable view of the
Waste Isolation Pilot Plant (WIPP) performance based on current knowledge and the explicitly identified
sources of uncertainty. What follows is a description of the quality assurance (QA) procedures developed
concurrently with the 1990-1992 PA calculations. The QA procedures provided assurance by specifying
requirements in three primary areas of the analysis process: Parameter Selection, Software, and Analysis.
These primary areas were distinct processes and usually involved different participants. The procedures
also ensured quality in two other areas—Report Review and Expert Judgment Panels (Figure 3.3-3). These
two subareas were not necessarily distinct from the primary areas because, for example, all three primary
QA areas required reports followed by review. In addition, some personnel participating in the Parameter,
Software, and Analysis QA areas were able to participate in documentation and/or Expert Judgment Panels.
A brief introduction to the procedures is described below.

The Parameter QA procedures1 sought to provide the PA analyst with consistent computational model
parameters. The fundamental requirement was the development of a secondary data base managed by a
Secondary Data Base Task Leader who was responsible for selecting appropriate data in consultation with
site Investigators and PA Analysts. Transferring data from experimental groups to the secondary data base
was an important means by which the PA Analysts interacted with other groups within the WIPP Project.
The Software QA procedures” were designed to ensure that the software performed to meet the expectations
of the PA Analyst. The fundamental requirement was the development of a Software Management System
(the CAMCON Modeling System; see Section 3.3.4) directed by Software Sponsors who enter an assigned
code into the system and serve as a point of contact for PA Analysts. The Analysis QA procedures
established a framework for the analysis so that the results presented a scientifically acceptable view of the
WIPP performance based on current knowledge. The fundamental requirement was the division of the PA
analysis into small tasks followed by peer review. The Expert Judgment Panel QA procedures1 were
intended to ensure that as much observation data as possible supported the judgment and that as much rigor
as possible went into the judgment-making process. The fundamental requirement was the composition of
an issue statement for the expert panel. The Report Review QA procedures were intended to provide the
decision makers and all participants in the WIPP Project with assurance that the final products contained the
necessary information on Parameter, Software, Analysis, and Expert Judgment Panels and were adequately
reviewed. The fundamental requirement was a two-level approach to quality in that all documents
underwent a standard review, but selected documents were also more rigorously reviewed by a PA Peer
Review Panel of peers selected from outside the Sandia WIPP Project.

The QA procedures for Parameter, Software, and Analysis were formally structured around the five
steps of an analysis: define, investigate and implement, verify, review, and document. An exception is that
neither Software nor Parameter QA included the first step, define, because these steps were defined within
the project. As an example, the Software QA procedures addressed analysis investigation, verification,
review, and documentation in the following ways: (1) investigation through traceability (by requiring
version IDs based on a three-level classification of code, developer names, and dates on output) and
retrievability (by requiring the CAMCON system); (2) verification through performing test cases; (3)
review by means of a Software Review Committee; and (4) documentation through on-line, computerized
documentation (“help files), general abstracts, records on changes and verification, internal comments, and
user and theory manual formal reports. The other procedures have comparable controls in the five steps of
an analysis.

The areas covered by the QA procedures roughly corresponded to the basic steps for performing a PA
analysis (see Section 1.2). To elaborate, Parameter Selection QA procedures set requirements to address
parameter uncertainty and compilation/interpretation of data for disposal system characterization/conceptual
model development; Software QA procedures set requirements for software development of consequence
and probability computational models; Analysis QA procedures set requirements for use of software tools
to address scenario and model form uncertainty and perform consequence and sensitivity/uncertainty
analysis; Expert Judgment and Document Review QA set procedures for all tasks including scenario
uncertainty and regulatory performance evaluation.
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Three primary areas—software, parameters, and analysis—and two subareas—
report review and expert panels—controlled by the quality assurance procedures for

the 1990-1992 performance assessment calculations.

Implicit in these quality

assurance procedures was the understanding that the PA process would be repeated

several times.
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1.3.3 Quality Assurance Procedures for 1990-1992 Calculations (Cont'd)

The QA procedures implicitly assumed the PA process would be repeated several times (See Section
1.1.2, Multiple Iterations: a Performance Assessment Strategy); thus, the PA task within the WIPP Project
was treated as an ongoing process or operation and not a project. To elaborate, the QA procedures were
concerned primarily with the analysis product and PA process quality rather than the WIPP Project
management quality and, hence, the procedures (e.g., Software QA) did not address the project life cycle,
project triple constraints (cost, schedule, performance), project planning, human resource allocation, or
project change control. )
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1.4 Terminology of a Mined Geologic Disposal System

As with many fields of study, once the meaning of the specialized terminology is understood, the reader
can understand related concepts more readily. Nuclear waste disposal is no exception. The following two
sections define (1) terminology used in Environmental Protection Agency regulation 40CFR 191, and
(2) terminology used to describe common features of a geologic repository for the disposal of nuclear

waste,
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1.4.1 Terminology Used in 40 CFR 191

As defined in 40 CFR 191, Subpart B,! the disposal system is the combination of the engineered
barriers of the repository system and the natural barriers of the disposal site that isolate the radioactive
wastes from the accessible environment, where "barrier," as given in §191.12[a], "means any material or
structure that prevents or substantially delays movement of water or radionuclides toward the accessible
environment." Accessible environment is defined below and in Figure 1.4-1. Engineered barriers are
designed by humans and include backfill in the emplacement facilities or plugs in boreholes. Natural
barriers are the subsurface geologic and hydrologic features within the "controlled area” that inhibit release
and migration of hazardous materials. "Controlled area" is defined below and in Figure 1.4-1. Barriers are
not limited to the examples given in the regulator's documentation, nor are those examples mandatory.
Furthermore, the Environmental Protection Agency (EPA) states in Appendix B of 40CFR 191,
"...reasonable projections for the protection expected from all of the engineered and natural barriers...will
be considered."2

According to §191.12 of 40 CFR 191, the "controlled area" mentioned above is "(1) 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." Furthermore, paragraph [k] of that same section defines the "accessible environment" as ". . .
(1) the atmosphere, (2) land surfaces, (3) surface water, (4) oceans, and (5) all of the lithosphere that is
beyond the controlled area.” For assessment purposes, the overall performance of the disposal system is
normally calculated at the boundary between these two regions.

