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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.
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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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Feedback to investigators performing disposal-system characterization is shown as an

example. (Rechard et al., 1992a, Figure 1-2).5

1-9




1.0 Introduction

1-10




1.2 The Six Principal Steps of Performance Assessment

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.
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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.
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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

<
0

€8

*105]ApE
jeojuy28) 300 sewoosq uebe NS
HI-LOVdNHL, 10§ 3V sewoaaq Buibesoed
JBOIONN (R0 4,0,°0NSS| Jofew sawooaq
1-LOVdNHL Uf luswuieluod ejqnop jo
%OBT go¢9'INO PAINI B JOUUED BBJE [BSOd
-SIp NH.L 84l M0jBq JI0AI8S8] BUNQ PoZ|

-mnsseid e jo Aliqissod spul INS - 2861 A

“([vd) ewssessy

eduBLLIONRd) BUSILO L6L HID O 1sujele

ddim jo esueuniojred Buissesse jo

%se) 1de09e INS BNV geu5" INS 1B 1581
oy sessed [-LOVdNHL ey :qe4 - 9861 @

‘Buliepow
|euoibas uey) Jeyies Suiepow o160j0IpAY
plolj-183U UO 8I0W SNIO} 0} suibaq 10d
-fo1d 161 HD Op Ul Walshs [esodsip au
0} A1epunoq wx-G © JO UONUNOP Ul YIIM
"-LOovdNyL [euBuo up eBewep yajews o)
paieaydal ebetuep einjound '‘Suipiinge:
Ol 1}InGas JOOP YIIM JleYy ey ut sind
pue |-LOVdNYL Selquassesip v - 5861 @

‘sassed Jauleluod {161 H4O 0} U] pannbal
(rote “1sey eampound “1ebaet Bupteifun

uo doip i o€ ““B6°6) Buiise) |ernionas 10}
sun ey} 1e uonepw 1yGlam papaaoxe
JIauleu0d esneoad Alljloe) 158} INHO 01
SPUas INS HauteIuo? |-LOVdNYL euo
$O15|dWOD YY) gy'59'v9'108(01d J0 8SRUd

uopezueloeIeyd waishs ey vy Bupsysn X

‘2861 U} pauyep sisel pjel} (MTH esuajep
“6-9) abexord ejsem % [einonns WIS}
Auew Bunuatwaidwt suibaq INS - 861
*suifaq yeys pig Joj sjoy Joid

jo 6uiup pue (yS jo ued) uodas edid
B10031g s818|dwoa SOSN 100 ‘SyeYs

1X0 OM] 8L} 199UUOI SUOIIBARIX® (Unf
*Juswabeust uoltaNSUOD jo seseyd (e
10} Anjiqisuodsen sswinsse steauibug jo

di109 Auny :unp *patoales jaas] Aolisodals ;(r

:KBIN ¢o'S1S8) AQJS BulWEXS 0} punolb
-19PUN ddiM SIN0I SYN {8Ued ddIM dy
'v$ Aq paJinbas spodas jsow eje|dwod
SI0KRENUOI B ‘'SDSN “INS JEW - £861

(VS jo ued) uiseg eleme|ag eyl punore

2 U1 sejodeas Jo uolnossIp uo podas wy
-18u1 setadwiod INS 108Q (Yinos 1eyun}
paaow eaJe [esodsip NHL) (081 Koysod

-a1 sdy} 108(01d :AON "(HeYS Bul U1 Y8 PNy
[ozz2] wog~) paia|dwod yeys pug -~ 2861 @

19'Suotoadsu) sujw uo
304 pue (10Q) Joqe1 jo juswiedsq
ussmieq JuaweasBy np °II-LOVdINYL
10 uBisep [enidesuod Buibexoed seejonN
s128]8s 304 RO go1 (YMSH ) YHOH 01
100{qns s| 81sem NYL AqeJey) pue ‘sepi|a
-nuoipel ideoxe Buiphiens 8pnjoxe o)
Jeueiew jonpoudAq, seuyepas 300 - 2861 @

"yHOY 0} joslqns eisem

ddiM 10 %09 “xoidde (e1sem pexiw)

S[ESIWIBYD pIezeY Yiim pojeuue)u00-0d
olsem AIAIOBOIDEI SOIBIS Yd3 - 986 1 N

gseyd esue)idurod

0) ddim eu jo uopisuel e suiaq
uojebinwoid 2861 JO YIMN Wwos
uopali1d 1A-000'01/SUIEEP 0001 Sesn
S yc'fuonisodes 0i60j0sb e Ut WL ® 'MIH
NS Jo |esodsip 10} 164 HAO Op seleb
-[nwoid vd3 :deg *Atojisodas jeiorsw
-Woo U] J0 pasodsip 8q MTH ? ANS
asuajep ey uoljlepuswiwodal 304
Uim SInduod uebeay "AMH ? NS 10}
304 Aq papusLIodal Se Sejeplpued
Atolisodal g ey seaoxdde uebeay
“(sakmey) uoibupiel 1988 30Q - §864

n

Reagan Administrati

‘peqspied o} (OdM) 931j0 198loid
ddIM sarow (y) 93YjO suoneiado
enbanbnqyy jo Jabeuey ey - 861 W

*eyep Buuedo

ddim se 861 100 stes 30Q :des

00" UOIIONISUOD YUM pasoold 0} uoisioap
SEoUNOUUE 3OQ N[ syseye iBSOASID
8lsem UO PIEPUB)S Yd3 patebinwoid

&q o} 184 ey} 8auasa}el AQ sepnjoul

pue sayolsodas 01601096 u) |esodsip
8]sem o} BUSILO [BOIUYD8] sajebinwoid
OHN UNP ¢5"UONANNSLOD i} 3A-8 1O}
PUE| ;W 0L X 9E JO [emeIpYIM Seaoidde
10Q :unp ¢5’pouad Juawwod Aep 09
SMmoI(B ¥ N OF Suodas AQdS sealb 30Q
ey “(1eAme) [apoH :08g 304 - €864

'8N 161 YD O pasodord se

02 yeup Sumiom seysiqnd vd3 :98Q

*JA g 10} siuawadxe AQdS Bunanpuod

1o} (08 0968) W 401 X GE JO [EmeIpyIM

BANBISIMIWPE 10} 4:30Q Aq Ja111ES 1A 2 pal
-lwgns gguoneaydde seaoidde |QQ - 2868 @

‘Asesseoauun ddim e sisel
MTH pue NS pelepisuod Bujeq lou ifes
peppaq esnedeq ‘|esodsip AMTH PUB NS
|enuajod Joj uojieziielorIeyd oS obiepun
0} AN ‘I BINA $1998S y5(VYIMN) PV
sjuawpuswpy Ko)jod BISEM JESJONN 080
s 10V J8lep ues() yim Aouedalosip
yim uojuod euo pue ujebe uo pejusw
W02 JOU InQ SIUBWWOD 0} asuodsal
uf pappe 161 YD op Jo uojuod euo
Vd3 0l SpuewWal @ S1edeA ‘1oNIsIq
151 10} Sjeeddy jo UnoD :Nf - 2861 @

‘161 H4O OF 4840 Yd3 S9NS OOUN - 9861 @

2s"SeuolNsodal 9160/086 10)

$8|0BISqO |E2JUL 28] S]qEIUNOWINSU] OU

sepniouod ‘ssaibucy jo Aouebe ue (v10)
Juawssassy ABojouyoa] jo eo1j0 - S86 1 .ﬁ

‘SMe] ileay

uewny pue juswuoiaua Auew wos 304
pajdutexe y3y ybnoy uane senijioe} 309
0} YHOH Jo sjuswarnbas [empasold pue
|eatuyoa) 8yt yioq Aldde o) 30a sennbai
\s1BPOH "A 437 ‘esueeA Juoleibiu-ou,
® o} A|Injsseoans pauonned sey els
|esodsip sssjun uswieanaid paidao

-0B Inoyim S||I} pue| Ul |esodsip ajsem
SNOPIBZEY SUB] oo(VMSH) 10V 1usw
-puswy 8ISeM PIOS P SNOPJEZEH - ¥861 @

‘AN Ul luswanoidw peos
10} N §'G$ Seleaolie $59:6u00 - €861

‘setoyebos

-J8JU1 DIHMS shosswnu o) Buipuods

-8J WO} JOQ OABI[S2 0) BUIOSP SHNOY
(SuW) ebesais ejqe

-AS1I3Y POICNUOW pling IJOQ Sisabbns -
sjoalgo
uebeay ssajun Aloysodal o) 06 (i

B} 30Q WoJ} MH ? INS Seleis -
JA 000’0t

/SUteap 000} JO ys ajqeidadde sies -

Aronsodal jo Buisuaal QYN selnbatl -
Kionsodal pH 2 4ANS Joj Aed 0y

‘senun AQ papuny ‘punj isni dn sias -

‘ar(VMN)

19y A3ijod 8ISEA JESIONN - 2861 @

‘podsuel ddim o1

Aidde s6e) 100 % OUN ‘vd3 Aq panssias
nun asueydwod ddim Bunenjeas
Joj panssy st se 161 H4D OY
osn 13 ‘1oaem Jo ‘uojidwexe
‘eaueieA ‘Buueyiejpuell jo fem

Aq eaue)idwods ddim ebeinoosip
pue suoljejnfes B smej ejqeaydde
11e yim Aldwod 0y 30Q Bumiwwod
juswaalBy DD 01 UONEBIYIPOW PUZ
‘suole|nbes ejsem snopiezey Wosj Jgdim
sidwexe esnie|siBe] NN 'suocpenber
8]SEM SNOPIEZRY R BAIOROIPERS UBaMIa]
sjoyuoo Bustedionuy “UoyeNS 19V - L86L

Carruthers
Admin.

*(1861 @93) 2861
10 VdMN Uitm esueydwod jneqe Buig
ol 30Q sons (OauN) lounod esusjeq
$80IN0SBY [eINEN G0 o) 0lq8
<jdadoeun si ‘L= LOVINYL ‘e1sem
YL to} Jeuejuod uoneuodsues
Je|nbuejoal pajuan ‘pajiays-e|buls

8y} 1eyt 30Q sayiou D33 - 5864 .ﬁ

°

10 401 X 2'G 0] jJunowe eisem NYL
(HY) paipuey sjowar Bupw uaW
0216y 990 0} uonedYIPOW IS| - Y86

ddIM jo

Buisuadl DU UO SISISul OS|Y “ddIM JO
Ai8jes Inoqe YN eaeaap o} bunesoqeljod
218 933 ¥ 304 18y ebs|le qni enals
Quv :des "-LOVdNHL ul seb uaboiphy
aAisodxa Ajlenusiod noqe ua2U0d

soleys eAeuy 60y 5. 'ddIM O} 9I1SEM
NYL pe|pueH 1920 Juajuod eung-ublH
10 sluBwdiyS wosj SWeqosd [enusiod,
nodai senss) 933 :Ony 4,'S10AIBSE)
8ul1q 10} [enjualod JO UONEN|BAS SB YINS
sansst [ealuyseioab Buipuelsino asjosal of
S8IPNIS {BUONIPPE SPUSILIOSa) OS[e Ing ,
'91SEM NY L 8SUBJap JO (W 0L X GL°1)

o} uoljjiw g Ajerewsxoidde jo wawaae(dwe
ysuewsad 1o} 8lis 8t} Jo UONEPI[BA 8y} Ul
| _8uapyuos eem o1 eiep lualanjns
U] PazualIRIBYI UIQ SBY 8lIS SOuEp
*OIN SO aul™, 1ey] Sepnouod D33
‘wesbord AQdS Wosj s)nse! Buimaia
-a1 Ja)ye :Aep "e)oepleq DY - €861
sjuapiose palejal-ddIm 10}

ejqeyl 304 Buniew (g) pue ‘seipnis
|esjuyoatoat elow o) 30Q Guw
-wo3 (2) WN Ut sAemybiy Suipeibidn
10§ spunj %aas o} 304 Sunwwos (1)
paubiis ys |eluaws|ddng 93Q - 2861 @

Anaya Administration

[ e —

King Administration

SR o

TRI-6342-4530-0

1-41

S




[l

0-LESY-2hES-IHL

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
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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).

__’r——:\&"-—_/ = e T —
Salt Storage Area
Salt Handling Shaft

Support and Waste Handling Building
ey %e&"—ahaust Filter Building
1T =

1
1
i
1
1
1

/ :
/ ——
= 55 m
% e
imen ’

Rustler

Culebra Dolomite Formation

}

TRU Waste
Disposal Area

TR1-6346-59-1

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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In this report, salt refers to evaporite deposits that are predominantly sodium chloride NaCl). Mineralogic names such as halite
(NaCl), sylvite (KCL), gypsum (CaSO,4+H,0), and anhydrite (CaSO,) are used when referring to specific evaporite minerals. The
term evaporite includes all of the above minerals. Evaporites are formed by the evaporation of a solution that contains dissolved
solids; in this case, the solution was ancient sea water.
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2.1.2 Stratigraphy

The repository level of the Waste Isolation Pilot Plant (WIPP) is located within the Salado Formation*
(Figure 2.1-2), which consists primarily of nearly horizontal (<1 degree dip), 600-m (1968-ft) thick halite
(NaCl) with occasional interbeds of minerals such as clay and anhydrites (CaSO,4) of the Late Permian
Period (approximately 255 million yr old). One such anhydrite interbed, known as Marker Bed 139
(MB139), is located about 1 m (3 ft) below the repository interval and forms a potential lateral-transport
pathway away from the repository. It is about 1-m (3-ft) thick and is one of about 45 interbed units within
the Salado Formation.!