As used herein, the "site” is the general location of the controlled area (the disposal system, including
the land surface directly above it), but includes any important features surrounding the controlled area.
Except for the latter addition, this report's definition of site is most similar to the regulatory definition in
10 CFR 60.2 3: "the location of the controlled area."
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Figure 1.4-1. Artist's concept of a mined geologic disposal system portraying terminology used in
this report.6
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1.4.2 Description of the Waste Containment System

In this report, a radioactive-waste containment system includes three principal subsystems: institutional
controls, engineered barriers, and geologic barriers, and their major components (shown symbolically in
Figure 1.4-2).

The first subsystem—institutional controls—consists of components such as U.S. Government
ownership of the land and resources, fencing and signs around the property, permanent markers, public
records and archives, and other methods of preserving knowledge about the disposal system.!2

The physical features of the repository (e.g., design of the repository, waste form, waste parcel, and
backfill) are components of the second subsystem, engineered barriers. For purposes of discussion, the
components of the engineered barrier system are further grouped into two subdivisions—the waste parcel
and the repository. In this report, the waste parcel is defined as the waste form, waste containers, and any
internal backfill. The repository is the portion of the disposal facility that includes the waste panels, access
drift, and access shafts. Although the Waste Isolation Pilot Plant is not regulated by the Nuclear Regulatory
Commission, a few terms from their 10 CFR 603 are included in Figure 1.4-2 to demonstrate the slight
differences in terminology that can occur. For example, the 10 CFR 60 "engineered barrier" definition,
which omits shafts, boreholes, and their seals, is narrower than the definition used in this report. Also, the
term "waste emplacement package" signifies the waste parcel and any backfill-buffer placed between the
waste parcel and the host rock.

The third subsystem—geologic barriers—includes the lithosphere that extends from the engineered
barrier up to the ground surface no more than 5 km (3 mi) from the outer boundary of waste-emplacement
rooms and drifts. In other words, it extends to the accessible environment.

The disposal system is defined as the combination of engineered and natural barriers that isolate spent
nuclear fuel or radioactive waste after disposal (40 CFR 191.12[a]).# As part of the performance
assessment, analysts must investigate how the disposal system behaves. Specific situations are assumed (i.e.,
various combinations of features, events, and processes) that represent possible future conditions at the
repository. Depending on the situation, different parts of the engineered and geologic barrier subsystems are
assembled into a conceptual model that is then described mathematically.
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Subsystems and components of a radioactive waste containment system. The

disposal system, as defined in 40 CFR 191, comprises the geologic and engineered
subsystems of the waste containment system (Rechard, ed., 1993b, p. 1-9). s
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1.5 Regulatory Influences on the Waste Isolation Pilot Plant

Project

At present, the Waste Isolation Pilot Plant (WIPP) Project is about 20 years old, and more years lie
ahead before the regulatory process for the disposal facility is completed. National policy issues, regulatory
influences, negotiated agreements, and court settlements over the first half of the project have had a strong
influence on the amount and type of scientific data collected. In the second half of the project, federal
compliance policy and actual regulations were set more firmly. The WIPP will have to comply with these if
it is to operate as a repository.

Prior to the WIPP Project, the precursor to the Department of Energy (DOE), the Atomic Energy
Commission (AEC), spent the period from 1955 through the late 1960s formulating a Commission policy
on nuclear waste disposal.! As soon as it appeared, Congress established its own broad national policy
requiring environmental impact statements (EISs) on large federally funded projects (83 Stat. 852, 42
U.S.C. 4332).2 The EIS process exerted its influence during the 1970s as the AEC, then the Energy
Research and Development Agency, and finally the DOE, searched for and located a bedded salt deposit
satisfactory for use as a repository. That site was to become the present WIPP site, near Carlsbad, New
Mexico. Just as the WIPP EIS was nearing completion in 1979, Congress established anew the purpose of
the WIPP Project and granted self-regulation to the DOE.3 [Although regulations by the Nuclear
Regulatory Commission (NRC)* would have been possible, NRC had been established to regulate primarily
commercial nuclear reactors and waste].

Negotiated settlements with the State of New Mexico in the early 1980s, and early drafis of the
Environmental Protection Agency (EPA) nuclear waste disposal standard, 40 CFR 191, focused on
hydrologic data collection near the site. National advisory groups, particularly the WIPP Panel of the Board
of Radioactive Waste Management (BRWM) of the National Academy of Sciences and independent state-
selected evaluation groups, such as the New Mexico Environmental Evaluation Group, were set up on the
initiative of the DOE to monitor its self regulation. The promulgation of 40 CFR 191 in 1985 established
the primary regulation with which the WIPP would have to comply. However, the definition of radioactive
waste as hazardous in 1986 and 1987 (42 U.S.C. 6901 et seq.) established another set of regulations, those
for chemical waste with which WIPP must also comply. Then, in 1992, the Congress established a specific
compliance process and designated the EPA (rather than the DOE) as the regulator of the WIPP.4

WIPP-Project history is not essential to acquire an understanding of the performance assessment (PA)
process. However, it clarifies the evolution and emphasizes how only recently, in relation to the age of the
project, stochastic simulations were introduced as a tool for the assessment of WIPP performance.
Assessment activities before the late 1980s were undertaken primarily (1) to satisfy needs for environmental
impact statements, (2) to satisfy negotiated agreements with the State of New Mexico, or (3) to develop
general understanding of selected natural phenomena associated with nuclear waste disposal, as deemed
prudent by Sandia scientists (working with peers in waste management) and/or as suggested by scientists on
the WIPP Panel of the BRWM of the National Academy of Sciences. Thus, many activities performed
throughout the history of the WIPP Project cannot be neatly categorized in terms of fulfilling the specific
needs of the PA process. The following section and figure present a timeline of regulation and other events
that influenced the formation, maintenance, and current status of the WIPP Project.
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1.5.1 Timeline of Events for the WIPP Project

Systematic studies of disposal options for radioactive waste began in the United States in 1955 when
the Atomic Energy Commission (AEC), which later became the Department of Energy (DOE), asked the
National Academy of Sciences (NAS) to examine the issue in detail (see Table 1.5-1). In 1957, the NAS
reported that while various options and disposal sites were feasible, disposal in salt beds was the most
promising method. From that point through the early 1970s, Oak Ridge National Laboratory conducted
radioactive-waste experiments, most notably Project Salt Vault in an abandoned salt mine near Lyons,
Kansas.! Although the AEC considered using the mine as a repository, the discovery of boreholes in the
nearby area prompted the AEC to search for more suitable sites?

At the invitation of New Mexico's governor, the AEC investigated the Delaware Basin in the Carlsbad
area of New Mexico. After an initial examination, a potential site was identified in the 1970s. The site was
named the Waste Isolation Pilot Plant (WIPP) in January 1976.3 During the site-characterization phase,
two technical oversight groups were formed: the WIPP Panel of the Board of Radioactive Waste
Management of the NAS, and the New Mexico Environmental Evaluation Group. The regional site-
characterization phase of this potential waste disposal site* ended with the preparation of a draft
Environmental Impact Statement (EIS) in 1979, as required by the National Environmental Policy Act of
1969 (NEPA).5 In response to that EIS, the DOE decided to proceed with a preliminary design phase at this
site.

During the 1970s, the original mission of the WIPP, and thus the design,® oscillated between including
and not including defense high-level waste (HLW) in addition to transuranic (TRU) wastes. However, with
passage of the National Security and Military Applications of Nuclear Energy Authorization Act of
1980, Congress defined the WIPP as a research and development facility for storage and disposal of TRU
wastes only, and exempted the WIPP from regulation by the Nuclear Regulatory Commission.

In 1981, the "Stipulated Agreement" and "Consultation and Cooperation Agreement" defined the
WIPP's relationship with the State of New Mexico and stipulated specific geotechnical experiments
required by the state. After much planning, which included a site and preliminary design phase, full
construction of the WIPP facility began in 1983. Experiments to characterize the local disposal system
followed.8.? The report by Lynch et al.!Oprovides an overview of technical aspects relevant to that work. In
preparation for the WIPP's opening, a Supplemental EIS was published. It identified gas generation
—the gas being generated through normal corrosion of waste containers in time!l—as an important issue.
This issue became the primary purpose of proposed tests using actual TRU waste within the repository
during a carefully monitored test phase.!

In the Waste Isolation Pilot Plant Land Withdrawal Act of 1992!3 Congress defined the process by
which WIPP compliance would have to be evaluated and transferred ownership of the WIPP site to the
DOE. This act officially marked the transition from the construction and disposal-system-characterization
phase to the compliance and testing phases, although those phases had begun unofficially in 1985 when the
U.S. Environmental Protection Agency (EPA) issued 40 CFR 191 and in 1989 when Sandia first began to
assess performance using the EPA standard. '
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Because the WIPP Project spans more than 20 years, more events have occurred than can easily be covered in a few pages; thus,
the timeline is selective, with more emphasis placed on the role of overall national policy and its influence on the WIPP Project
than the numerous milestones and scientific studies conducted at the site.
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Table 1.5-1. Milestones for Disposal of Radioactive Waste in the United States.

~ 1979 - AG: Bingaman. Legistature

=
New Mexico Federal Legislative U.S. President and Technical Ti m %
Administration and Court Policy on DOE Directives and Milestones Related Ll‘me o=
and Regional Issues Nuclear Waste Disposal Regulatory Decisions to the WIPP ine 73 2
3

1978 - DOE contracts with NM to establish | @ 1977 - DOE Organization Act?® creates @ 1977 - DOE Sec: Schiesinger. DOE tells | @ 1977 - Apr: WIPP conceptual design 1977

Environmental Evaluation Group (EEG) to
provide a full-time, independent assess-
ment of WIPP and over-see environment &
public health & safety. Although DOE-
funded, EEG is initially made a part of En-
vironmental Improvement Division of the
NM Health & Environment Department.The
general understanding is neither DOE nor
NM would attempt to bias or interfere in
EEG's technical conclusions. EEG be-
comes 1st of 2 permanent outside over-

k-sight groups set-up by DOE (other was
NAS WIPP Panel of BRWM). NM House 8
almost passes ballot proposal for con-
stitutional amendment to keep nuclear
waste from NM.

epody

establishes (1) Gov.'s Radioactive
Waste Consuitation Task Force to
negotiate with DOE & (2) Legislative
Radioactive & Hazardous Materials
Comittee to review task force.?

uopenSUWPY

J1980 - NM & DOE begin negotiations
D

Agréement 1o defing procedurés and
process of cooparation

1981 - In response to DOE's Jan. annouce-

ment to build WIPP:

* Mar: Citizens Against Radioactive Dump-
ing (CARD) file lawsuit and ask for
preliminary injunction.

* May: NM AG sues DOE & Interior Depart-|
ment (DO)) alleging violations of federal
and state laws.?’