Most of the strata above the Salado are more variable in elevation. They are also well known to be
permeable, being host to numerous wells throughout the basin. The Rustler Formation®* contains the most
permeable units above the repository and is therefore the most likely pathway for lateral transport of
radionuclides. Below the repository reside the Castile Formation,"™* the Bell Canyon Formation, and
deeper units. Their elevations are known at relatively few points, the remainder being inferred. Because
the geologic structure in the center of the Delaware Basin is uncomplicated in relation to many other
sedimentary basins or metamorphic rocks, the uncertainty of inferred elevations is likely small on a
regional geologic scale. The upper layer of the Castile Formation contains irregularly spaced brine
reservoirs in some parts of the basin.? Current data suggest they are hydraulically isolated pockets of
pressurized fluids.
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The Salado formation is the fourth principal formation below the surface. It is composed primarily of halite and is the host medium
for the WIPP repository. The Salado unit is about 600-m (1968-ft) thick and consists of three informal members. The fower member
is about 340-m (1115-ft) thick and is mostly halite with lesser amounts of anhydrite (CaSOy4) and polyhalite, a hard, poorly soluble,
evaporite mineral (K,MgCay(SO4)2H,0). Anhydrite is anhydrous calcium sulfate—that is, gypsum without water or
crystallization. It is denser and harder than gypsum. The WIPP repository is located in this unit about 180 m (590 ft) above the lower
contact with the Castile Formation. The middle member of the Salado is the McNutt Potash Zone. It is about 110-m (360-fi) thick
and consists of reddish-orange and brown halite interbedded with sylvite and langbeinite. These minerals yield potassium salts
(potash) and are mined in the nearby region. The McNutt Potash Zone is separated from the lower member by a thin silty sandstone
and from the upper unit by a thin anhydrite. The upper unit is 150 m (452 ft) of halite interbedded with polyhalite, anhydrite, and
sandstone.

**  The Rustler Formation conformally overlies the Salado Formation and is the youngest unit of the evaporite series. The formation is a
cyclical series of deposits consisting of 10% carbonates (dolomite), 30% sulfates (gypsum and anhydrite), 40% salts (halite and some
polyhalite), and 20% clastic rocks (mudstone and shale). In the surrounding region, the Rustler Formation rises close to the surface.
There, the anhydrite component has been hydrated and converted to gypsum. The formation has an average thickness of 110 m
(360 ££), but actual thicknesses range from 8 to 216 m (26 to 709 ft). The Culebra Dolomite Member of the Rustler Formation (lower
dolomite), ranging in thickness from 3 to 14 m (10 to 46 f), is a unit with brine that could provide a pathway for lateral transport of
radionuclides to the accessible environment. It is composed of a microcrystalline dolomite and dolomitic limestone with solution
cavities containing gypsum and anhydrite filling, Close to the repository, the dolomite has an average thickness of 7.5 m (25 ft).

***  The 500-m (1640-ft) thick Castile Formation underlies the Salado. It is the lowest and the oldest formation considered in most WIPP
conceptual models. The Castile Formation consists of five principal lithologic units under the WIPP site—three anhydrite members
interbedded with two halite members. Pressurized brine reservoirs have been intersected occasionally in three wells around the site
and, using accepted geophysical methods, cannot be ruled out conclusively beneath the site. Brine at pressures greater than
hydrostatic occur west of the site in the Anhydrite II1 layer (fractured part) of the Castile Formation. The possible existence of a brine
pocket beneath the repository is important. If one were present and if an exploratory borehole breached both it and the repository
above, the resultant vertical brine flow could influence the release of repository materjals to the brine aquifer in the Culebra. For
modeling purposes, pressurized brine reservoirs are assumed to exist (without reduction in pressures) beneath the repository for the
next 10,000 yr (see Section 3.2.4, Human Intrusion Summary Scenarios).
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Figure 2.1-2.

Stratigraphy above and below the WIPP repository (after WIPP PA Division, 1991,
Vol. 3, Figure 2.2-1).3
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2.0 Disposal System and Regional Characterization

2.1.3 Regional Geology

The Waste Isolation Pilot Plant (WIPP) is located near the northern end of the Delaware Basin, a
portion of the Permian Basin that is a structural depression. It was formed during the Late Pennsylvanian
and Permian Periods, (approximately 320 to 245 million yr ago; see Figure 2.1-3). Sedimentation within
the subsiding basin resulted in the deposition of up to 4,000 m (13,000 ft) of marine strata. Biological
activity at the basin margins produced massive carbonate reefs that separated deep-water sediments from
the shallow-water shelf sediments deposited shoreward.

During the Permian Period, subsidence in the Delaware Basin was initially rapid, resulting in
deposition of the deep-water shales, sandstones, and limestones of the Delaware Mountain Group. The
Bell Canyon Formation is the topmost formation of this group. Intermittent connection with the open
ocean and a decrease in clastic sediment supply, possibly in response to regional tectonic adjustments, led
to the deposition of the thick evaporite sequence of the Castile and Salado Formations. Anhydrites and
halites of the Castile Formation are limited to the deeper portion of the basin, which is enclosed partially
by rocks of the Capitan Reef Limestone. Subsidence within the basin slowed in Late Permian time. The
halites of the Salado Formation (which include the host strata for the WIPP) extend outward from the
basin center over the Capitan Reef and the shallow-water shelf facies. Latest Permian-age evaporites,
carbonates, and clastic rocks of the Rustler Formation and the Dewey Lake Red Beds record the end of
regional subsidence and include the last marine rocks deposited in southeastern New Mexico during the
Paleozoic. The overlying sandstones of the Triassic-age Dockum Group reflect continental deposition and
mark the onset of a period of regional tectonic stability that lasted approximately 240 million yr, until late
in the Tertiary Period.

Reference

1  Lappin, A.R. 1988. Summary of Site-Characterization Studies Conducted From 1983 Through 1987 at the Waste
Isolation Pilot Plant (WIPP) Site, Southeastern New Mexico. SAND88-0157. Albuquerque, NM: Sandia
National Laboratories.
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2.0 Disposal System and Regicnal Characterization

2.1.4 Regional Cross-Sections

Permian-age strata of the Delaware Basin now dip gently (generally less than 1 degree) to the east,
and erosion has exposed progressively older units toward the western edge of the basin (Figure 2.1-4a).
This tilting reflects an uplifting of the Capitan Reef that occurred during the Late Pliocene and early
Pleistocene (approximately 3.5 million to 1 million yr ago) and resulted in the formation of the Guadalupe
Mountains about 60 km (37 miles) west of the Waste Isolation Pilot Plant (WIPP) site. Field evidence
suggests additional uplifting may have occurred during the late Pleistocene and Holocene, and some faults
of the Guadalupe Mountains may have been active within the last 1,000 yr.! North and east of the WIPP,
the Capitan Reef has not been uplifted and remains covered (Figure 2.1-4b).

The present landscape of the Delaware Basin has been influenced by near-surface dissolution of the
evaporites.23 Karst features created by dissolution include sinkholes, subsidence valleys, and breccia
pipes. Most of these features formed during the wetter climates of the Pleistocene, although active
dissolution is still occurring wherever evaporites are exposed at the surface. Some dissolution may also be
occurring in the subsurface where circulating fresh groundwater comes in contact with evaporites.

References

1 Powers, D.W., S.J. Lambert, S-E. Shaffer, L.R. Hill, and W.D. Weart, eds. 1978. Geological Characterization
Report, Waste Isolation Pilot Plant (WIPP) Site, Southeastern New Mexico. SAND78-1596. Albuquerque, NM:
Sandia National Laboratories. Vols. I-II.

2 Bachman, G.O. 1984. Regional Geology of Ochoan Evaporites, Northern Part of Delaware Basin. New Mexico
Bureau of Mines & Mineral Resources Circular 184. Socorro, NM: New Mexico Bureau of Mines & Mineral
Resources.

3 Bachman, G.O. 1987. Karst in Evaporites in Southeastern New Mexico. SAND86-7078. Albuquerque, NM:
Sandia National Laboratories.
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2.0 Disposal System and Regional Characterization

2.1.5 Hydrological Characterization of the Culebra

The Culebra Dolomite Member is a thin dolomite stratum within the Rustler Formation. At several
locations, it contains various clays (argillaceous) and sands (arenaceous) with vugular spaces (small
solution cavities). Near the Waste Isolation Pilot Plant (WIPP) site, it varies in thickness from about 7 m
(23 ft) (at DOE-1) to about 14 m (46 ft) (at H-7). During initial WIPP siting investigations, the Culebra
was considered the most important potential groundwater-transport pathway for radionuclides to the
biosphere and was used in evaluating doses to humans in the 1980 Environmental Impact Statement.!
Subsequent agreements between the DOE and the State of New Mexico (see Section 1.5.1, Timeline of
Events for the WIPP Project) called for continued characterization of the Culebra. Accordingly, the WIPP
Project scientists devoted much attention to determining the hydrogeologic properties of the Culebra. It
has been hydrologically sampled at 41 locations in the vicinity of the WIPP (Figure 2.1-5). Results of
these tests and interpretations of measurements have been reported in detail by, for example, Beauheim,2:3
and Avis and Saulnier 4 (see Sections 5.2.6 and 5.2.7 for use of these data).

In December 1982, when the proposed draft of 40 CFR 191 appeared, attention shifted somewhat to
the controlled area, which is defined to be a vertical surface and area below the Land Withdrawal
boundary. At its closest point it is .4 km (1.5 mi) from the waste disposal area (see Section 1.4.1).
Because halite and interbeds transmit water poorly, lateral radionuclide transport 2.4 km (1.5 mi) to the
edge of the accessible environment, at repository depth, is unlikely during the 10,000-yr regulatory period
(see, for example, Rechard et al.5 and the discussion of the 1992 PA 7). Accordingly, models assume
radionuclide pathways to the accessible environment through the Culebra. However, hazardous gaseous
chemicals, thought to exist in potential WIPP wastes, could conceivably move that distance at depth via
fractured anhydrite marker beds. Consequently, their behavior has been modeled in other calculations
(Helton et al.) (see Section 3.2.1).

References

1 U.S. DOE (U.S. Department of Energy). 1980b. Final Envivonmental Impact Statement: Waste Isolation Pilot
Plant. DOE/EIS-0026. Washington, DC: U.S. Department of Energy. Vols. 1-2.

2 Beauheim, R.L. 1987. Analysis of Pumping Tests of the Culebra Dolomite Conducted at the H-3 Hydropad at
the Waste Isolation Pilot Plant (WIPP) Site. SAND86-2311. Albuquerque, NM: Sandia National Laboratories.

3 Beauheim, R.L. 1989. Interpretation of the H-11b4 Hydraulic Tests and the H-11 Multipad Pumping Test of the
Culebra Dolomite at the Waste Isolation Pilot Plant (WIPP) Site. SAND89-0536. Albuquerque, NM: Sandia
National Laboratories.

4  Avis, J.D., and G.J. Saulnier, Jr. 1990. Analysis of the Fluid-Pressure Responses of the Rustler Formation at
H-16 to the Construction of the Air-Intake Shaft at the Waste Isolation Pilot Plant (WIPP) Site. SAND89-7067.
Albuquerque, NM: Sandia National Laboratories.

5 EPA (Environmental Protection Agency). 1982. "40 CFR Part 191: Environmental Standards for the
Management and Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radiocactive Wastes; Proposed
Rule," Federal Register. Vol. 47, no. 250, 58196-58206.

6 Rechard, R.P., W. Beyeler, RD. McCurley, D.X. Rudeen, J.E. Bean, and J.D. Schreiber. 1990b. Parameter
Sensitivity Studies of Selected Components of the Waste Isolation Pilot Plant Repository/Shaft System. SAND89-
2030. Albuquerque, NM: Sandia National Laboratories.

7  WIPP PA (Performance Assessment) Department. 1993. Preliminary Performance Assessment jfor the Waste
Isolation Pilot Plant, December 1992. Volume 4: Uncertainty and Sensitivity Analysis for 40 CFR 191,
Subpart B. SAND92-0700/4. Albuquerque, NM: Sandia National Laboratories.

8 Helton, J.C., JE. Bean, B.M. Butcher, JW. Garner, J.D. Schreiber, P.N. Swift, and P. Vaughn. 1993b.
Uncertainty and Sensitivity Analyses for Gas and Brine Migration at the Waste Isolation Pilot Plant, May 1992.
SAND92-2013. Albuquerque, NM: Sandia National Laboratories.

9  WIPP PA (Performance Assessment) Division. 1991. Preliminary Comparison with 40 CFR Part 191, Subpart B
Jor the Waste Isolation Pilot Plant, December 1991. Volume 3: Reference Data. Eds. R.P. Rechard, A.C.
Peterson, J.D. Schreiber, H.J. Tuzzolino, M.S. Tierney, and J.S. Sandha. SAND91-0893/3. Albuquerque, NM:
Sandia National Laboratories.
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Figure 2.1-5. Location of wells used to define hydrologic parameters for Culebra Dolomite Member
of Rustler Formation (WIPP PA Division, 1991, Vol. 3, Figure 2.6-3).7
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2.0 Disposal System and Regional Characterization

2.1.6 Climatic Variability -

Climate variability is well known to be a large-scale process that could potentially affect the disposal
system. The primary concern is precipitation and, ultimately, recharge of the strata above the Salado
Formation, especially the Culebra Dolomite Member, which is the principal brine-bearing member of the
Rustler Formation. The Culebra Dolomite is generally thought to be the most important potential
groundwater-transport pathway for radionuclides to the accessible environment, assuming human
intrusion provides a pathway from the repository to the Culebra (see Section 2.1.5, Hydrological
Characterization of the Culebra).

Present Climate

The climate of southeastern New Mexico is arid to semiarid.! Annual precipitation occurs mainly
during the late summer monsoon. Winters are cool and generally dry. At present, mean annual
precipitatior; at the Waste Isolation Pilot Plant (WIPP) site measures between 28 and 34 cm/yr (10.9 and
13.5 infyr).

Paleoclimates and Climatic Variability

Based on our knowledge of past climates, it is reasonable to assume climate at the WIPP will change
somewhat during the next 10,000 yr. Consequently, performance-assessment hydrologic models have
examined climatic variability. At present, long-term climate models are incapable of spatial resolution on
the scales required for numerical predictions of future climates at the WIPP.3%> Moreover, simulations
using these models are of limited value beyond a few hundred years into the future. Direct modeling of
climate variability during the next 10,000 yr has not been attempted for WIPP performance assessments.
Instead, performance-assessment modeling uses past climates to set limits for future variability-6 (see
Figure 2.1-6). The illustrated function is not a predictive function for future precipitation. Rather, it is a
simplistic function that illustrates the sorts of variabilities that might occur. The magnitude of climatic
variabilities caused by human-induced changes in the CO, composition of the Earth's atmosphere is
uncertain. Presently available models of climatic response to an enhanced greenhouse effect 4> predict
changes no greater in magnitude than those of the Pleistocene, although predicted rates of change are
greater. Thus, the use of a Pleistocene analog for future climatic extremes remains appropriate.