= Jul: Southwest Research & Information

p| Center (SWRIC) files lawsuit & begins
strategy of filing numerous interroga-
tories that DOE must respond to.

In response to lawsuit, DOE Sec.

Edwards visits NM & talks to Gov. King

& accedes in a "Stipulated Agreement

(SA)" to demands for (1) geotechnical

experiments, (2) state & public review

of WIPP changes, & (3) creation of a

state/federal task force to oversee trans-

portation issues (e.9., emergency response
and highway upgrades). C&C Agreement

uonesnsiuwpy Bupy

p attached as Appendix A; "Working Agree-

stays lawsuit in accordance with "SA.*
Coalition for Direct Action at WIPP demon-
strates. EEG recommends relocating TRU
storage away from WIPP-12.

on "Consultation & Cooperation®(C&C) _|

d
ment", Appendix B.27 Dist. Judge Burciaga

cabinet-level Department of Energy
(DOE) from ERDA.

@ 1979 - May: House Armed Services Com- | vk

mittee cuts WIPP funding in response to

DOE's expansion of the project to a re-

pository for commercial waste and thus

requiring NRC licensing. Dec: Congress
defines mission®® of WIPP:

- sets up WIPP as a research & develop-
ment facllity for disposal of only TRU
radioactive waste from DOE facilities

- exempts WIPP from NRC licensing

- requires DOE to sign a C&C Agreement
with NM

@ 1980 - House Armed Services Committee
disagrees with Carter proposal, so WIPP
rescinded funds returned to WIPP in

mid year.

for a preliminary injunction in constructing
WIPP,

NRC it plans to seek license to build &
operate WIPP (WIPP back in commercial
waste repository program). In response to
Ford directive, EPA conducts 1st public
workshop to understand public concerns
& technical issues of waste disposal,303!
1978 - Schlesinger promises NM Congres-|
sional delegation *if NM did not wish to
have the WIPP, then it could veto the
plan.” Both Comptroller Gen. & DOE Gen.
Council state Schlesinger powerless to

@ grant "state veto." DOE conducts local

hearings on proposed WIPP. Deutch
(MIT chem. prot.) report written for DOE
recommends (1) disposing TRU waste at
WIPP without planning for retrieval, and
(2) demonstrating spent nuclear fuel
(SNF), HLW, & TRU disposal at WIPP.
DOE Deputy Sec. J. O'Leary presses on
with 2nd recommendation until 1979
enabling law for WIPP.

1979 - Apr: DOE defines project as a
combination military/commercial
repository in Draft EIS 32 Oct: DOE
decides to begin preliminary design

of WIPP,

- 1980 - Feb: Carter orders SNF repro-
cessing stop. Interagency Review
Group (formed in 1978 in response to
Dsutch report) recommends disposal of
SNF, HLW, & TRU in mined geologic re-
positories. Mar: Carter rescinds 1980
funds for WIPP & announces interim
strategy to set aside money for possible
future waste disposal projects at WIPP.
Oct: DOE issues final E!S eliminating
SNF & HLW disposal & thereby reinstates
WIPP mission defined by Congress in
1979.3

~ 1981 - DOE Sec: Edwards. Jan: DOE
publishes Record of Decision to proceed
with site & preliminary design validation
(SPDV) phase. Feb: NRC promulgates

its regulation for SNF & HLW dispo-

sal in geologic repositories describing
the licensing procedure, 3538

Jun: DOE WIPP Project Mgr McGough

uollBSIUILPY J3UBD

rekindles disagreements between DOE__

& NM By Stating HLW could be

placed by 1983 & remain during the > %
operating phase of WIPP. Sep: after g‘ &
reviewing preliminary design, DOE 5''®
okays detailed design phase.3” o B

report completed.®® SNL plugs ERDA-10
to test plugging boreholes in salt.®®

using standard cargo box concept.4041.42
Bechtel National start as WIPP Architect/
Engineer(A/E). Westinghouse Electric
Corp start as Tech Support Contractor.
Jun: WIPP Panel of BRWM of NAS hold
first mesting (component of outside over-
sight DOE setup that changed in 1992.}
SNL completed geologic characterization
report?? supporting documentation for
Draft EIS on WIPP; hydrologic & radio-
nuclide transport modeling for EIS is pri-
marily regional.

I 1978 - SNL begins design of TRUPACT-I

@ 1979 - SNL begins 3-yr preliminary test
programs on thermal/structural effects in
nearby potash mine*? & Louisanna dome
salt,“44% st in-situ permeability measure-
ment of Salado Fm salt from AEC-7 well,
(values 1000 times larger than found
when measured within repository in
1988); Bechtel identifies 7 potential
horizons for WIPP.

@ 1980 - 1st Safety Analysis Report (SAR)
completed. General Atomic (GA) Tech-
nologies started as AJE for TRUPACT-
(used SNL basic concept but changed
details). SNL asked to analyze design
& test TRUPACT:-I when built

1st shaft, which ushers in SPDV phase

1981 - May: WIPP begins augering for
[ of WIPP. Jul: drilling on 1st shait begins.

*_I\_lo_v_: project strikes p_r_gssy_red brine _ _|
teservoir while deepening WIPP-12 north

of the repository (part of Stipulated
Agreement (SA)). Following evaluation,
repository moved ~1800m (6000 {t)
south. Dec: drilling of 2nd shat begins.

~
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1987 Brine Pockets
Cannot be Dismissed
but Little Impact to WIPP

~60% of WIPP Waste)

1986 EPA States Mixed Waste
Subject to RCRA (Potential

1985 EPA
Promulagates
40 CFR191

1984 SNL begins
Fielding Many

Underground Experiments

1983 Full
Construction
Begins

s

L8

Full ConstructionPhase

1on

racterizati
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Disposal System Chal
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Table 1.5-1. Milestones for Disposal of Radioactive Waste in the United States.

New Mexico
Administration
and Regional Issues

Federal Legislative
and Court Policy on
Nuclear Waste Disposal

U.S. President and
DOE Directives and
Regulatory Decisions

Technical
Milestones Related
to the WIPP

SUELE]
AyuomsjoN

@ 1988 « Jan: EEG issues report on potential
brine reservoirs under WIPP. Oct: ID Gov.
Andrus bans shipments of radioactive
wasts into state because WIPP not open.
Dec: ID Gov. Andrus, CO Gov. Romer,
and NM Gov. Carruthers meet in Sait
Lake City to discuss WIPP and options
to avert shutdown of DOE Rocky Flats
Plant from Jack of authorized storage
imposed by CO, and inability to ship
to ID because of imposed ban by Gov.
Andrus; DOE agrees to vigorously
pursue admini and legistati
land withdrawal for WIPP.

1989 - Legislature unanimously re-
moves *"WIPP exemption® in hazardous
waste Jaws such that EPA will grant
authority to regulate radioactive mixed
waste. Nov: Berlin Wall falls signafing
the end of the Cold War and greatly
changing future demands for nuclear
weapon material & thus type of waste
going to WIPP.

uoneNSILIWPY S1BYInLIeD

1990 - Jul: NM granted authority to reg-
ulate radioactlive mixed waste and thus
WIPP waste becomes reguiated hazard-
ous waste. NM Environmental Improve-
ment Division requests submittal of Parts
A & B of RCRA permit. Oct: NM desig-
nates "preferred route" for waste transport
from northern border to WIPP.

1000-page lawsuit to delay start of test
phase at WIPP by challenging the
administrative land withdrawal.”?

@ 1992 - Environmental Defense Fund
(EDF) and NRDC join the NM lawsuit
and seek to make RCRA issues more
important (e.g., interim status of
WIPPR).73

@ 1993 - Mayor of Carlsbad demands
more economic benelits accrue to
city of Carlsbad from WIPP.7475

uonensuppy buly

® Ta07"- AG: Udall, Oct 97 AG Udall Ties ™ |

@ 1588 - With continued technical problems
(8.9., TRUPACT-!l had not yet been li-
censed), NM Congressional delegation
cannot get consensus among themselves
and WIPP Land Withdrawal legislation
dies. NM Congressmen get Congress to
reassign EEG to the New Mexico Institute
of Mining & Technology in Socorro in
Sep. because of conllicts between NM
state government and EEG.7¢

r 1991 - Mar; House interior Committee_, _|
adopts NM Congressman Richardson's
resolution to nullify DOI-modified Jand
withdrawal order allowed under Federal
Land Policy & Management Act (FLPMA).
Sep: Sth Circuit Court of Appeals rules
state ban on radioactive waste shipments
imposed by Gov. Andrus of Idaho is illegal.

1992 - WIPP Land Withdrawal Act™:

- transfers land from DOI to DOE

- establishes EPA as regulator for WIPP
(removing self regulation by DOE;
compliance requirements different
than WIPP Panset or EEG) to be set in
40 CFR 194

- requires EPA repromulgate 40 CFR 191
for WIPP

- requires DOE cooperalion & consultation
with EEG.

Energy Policy Act’® asks NAS to recom-

mend disposal criteria for Yucca Mt.:

- requires EPA & NRC to reevaluate
their disposal criteria for Yucca Mt.

Federal Facilities Compliance Act’®:

- waives federal sovereign immunity for
civil and criminal liability for RCRA vio-
lations and thus brings DOE facilities
under jurisdiction of states but exempls
mixed waste stored by DOE.
Washington DC District Court Judge
Penn grants preliminary injunction to

| _stop testing with TRU waste at WIPP.

Penn rufes WIPP facility does not
qualify for interim status under RCRA,
thus must get permits before rather
than during operation.

® 1994 - Funding for EEG authorized for
additional 5 yr.2°

won't open as scheduled in Oct,

by 40 CFR 191).57 Jun: Watkins an-

WIPP. In response to audit, AL manag

environment, safety, and health issues
throughout DOE defense complex.?!
Mar: DOE issues Draft Supplemental
EIS.52 Waltkins creates "Blue Ribbon
Panel” to examine WIPP readiness.
Aug: NRC approves the pressurized
transportation container for shipping
CH TRU to WIPP, TRUPACT-II.

®1990 - Jan: DOE issues Final Supple-
of Decision® on WIPP Final Supple-

should proceed & then another Supple
mental EIS should be prepared before
going to full operation.® Oct: EPA
issues no-migration variance for test
phase of WIPP.85

administrative land withdrawal after
Watkins certifies all environmental

1993 - DOE Sec: H. O'Leary (lawyer).
Oct: DOE decldes not to emplace on

WPIO in Albuquerque & selects new
(old WPO With new functions) and dire
report to Undersecretary T. Grumbly.
Dec: EPA repromulgates 40 CFR
191 as directed by WIPP LWA;
no influential changes.®®

@ 1994 - Jan: EPA announces intent
to promulgate 40 CFR 194 to
specify requirements for implement-

ing 40 CFR 191 at WIPP, ®!