References

1 Swift, P.N. 1993. "Long-Term Climate Variability at the Waste Isolation Pilot Plant, Southeastern New Mexico,
USA," Environmental Management. Vol. 17, no. 1, 83-97.

2 Hunter, R.L. 1985. 4 Regional Water Balance for the Waste Isolation Pilot Plant (WIPP) Site and Surrounding
Area. SAND84-2233. Albuquerque, NM: Sandia National Laboratories.

3 Hansen, J., I Fung, A. Lacis, D. Rind, S. Lebedeff, R. Ruedy, and G. Russell. 1988. "Global Climate Changes as
Forecast by Goddard Institute for Space Studies Three-Dimensional Model," Journal of Geophysical Research.
Vol. 93, no. D8, 9341-9364.

4  Mitchell, J.F.B. 1989. "The 'Greenhouse Effect' and Climate Change," Reviews of Geophysics. Vol. 27, no. 1,
115-139.

5 Houghton, J.T., G.J. Jenkins, and J.J. Ephraums. 1990. Climate Change: The IPCC Scientific Assessment. New
York, NY: Cambridge University Press.

6 Swift, P.N. 1991. "Appendix A: Climate and Recharge Variability Parameters for the 1991 WIPP PA
Calculations," Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste Isolation Pilot Plant,
December 1991. Volume 3: Reference Data. Eds. R.P. Rechard, A.C. Peterson, J.D. Schreiber, H.J. Tuzzolino,
M.S. Tiemey, and J.S. Sandha. SAND91-0893/3. Albuquerque, NM: Sandia National Laboratories. A-107
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Figure 2.1-6. Modeled average annual precipitation fluctuations in next 10,000 yr and comparison
with surmised paleoprecipitation for past 30,000 yr (after Swift, 1993). 1
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2.2 Properties of the Waste

2.2 Properties of the Waste

Waste Isolation Pilot Plant (WIPP) wastes consist of laboratory and production materials such as
glassware, metal pipes, spent solvents that are sorbed or solidified, disposable laboratory clothing,
cleaning rags, and solidified sludges (see Figure 2.2). These wastes are contaminated by alpha-emitting
transuranic (TRU) elements. Any waste that is contaminated with alpha (ou)-emitting transuranic
radionuclides having half-lives greater than 20 yr and has activities greater than 100 nCi/g, is considered
TRU waste in the United States.” Normally, the waste is any material (e.g., smocks, used tools, scrap
metal, rags, etc.) that has been in contact with TRU radionuclides. TRU waste is also known as Alpha-
Bearing Waste in some countries. Approximately 60 percent of the wastes may be co-contaminated with
other hazardous constituents such as those defined under the Resource Conservation and Recovery Act of
1976 (Public Law 94-580 and subsequent amendments). The following subsections of Section 2.2 describe
various aspects of the radionuclide inventory.

Figure 2.2.  Simulated waste drums containing contact-handled TRU waste (see Section 2.2.1 for
definition of contact handled).

Other types of radioactive waste and material include high-level waste (HLW), spent nuclear fuel (SNF), and low-level waste
(LLW): HLW is " ... the highly radjoactive material (fission products and some actinides, atomic number 89-103) resulting from the
reprocessing of spent nuclear fuel, including liquid waste produced directly in reprocessing any solid material derived from such
liquid waste that contains fission products in sufficient concentrations ... " (Nuclear Waste Policy Act of 1982, Public Law 97-425).
SNF is " ... fuel that has been withdrawn from a nuclear reactor following irradiation, the constituent elements of which have not been
separated by reprocessing" (Nuclear Waste Policy Act of 1982, Public Law 97-425). Although spent nuclear fuel contains
fissionable 233 U, it contains too many radionuclides (primarily short-lived) that adsorb neutrons from the fission process for it to be
usefully left in the reactor. Occasionally, general articles regarding radioactive waste use the term high-level waste to imply any
combination of spent nuclear fuel and HLW (and sometimes transuranic waste) that requires disposal in a deep, geologic repository.
The Nuclear Regulatory Commission (NRC) includes spent nuclear fuel in its definition of high-level waste. LLW is all radioactive
waste other than spent nuclear fuel, high-level waste, transuranic waste, and mill tailings. In the United States, LLW is divided into
three categories: A, B, and C. Category A has the lowest activity, and Category C has the highest. Some countries create a category
called "Intermediate-Level Waste (ILW)" by grouping together transuranic waste and the U.S.’s Category C LLW, which requires
shielding during handling.
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2.0 Disposal System and Regional Characterization

2.2.1 Contact-Handled and Remotely Handled TRU

The transuranic (TRU) waste for which the Waste Isolation Pilot Plant (WIPP) is designed has been
generated at 10 facilities that have supported the nuclear weapons complex. The waste consists of
laboratory and production waste such as glassware, metal pipes, solvents that are sorbed or solidified,
disposable laboratory clothing, cleaning rags, and solidified sludges. Current plans specify that most of the
TRU waste generated since 1970 will be placed in the WIPP repository, with the remaining waste to be
disposed of elsewhere.

As of 1992, the 10 TRU waste generator and/or storage sites that are scheduled to ship waste to the
WIPP are (1) Argonne National Laboratory-East (Argonne), Illinois; (2) Hanford Reservation (Hanford),
Washington; (3) Idaho National Engineering Laboratory (Idaho Lab), Idaho; (4) Los Alamos National
Laboratory (Los Alamos), New Mexico; (5) Lawrence Livermore National Laboratory (Livermore),
California; (6) Mound Laboratory (Mound), Ohio; (7) Nevada Test Site (Nevada Site), Nevada; (8) Oak
Ridge National Laboratory (Oak Ridge), Tennessee; (9) Rocky Flats Plant (Rocky Flats), Colorado; and
(10) Savannah River Site (Savannah River), South Carolina. !

TRU waste is waste contaminated by alpha-emitting elements having atomic numbers greater than
uranium (i.e., >92), half-lives greater than 20 yr, and an activity greater than 100 nCi/g. Other
contaminants include uranium and several radionuclides with half-lives less than 20 yr. Approximately
60 percent of the waste may be co-contaminated with materials considered hazardous under the Resource
Conservation and Recovery Act of 1976, % ¢.g., lead. 3
Contact-Handled Waste

Radioactive waste that emits alpha radiation, although dangerous if inhaled or ingested, is not
hazardous if contact is external and if the external dose rate is 5.6 x 1077 Sv/s [200 mrem/h] or less. Most
of the WIPP waste falls in that category. It can, therefore, be contact-handled (CH), which means people
can handle waste drums and boxes without wearing special shielding. All 10 waste generator and/or
storage sites are scheduled to send CH-TRU waste to the WIPP. The estimated CH waste contributions
used in 1991 PA calculations, from each of these 10 producer sites, expressed in curies, is shown in the
upper portion of Figure 2.2-1.