@ 1988 - Sep; DOE announces that WIPP

>
[=%
3D
1989 - DOE Sec: Watkins (admiral). 28
Jan: DOE files request for adminis- g B
trative withdrawal of 16 mi? with =
DOE (less than half of land allowed S

er

mental E1S.# Jun: DOE issues "Record

mental EIS stating testing phase (~5yr)

@ 1991 - Jan: DO! modifies administrative
land withdrawal order to allow test phase
of WIPP,8667.88 Oct 3: DOJ again grants

waste in WIPP- lab tests instead DOE
decides to make drait application to EPA
certify compliance 10°® O'Leary disbands

*pe_r§onnal for Carlsbad Area Office (CAQ)

ct

uojesisiuiwny

nounces an indefinite delay in opening of

creates WIPP Integration Office (WPIO)_
in Albugquerque over WPO in Carjsbad.
Watkins creates tiger teams to examine

uoneljsiuiwpy ysng

permitting requirements have been met.®

uojuo

S 1988 - WIPP SNF & HLW experiments
cancelled because of NWPAA, May:
WIPP begins drilling 4th shait after re-
evaluating 1981 dacision to eliminate it.
SNL reports on in-situ permeability (1000
times lower than 1979) and small potential
brine inflow.?? NAS group formed to study
brine Inflow, 1st prototype of TRUPACT-II
passes structural tests, but fails engulfing
fire test at seals.

TRUPACT-|I pass engulfing fire test.®
SNL completes documentation to support
Draft Supplemental EIS, identifying gen-
eration of gases as containers and waste
corrode as issue because salt permea-
bility Jower than thought in 1979.%¢ West-
inghouse completes No-Migration Peti-
tion.?s Dec: SNL issues 1st annual WIPP
PA outlining process for future PAs,®67

e 1990 - SNL & Westinghouse complete
test phase report suggesting 0.5% of
WIPP capacity of gas generation experi-
ments, May: *Final® Safety Analysis
Report Comploted.® Dec: SNL issues
2nd PA (1st full PA) highlighting use of
modeling system.89100.101

® 1991 - Westinghouse completes Parts
A & B of RCRA permit. Dec: SNL issues
3rd PA highlighting major components
of the PA process & documsnts.’®?

@ 1992 - SNL & Westinghouse complete
work necessary to modify Test Phase
Plan.'® Westinghouse completes work
necessary for modifying Waste Retrieval
Plan.'®* Jun: NAS sends letter to DOE
questioning need for in-situ waste tests at
WIPP. Aug: draft RCRA permit sent to

4th PA refining models and data used in
the PA.10%

K 945~ Jan & Fob: redesigned seals ol ]

- RMED for test phaSe Déci SNL ISsuss |
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1.5 Regulatory Influences on the Waste Isolation Pilot Plant Project

Table 1.5-1 References

1
2
3
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1.0 Introduction

1.5.2 Timeline of Events Influencing Performance Assessment
Process

The progress in itegrating many disciplines and developing corresponding computational tools for a
performance assessment (PA) is directly tied to the major projects that have been funded to this specific
type of policy analysis. However, the events influencing the PA process are more than just a long list of
major projects each making an evolutionary improvement. In this section and tabulated in Table 1.5-2,
aspects of the history of the performance assessment process are grouped into four main subject categories:
(1) events directly associated with nuclear reactor risk assessments in the United States, (2) events
associated with performance assessments of nuclear waste repositories in the United States and abroad, (3)
events associated with risk assessments with transporting nuclear waste and in disciplines other than nuclear
facilities, and (4) outside influences affecting the performance assessment process in general. In the
following discussion, a temporal categorization is also used. The first temporal category is the foundation
phase (1947-1975) where most aspects of the underlying theory were developed for the PA process and
limited applications of that theory were made. The second is the large-scale, interdisciplinary phase (1975-
1985) where probabilistic risk assessments (PRA) and probabilistic performance assessments (PA) were
done for the first time in the United States for large, complex nuclear facilities that require the integration of
many scientific disciplines. The third is the diverse application phase (~1985 onward) where many
applications to different physical systems have been made.

Besides the mathematical fields of probability and statistics,! the foundations of the performance
assessment process discussed in this report have evolved largely out of the U. S. nuclear weapons programs.
The most important foundation technique was the development of the Monte Carlo method (see Section
1.3.1) by the Manhattan Project to evaluate the physics of weapons, specifically nuclear diffusion of
neutrons through fissile material.2 Also drawn upon was the reservoir of techniques that were developed for
the analysis of the reliability of delivery systems for nuclear weapons in the 1950s and early 1960s. One
such example is the fault tree technique developed by Bell Laboratories and applied by Boeing to evaluate
the Minuteman Missile.3 Another important foundational development for PAs in the United States was the
development of the Latin Hypercube sampling technique in the summer of 1975 (see Section 4.2.2, Latin
Hypercube Sampling).

The National Environmental Policy Act of 1969 (NEPA) (see Section 6.2) created a need to predict
risks of large federally funded actions—especially technological actions. NEPA also provided an avenue
through the public comment period on the Environmental Impact Statement (EIS) for special interest groups
to call for more stringent analysis of the associated hazards of technological actions and resulted in a shift to
detailed modeling to predict the consequences of these outcomes.* An important technology to be
significantly affected by NEPA was nuclear power. Although not directly tied to a formal EIS, the justly
famous Reactor Safety Study’ requested by the Atomic Energy Commission Chairman, James Schlesinger,
to evaluate hazards from severe accidents at commercial nuclear reactors was one of the earliest analysis to
met the general needs of detailed analysis required in the new atmosphere created by the NEPA. The
critiques of the Reactor Safety Study also published in 1975 (e.g., Lewis Reportd recognized its significant
contribution as the first detailed, comprehensive, quantitative look at a large, complex nuclear facility.
However, the critiques also noted that uncertainty associated with estimates for parameter values needed to
be included besides uncertainty in behavior of the system, which had been evaluated through event trees and
fault trees (see Section 1.3, Types of Uncertainty in Performance Assessments).