Remotely Handled Waste

Because some surface dose rates exceed 5.6 x 10”7 Sv/s (200 mrem/h), a portion of the TRU waste
must be transported and handled in shielded casks. These wastes are known as remotely handled (RH)
wastes. No surface dose rates of RH-TRU canisters can exceed 2.8 x 10-3 Sv/s (1000 rem/h). No more than
5 percent of the canisters can exceed 2.8 x 10 Sv/s (100 rem/h).! The volume of RH TRU wastes must be
less than 250,000 ft3 (7080 m3), and the total curie content of TRU radionuclides must be less than 5.1 x
106 Ci (1.89 x 107 Bq) according to legal agreements between the Department of Energy and the State of
New Mexico.? Only 5 of the 10 waste generator and/or storage sites are scheduled to send RH-TRU waste
to the WIPP. The projected RH waste contributions from each of these five sites expressed in curies, as
used for the 1991 performance assessment calculations, is shown in the lower portion of Figure 2.2-1.

References

1 U.S.DOE (U.S. Department of Energy). 1994. Integrated Data Base for 1993: U.S. Spent Fuel and Radioactive
Waste Inventories, Projections, and Characteristics. DOE/RW-0006, Rev. 9. Oak Ridge, TN: Oak Ridge
National Laboratory.

2 Public Law 94-580. 1976. Resource Conservation and Recovery Act of 1976. (90 Stat. 2795) and subsequent
amendments.

3  WEC (Westinghouse Electric Corporation). 1990. Waste Isolation Pilot Plant No-Migration Variance Petition.
DOE/WIPP 89-003, Rev. 1. Prepared for U.S. Department of Energy. Carlsbad, NM: Westinghouse Electric
Corporation.

4 U.S. DOE (U.S. Department of Energy) and State of New Mexico. 1984. "First Modification to the July 1, 1981
‘Agreement for Consultation and Cooperation' on WIPP by the State of New Mexico and U.S. Department of
Energy." November 30, 1984. (Copy on file at the Sandia WIPP Central Files, Sandia National Laboratories,
Albuguerque, NM.)

5 WIPP PA (Performance Assessment) Division. 1991. Preliminary Comparison with 40 CFR Part 191, Subpart B
Jor the Waste Isolation Pilot Plant, December 1991. Volume 3: Reference Data. Eds. R.P. Rechard, A.C,
Peterson, J.D. Schreiber, H.J. Iuzzolino, M.S. Tierney, and J.S. Sandha. SAND91-0893/3. Albuquerque, NM:
Sandia National Laboratories.
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Figure 2.2-1. Anticipated contributions to radionuclide inventory for contact-handled and remotely
handled waste assumed in 1991 performance assessment (WIPP PA Division, 1991,
Vol. 3, Figure 3.3-4).5 Not all radionuclides are transuranic and so totals of activity
do not reflect totals of activity of transuranic radionuclides [radionuclides with
atomic numbers greater than uranium (92)].
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2.0 Disposal System and Regional Characterization

2.2.2 Radioactive Decay

Subpart B of 40 CFR 191 1.2 sets release limits in curies for isotopes of americium, carbon, cesium,
iodine, neptunium, plutonium, radium, strontium, technetium, thorium, tin, and uranium, as well as for
certain other radionuclides (see Section 6.1.2, Environmental Protection Agency Release Limits).
Although the initial Waste Isolation Pilot Plant inventory contains little or none of some of the listed
nuclides, they may be produced as a result of radioactive decay (by either alpha or beta emission*) and
must be accounted for in the compliance evaluation. Moreover, radionuclides not listed in Subpart B rust
be accounted for if they would contribute to human doses used in Environmental Impact Statements
required by the National Environmental Policy Act of 1969 3 (e.g., 210Pb).

Four decay chains for the initial radionuclides in the contact-handled (CH) transuranic (TRU)
inventory are shown in the accompanying Figure 2.2-2. Note that many of the daughter radionuclides
have extremely short half-lives.™*

The remotely handled (RH) inventory decay chains include the chains in the CH inventory plus three
other chains originating from cesium-137, promethium-147, and strontium-90.

In the 1992 performance assessment (PA) calculations, 23 of the 70 CH radionuclides shown in
Figure 2.2-2, were considered to be major contributors to the inventory. They were used to calculate the
radionuclide releases from drilling into the repository, bringing cuttings to the surface, and calculating
concentration within the repository prior to transport to the Culebra. Nine radionuclides of the 23 were
considered in the 1992 PA calculations for the much longer-term transport through the overlying Culebra.
These nine radionuclides comprise 99% of the normalized activity, and omitting radium-226, comprise
98% of the normalized activity (see Section 2.2.3).

References

1 EPA (Environmental Protection Agency). 1985a. "40 CFR Part 191: Environmental Standards for the
Management and Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes; Final Rule,"
Federal Register. Vol. 50, no. 182, 38066-38089.

2 EPA (Environmental Protection Agency). 1992a. "Environmental Radiation Protection Standards for
Management and Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes," Code of
Federal Regulations 40, Part 191. Washington, DC: Superintendent of Documents, U.S. Government Printing
Office.

3 Public Law 91-190. 1970. National Environmental Policy Act of 1969 (83 Stat. 852; 42 U.S.C. 1801 et seq.).

4  WIPP PA (Performance Assessment) Division. 1991. Preliminary Comparison with 40 CFR Part 191, Subpart B
Jfor the Waste Isolation Pilot Plant, December 1991. Volume 3: Reference Data. Eds. R.P. Rechard, A.C.
Peterson, J.D. Schreiber, H.J. Tuzzolino, M.S. Tiemney, and J.S. Sandha. SAND91-0893/3. Albuquerque, NM:
Sandia National Laboratories.

An alpha (o) particle is a helium nucleus (2 protons and 2 Neutrons, where a neutron is a basic atomic particle that is electronically
neutral and has nearly the same weight as thepositively-charged proton). A beta (f) particle is a high-energy electron, or positron.
Both constitute types of radiation.

** Halflife is defined as the time required for half'the atoms of a radioactive substance to decay.
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Figure 2.2-2. Radioactive decay chains of contact-handled transuranic waste (WIPP PA Division,

1991, Vol. 3, Figure 3.3-5).4
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2.0 Disposal System and Regional Characterization

2.2.3 Changes in Radionuclide Activity

Figure 2.2-3 shows the temporal changes in radionuclide activity in a panel of the Waste Isolation
Pilot Plant (WIPP) repository that occurs as a result of radioactive decay for the eight most important
radionuclides. Activities are normalized using limits set in the Environmental Protection Agency's
(EPA's) long-term disposal regulations (40 CFR 191).! The activity plotted for each of the eight
radionuclides plotted is the total curies in the inventory normalized by the EPA release limits (see Section
6.1.2, Environmental Protection Agency Release Limits). Some radionuclides in the decay chains are not
considered in performance assessment calculations. At 10,000 yr, the total normalized activity in a panel
for all omitted radionuclides is less than 2 percent of the EPA limit. (Inclusion of radium-226 drops the
total normalized activity to one percent.)
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1 EPA (Environmental Protection Agency). 1985a. "40 CFR Part 191: Environmental Standards for the
Management and Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes; Final Rule,"
Federal Register. Vol. 50, no. 182, 38066-38089.
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Isolation Pilot Plant, December 1992—Volume 4: Uncertainty and Sensitivity Analysis for 40 CFR 191,
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2.2 Properties of the Waste

Figure 2.2-3. Changes in radionuclide activity of waste in (based on the inventory used in 1991
performance assessment calculations) a) activity unnormalized, b) and the one WIPP
panel normalized by number of panels in the WIPP (9.49), waste unit factor 4.225
(million curies in 1992), and the EPA release limits (usually 1000) (see Section 6.1.2)
(see WIPP PA Department, 1993, App. D, for a similar plot of the time-dependent

inventory).2
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2.3 Design of the Repository (Engineered Barrier)

2.3 Design of the Repository (Engineered Barrier)

As defined in 40 CFR 191 (Section 191.12),! a barrier "means any material or structure that prevents
or substantially delays movement of water or radionuclides toward the accessible environment." An
engineered barrier is any human-designed barrier of the waste-disposal system. As used herein, the
engineered barrier includes shafts, boreholes, and their seals. Note that the definition in the Nuclear
Regulatory Commission 10 CFR 60 2 is narrower and omits shafts, boreholes, and their seals in its
definition.

When the Waste Isolation Pilot Plant repository is completed, the disposal area is expected to consist
of eight panels of seven rooms each and two equivalent panels in the central drifts. Because the WIPP is a
research and development facility, an extensive experimental area has already been excavated and is in
use north of the waste-disposal area. As each panel of the disposal area is filled with wastes, the next
panel will be mined. As modeled in the 1990-1992 PA calculations, each panel was assumed to have
backfilled and sealed, and access ways will be sealed off from the shafts.

The following three subsections describe the repository layout, emplacement of waste, and general
sealing strategy.

References

1 EPA (Environmental Protection Agency). 1985a. "40 CFR 191: Environmental Standards for the Management
and Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive Wastes; Final Rule," Federal
Register. Vol. 50, no. 182, 38066-38089.

2 NRC (Nuclear Regulatory Commission). 1993. "Part 60—Disposal of High-Level Radioactive Wastes in
Geologic Repositories," Code of Federal Regulations 10, Part 60. Washington, DC: Superintendent of
Documents, U.S. Government Printing Office.
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2.0 Disposal System and Regional Characterization

2.3.1 Repository Layout

The Waste Isolation Pilot Plant (WIPP) repository® (Figure 2.3-1) is a single-level, 15 x 104 m?2
(38-acre), underground disposal facility constructed within a single, nearly level, stratigraphic interval (it
dips to the south < 1 degree). As Figure 2.3-1 shows, the rePository level consists of an experimental
region at the northern end, an operations region with shafts * to the surface in the center for waste-
handling and repository equipment maintenance, and a disposal region at the southern end. The disposal
region will ultimately contain access drifts*** and eight waste-emplacement panels.T Drifts will eventually
be used for waste emplacement, thereby providing the equivalent of an additional two panels for waste
emplacement. At present, only the first panel has been excavated.

All underground horizontal openings are rectangular in cross section. The emplacement area drifts
are 4.0-m (13-ft) high by 7.6-m (25-ft) wide. Disposal rooms!T are 4.0-m (13-ft) high, 10.1-m (33-ft)
wide, and 91.4 m (300-ft) long. Pillarst between rooms are 30.5-m (100-ft) wide. The eight waste-
emplacement panels will each have an initial volume of 46,000 m3 (1.6 x 106 f13). The northern and
southern drift emplacement areas will have initial volumes of 35,000 m3 (1.2 x 10° ft3) and 32,000 m3
(1.1 x 108 fi3), respectively (~3,000 m> difference). ! Thus, the overall, initial, waste-emplacement
volume will be about 435,000 m? (1.5 x 107 £13). The design waste-disposal volume is 1.756 x 10° m3 (6.2
x 106 fi3) or about 40 percent of the excavated volume. 2 The remaining volume was assumed to be
partially filled with backfill (e.g., crushed salt) (see Section 2.3.3, Sealing) in the 1989-1992 performance
assessment (PA) calculations.

The four vertical access shafts in the operations area include the Air Intake Shaft, the Exhaust Shaft,
the Salt Handling Shaft, and the Waste Shaft. They are cylindrical in shape and range from 6.2 m (20 ft)
to 3.6 m (12 ft) in diameter. All the shafts in the units above the Salado Formation are lined to prevent
groundwater inflow and thereby enhance stability. All four shafts were assumed sealed and filled upon
decommissioning of the WIPP in the 1989 - 1992 PA calculations (see Section 2.3.3, Sealing). 3

References

1 Rechard, R.P., H.I. Tuzzolino, and J.S. Sandha. 1990a. Data Used in Preliminary Performance Assessment of the
Waste Isolation Pilot Plant (1990). SAND89-2408. Albuquerque, NM: Sandia National Laboratories.

2 Bechtel National, Inc. 1986. Waste Isolation Pilot Plant Design Validation Final Report. DOE/WIPP-86-010.
Prepared for U.S. Department of Energy. San Francisco, CA: Bechtel National, Inc.

3 Nowak, E.J., JR. Tillerson, and T.M. Torres. 1990. Initial Reference Seal System Design: Waste Isolation Pilot
Plant. SAND90-0355. Albuquerque, NM: Sandia National Laboratories.

4  WIPP PA (Performance Assessment) Division. 1991. Preliminary Comparison with 40 CFR Part 191, Subpart B
for the Waste Isolation Pilot Plant, December 1991. Volume 3: Reference Data. Eds. R.P. Rechard, A.C.
Peterson, J.D. Schreiber, H.J. Iuzzolino, M.S. Tiemey, and J.S. Sandha. SAND91-0893/3. Albuquerque, NM:
Sandia National Laboratories.

Repository is the portion of a waste disposal facility that includes the waste panels, access drifts, and access shafts. The repository
does not include the undisturbed host rock.

**  Shaftisan approximately vertically or steeply inclined passageway from the ground surface to the underground level of the disposal

region.

*** Drift or access drift is an approximately horizontally excavated underground passageway from the shaf(s) to the mined panels and
room(s).

T Panelisa grouping of pillars and rooms; in the WIPP there are seven rooms per panel.

Tt Room is an excavated cavity for disposal of waste. It is part of a panel.

T Pillaris a block of rock left intact to support the overlying strate of the excavations.
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Figure 2.3-1. Planned dimensions, in meters, of the WIPP repository (dimensions originally
specified in units of feet) (WIPP PA Division, 1991, Vol. 3, Figure 3.1-2).4
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2.0 Disposal System and Regional Characterization

2.3.2 Emplacement of Waste
Contact-Handled Transuranic Waste

Current plans for transporting contact-handled (CH) transuranic (TRU) waste to the Waste Isolation
Pilot Plant (WIPP) call for shipping it in 55-gal steel drums [0.892-m (2.93-ft) high, 0.602-m (1.98-ft)
diameter] or in metallic standard waste boxes that are approximately 0.94-m high x 1.3-m wide x 1.8-m
long (3-ft high x 4.3-ft wide x 6-ft long). Waste currently stored in containers other than 55-gal drums
and standard waste boxes will be repackaged in standard waste boxes. TRUPACT (Transuranic Package
Transporter) II, the transportation container designed for trucking TRU waste to the WIPP (see Figure
2.3-2a), has space for two seven-pack units of drums or two standard waste boxes.