Demands for permanent solutions to nuclear waste provided an impetus for President Ford to call for
more vigorous pursuit of applicable standards in 1977 for proposed waste repositories that culminated in the
first probabilistic standard (see Section 6.1). It was during this period that the term performance assessment
was adopted for assessments of waste disposal systems. Analysts at Sandia adopted a thorough and rigorous
probabilistic approach, similar to the pioneering work in the Reactor Safety Study probabilistic risk
assessment. Although the underlying theory of the PRA and the PA are the same, not all the analysis tools
developed for assessing nuclear reactors could be used for assessing a geological disposal system. Both the
engineered and geologic components of a waste disposal system are subject to natural process over geologic
time’; hence, fault trees to calculate probabilities are not used and simple event trees usually omit temporal
effects.8 Furthermore, computational tools differed because more phenomenological models were needed in
order to include geologic processes. Although Sandia developed codes to be loosely connected in a PA in
the late 1970s and early 1980s,? the Canadians developed the first integrated system, SYVAC, in 1981.10
This was followed by other systems, including the CAMCON system, developed primarily between 1988
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and 1990. The capabilities implemented in CAMCON greatly determined the approaches used and
described in this report on the WIPP PA (see Section 3.3, Modeling System Selection)

During the late 1970s and early 1980s, exchange of ideas and concepts about national nuclear waste
disposal occurred through the International Atomic Energy Agency (IAEA) located in Vienna and the
Nuclear Energy Agency (NEA) located in Paris (e.g., the international subseabed disposal system program
and the Probabilistic Systems Assessment Code [PSAC] user group!!l). Also during the 1980s and 1990s,
many diverse applications of PRA and PA occurred beyond those done initially for nuclear facilities.
Several accidents and one disaster helped prompt the more frequent use of risk assessment. The first was the
accident in one unit of the Three-Mile Island nuclear power plant in 1979. Another important accident was
the Challenger space shuttle explosion in 1986. Both accidents helped give more credence to risk
assessment. In 1984, the disaster at the chemical plant in Bhopal, India, where safety responsibilities had
been turned over to local authorities who did not appreciate the gravity of ignoring safety procedures,
helped encourage more extensive risk assessments within the chemical industry. Surprisingly, the risk
culture that developed for nuclear facilities and the risk culture that developed for other disciplines,
specifically environmental hazards from chemicals (summarized by the National Academy of Sciences in
1983!2), have not frequently learned from each other—as evidenced, for example, by the different terms
used for describing types of uncertainty. Some cross over has occurred,!3 but until very recently the
occurrences have generally remained isolated instances of what could be called probabilistic system
assessments.

References for Section 1.5.2 Text
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2.0 DISPOSAL SYSTEM AND REGIONAL CHARACTERIZATION

To model the Waste Isolation Pilot Plant (WIPP) disposal system® for a performance assessment
requires gathering available information about the wastes it will contain, the proposed design of the
repository, the geology and hydrology of the surrounding site, and the physical processes that operate
there.”* Gathering this information is termed system characterization. It is a vital step in any model
development program (see Section 3.2, Grouping Features, Events, and Processes into Scenarios) and the
first step of a performance assessment (PA). Model development and system characterization can drive
one another as PA methodology evolves. System characterization determines the kinds of models that
must be designed. The data requirements of the resultant models determine the kinds of additional
measurements that must be carried out. These, in turn, can redefine the models in various ways, which, in
turn, can redefine the data needs. Thus, each activity can steer the development of the other.

This chapter describes (1) the geologic character of the site and natural barrier system and (2) waste

inventory and repository design of engineered barrier systems used in the 1990-1992 PA calculations (see
Figure 2.0).
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Figure 2.0. WIPP repository, showing surface facilities, proposed TRU disposal areas, and
experimental areas.

A disposal system is any combination of engineered and natural barriers that isolate transuranic spent nuclear fuel, or radioactive
waste after disposal [40 CFR 191.12(a)]. The natural barriers extend to the accessible environment.

' The general environment as used in 40 CFR 191, Subpart A is described as the “total terrestrial, atmospheric, and aquatic

environments outside sites within which any activity, operation, or process associated with the management and storage of ...
radioactive waste is conducted" (Section 191.02).
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2.1 Character of the WIPP Site

The Waste Isolation Pilot Plant (WIPP) is located in semiarid rangeland in southeastern New Mexico.
Population density close to the WIPP is very low. Fewer than 30 permanent residents live within a 16-km
(10-mi) radius of the repository. Very little of the well water within 16 km (10 mi) of the WIPP is used for
human consumption, largely because the water contains significant concentrations of dissolved salts. The
surrounding area is used primarily for grazing, potash mining, and hydrocarbon production.1-2

The WIPP repository is located in a bedded salt deposit known as the Salado Formation, roughly
655 m (2150 ft) below the land surface. Subsurface bedded salt is commonly selected for examination as
waste repositories. France (NEA, 1991, p. 20),3 Germany (NEA, 1991, p. 20),3 the Netherlands
(Cornelissen, 1991),% and Spain (NEA, 1993, p. 27)° have all investigated the suitability of bedded salt or
domal salt formations in their respective countries for deep disposal of radioactive wastes and Germany
has ongoing investigations. Salt repositories have also been examined as part of the Commission of the
European Communities (CEC) Performance Assessment of Geological Isolation Systems (PAGIS)
project.6 Other CEC studies have considered disposal of alpha-contaminated wastes and intermediate-
level wastes in salt domes located in Germany.”

Salt beds possess both advantages and disadvantages for the disposal of radioactive waste. The
principal advantages of salt are that salt (1) entombs the waste, (2) readily consolidates and regains
physical properties close to those of the original host rock properties, €.g., permeability, density, porosity,
(3) can be found in regions of tectonic stability, (4) can be found relatively near the surface in many parts
of the continental United States, (5) is easy to mine, (6) has extremely small groundwater fluxes, (7) is
relatively homogeneous,” and (8) provides good heat conduction, thus preventing excessively high
temperatures in the waste and at the waste parcel/salt interfaces.

Disadvantages include the following: (1) the wastes would be difficult to retrieve safely with current
mining techniques after disposal, (2) keeping a repository open would require extensive, costly
maintenance, (3) drilling for natural resources, such as hydrocarbons, has often occurred in bedded salt
areas; that is, the potential for co-location with economically valuable minerals exists in salt beds (see
Appendix C of 40 CFR 191). 8

The advantageous natural features of the WIPP site include the following: (1) a lack of pre-existing
boreholes (through the evaporites) within 1.6 km (1 mi) of site,** (2) salt of high purity, (3) a relatively
thick layer of halite, nominally from 300-m (984-ft) to 900-m (2952-ft) depth, (4) lack of extensive
dissolution, (5) lack of deformation (extensive horizontal bedding), (6) tectonic stability, and (7) a relative
lack of valuable resources (i.e., no known oil or gas resource at the site), and the resources that do exist
can be found readily elsewhere.? Advantageous social and economic characteristics at the site include
(1) strong public support in the region, (2) absence of land use and strong resource conflicts, and (3) a
very low population density in the area because the land surface is primarily used for grazing.?

Characterization of the natural barriers of the WIPP disposal system is a lengthy task that has been
ongoing since site characterization efforts began in 1973 (see Section 1.5.1, Timeline of Events for the
WIPP Project). Information from site characterization activities and other sources 10 are described in
detail in many reports including those by Hiss (1975) 11; Cheeseman (1978) 12; Williamson (1978) 13;
Hills (1984) 14, Ward et al. (1986) %, Harms and Williamson (1988) 6; Holt and Powers (1988, 17
1990 18); Beauheim and Holt (1990) !°; Brinster (1991) 2%; Powers et al. (1978) %; Bechtel (1986) 21;
Lappin et al. (1989) 22; the WIPP Final Environmental Impact Statement (FEIS) (U.S. DOE, 1980b) 23,
the WIPP Final Safety Analysis Report (FSAR) (U.S. DOE, 1990b) 24; the WIPP Final Supplement
Environmental Impact Statement (FSEIS) (U.S. DOE, 1990c),! and Volumes 2 and 3 of 1992
Preliminary Performance Assessment report for the WIPP (Sandia WIPP Project, 1992b). 23

The following subsections provide only a sampling of the vast amount of information available on the
character of the site. They introduce the physical setting (Section 2.1.1), stratigraphy (Section 2.1.2),
regional geology (Section 2.1.3), regional cross-sections (Section 2.1.4), hydrological characterization of

Although fairly homogeneous relative to other rock types, it is the possible heterogeneities that are of concem in any performance
assessment.

* Although a scarcity of boreholes was considered an important criterion in the early 1970s, the EPA standard promulgated in 1985

and 1993 has since made the point less critical. The EPA regulation specifies that human intrusion by means of an exploratory
borehole must be examined regardless of the absence of previous boreholes. Only the rate of drilling is now an issue.
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the Culebra (Section 2.1.5), and climate variability (Section 2.1.6). The latter is not really a characteristic
of the disposal system. It is an agent that acts on the disposal system, but it is convenient to discuss it here.
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2.1.1 Physical Setting, including Natural Resources
Physical Setting of the WIPP

The Waste Isolation Pilot Plant (WIPP) is located in southeastern New Mexico 42 km (26 mi) east of
the city of Carlsbad, 20 km (12 mi) northeast of the Pecos River, and 45 km (28 mi) west of the high
plains of west Texas. The region is known locally as Los Medaiios ("the Dunes"). Most sand dunes in the
area are stabilized by vegetation. There is relatively little local topographic relief. Major geographical
features in the region include Nash Draw, Laguna Grande de la Sal, and the Pecos River (Figure 2.1-1).

The land surface within Los Medaiios slopes gradually upward to the northeast from Livingston
Ridge on the eastern boundary of Nash Draw to a low ridge called "The Divide." 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 (2 mi) 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 dry seasons. Effluent from the potash, oil, and gas industries has enlarged the lake.

The Pecos River, the principal surface-water feature in southeastern New Mexico, flows
southeastward, draining into the Rio Grande in western Texas. Surface drainage from the WIPP does not
reach the river or its ephemeral tributaries.

Natural Resources

Potash, oil, and gas are the only known, commercially important, mineral resources in the vicinity of
the WIPP. Estimates of the volumes and locations of these resources are reported by U.S. Department of
Energy.! Numerous productive oil and gas wells are near the WIPP. The wells generally tap
Pennsylvanian strata, about 4,200 m (14,000 ft) deep. Interest in oil exploration near the WIPP Project has
increased in the last few years and could be an important aspect to address regarding permanent markers
for the site (Assurance Requirements of 40 CFR 191; see Section 6.1.1). Three potash mines and two
associated chemical-processing plants are located between 8 and 16 km (5 and 10 mi) from the WIPP.2
Potash-enriched beds are found stratigraphically above the repository horizon. Neither mining of potash
nor exploratory drilling for potash reserves reaches the repository horizon.

Other Salt Deposits

Salt* deposits can originate in a variety of settings. Under proper conditions, thick sequences of
gypsum and halite can accumulate. For an evaporite deposit to be preserved, it must be protected from
subsequent dissolution by undersaturated water as has occurred at the WIPP site for 255 million years
(0.004% of the regulatory period of 10,000 yr). Evaporitic sequences, protected by thicknesses of
overburden sufficient to inhibit dissolution of the soluble evaporites, exist all around the world. In the
United States, salt deposits are located in about half the states and cover a wide span of geologic time,
ranging in age from the Silurian to the Pliocene.
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