At the WIPP, the seven-pack units will be removed from the low bay trailer, and then transported to
the waste disposal rooms where they were assumed to be and stacked three high and six wide across the
room (see Figure 2.3-2b). In the ideal packing configuration, a total of 6,804 drums (972 seven-pack
units) can be placed in one room. The ideal packing configuration for the standard waste boxes is three
high and six across the room for a total of 900. Seven-packs and standard waste boxes may be intermixed,
as practical.

Remotely Handled Transuranic Waste

The reference canister design for the remotely handled (RH) TRU waste is a right-circular cylinder of
outside diameter 0.65-m (26-in.) and length 3 m (10 fi). It is made of 6.35 mm (0.25-in.) carbon steel
plate. In the reference design, both end caps are welded, as is the handlmg point. Inside, the waste
occupies about 0.89 m3 (30 ft3). ! Currently, RH-TRU waste is shipped in commercially available casks.
The Department of Energy has plans for developing a new cask (NuPack 72B) specifically for RH
canisters.

The 1989 - 1992 PA calculations emplaced one RH-TRU canister horizontally every 2.4 m (8 ft) into
the drift and room walls of the WIPP Repository (see Section 2.3.1). Based on this technique, the capacuy
in each panel for RH-TRU canisters along drifts and rooms 10-m wide is 874 canisters or about 6,000 m
(214,300 fi3 ). The intended capacity of the repository for RH-TRU waste is 7,080 m3 (250,000 3 )
hence, additional methods may be explored to find additional space.

References

1 U.S. DOE (U.S. Department of Energy). 1990b. Final Safety Analysis Report, Waste Isolation Pilot Plant,
Carlsbad, New Mexico. WP 02-9, Rev. 0. Carlsbad, NM: Westinghouse Electric Corporation.

2 WIPP PA (Performance Assessment) Division. 1991. Preliminary Comparison with 40 CFR Part 191, Subpart B
for the Waste Isolation Pilot Plant, December 1991. Volume 3: Reference Data. Eds. R.P. Rechard, A.C.
Peterson, J.D. Schreiber, H.J. Iuzzolino, M.S. Tierney, and J.S. Sandha. SAND91-0893/3. Albuquerque, NM:
Sandia National Laboratories.
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Figure 2.3-2b. Idecal packing of waste drums in rooms and 10-m-wide (33-ft-wide) access drifts
envisioned for 1990-1992 performance assessment calculations (WIPP PA Division,
1991, Vol. 3, Figure 3.1-3).2
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2.0 Disposal System and Regional Characterization

2.3.3 Sealing
General Sealing Strategy Proposed for 1990-1992 PA Calculations

As envisioned in the 1990-1992 performance assessment calculations (see Figure 2.3-3), the entire
underground facility and shafts (see Sections 1.4.1 and 2.3.1 for definitions) would be backfilled,
primarily with crushed salt to limit the creation of a preferred pathway for contaminant migration.
Portions of the backfill" emplaced at several locations within the shafts and various drifts would be
specially prepared from preconsolidated salt with concrete plugs. It would serve to protect the ordinary
backfill from fluids (gases or liquids). Inhibiting fluid flow likely hastens backfill consolidation and thus
increases the likelihood that the salt backfill would rapidly (< 100 yr) assume properties near to those of
the surrounding host rock. Within the Waste Isolation Pilot Plant (WIPP) Project, prepared backfill plugs
are termed "seals."*"

The strategy for sealing combines both short- and long-term components. Preconsolidated crushed
salt is the principal long-term component in the Salado Formation. Bentonite clay, a swelling clay
material shown to be stable and to have low permeability to brines, is the principal long-term component
in the overlying Rustler Formation. Bentonite is a common term applied to clay containing
montmorillonite as the predominate mineral. Concrete is the principal short-term component at both
locations.

Short-term seals provide the initial sealing functions necessary until the long-term seal components
and remaining backfill become adequately reconsolidated.! Preconsolidated crushed-salt and clay
components are assumed to become fully functional for sealing within 100 yr after emplacement. 23 At
that time, the long-term seals and backfill are assumed to take over all sealing functions.

Seal Locations

In the reference design,”* multicomponent seals between 30- and 40-m (100- and 130-ft) long were
used in each of the entrances to the waste-disposal panels and in selected access drifts.! Furthermore, the
entire length of all shafts between the Rustler Formation and the repository level were "seals." Seals near
the Rustler Formation (upper shaft and water-bearing zone seals) serve to limit vertical brine flow from
water-bearing zones down to the crushed-salt backfill. Seals within the drifts were thought to reduce
horizontal fluid flow (gas and brine) within the underground facility during operations.

References

1 Nowak, E.J., J.R. Tillerson, and T.M. Torres. 1990. Initial Reference Seal System Design: Waste Isolation Pilot
Plant. SAND90-0355. Albuquerque, NM: Sandia National Laboratories.

2 Nowak, E.J.,, and J.C. Stormont. 1987. Scoping Model Calculations of the Reconsolidation of Crushed Salt in
WIPP Shafts. SAND87-0879. Albuquerque, NM: Sandia National Laboratories.

3 Argiello, J.G., and T.M. Torres. 1988. WIPP Panel Entryway Seal—Numerical Simulation of Seal Composite
Interaction for Preliminary Design Evaluation. SAND87-2804. Albuquerque, NM: Sandia National
Laboratories.

4  Van Sambeek, L.L., D.D. Luo, M.S. Lin, W. Ostrowski, and D. Oyenuga. 1993. Seal Design Alternatives Study.
SAND92-7340. Albuquerque, NM: Sandia National Laboratories.

5  WIPP PA (Performance Assessment) Division. 1991. Preliminary Comparison with 40 CFR 191, Subpart B for
the Waste Isolation Pilot Plant, December 1991. Volume 3: Reference Data. Eds. R.P. Rechard, A.C. Peterson,
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Backfill is the material used to fill the shafts, access drifts, and other excavated openings. Special types of backfill include concrete
and bentonite clay plugs (seals) and optionally a mixture of bentonite clay and salt around the waste parcel (backfill-buffer).

*x

In 10 CFR 60, Section 60.134, the term “seals" is used only in reference to material backfilling the shafis. In the WIPP, the term is
also applied to specially prepared backfill with concrete components in the drifts as well as the shafts.

*** The purpose of the reference seal design, which Sandia has developed for sealing the WIPP repository, was to provide a common

basis for model calculations. The reference design is a starting point for developing experiments and analysis from which a
determined design will evolve. More recent options for backfill and seal design differ from those used here and are described by Van
Sambecek et al.4; a report describing the more current options is in preparation.

2-32




Contact Elevations
are Referenced
to Borehole ERDA-9

Elevation (m)

USGS Ref. Elev.

2.3 Design of the Repository (Engineered Barrier)

/Cap and Near Surface Plug

Water Bearing

] 1039.06 m
—1023.3 :
\Collar
Dewey Lake
Red Beds
l— 874.0 [ b Cement
SR | _Fue
— b emoer
. 823.4  Culebra Rustler i
- 823, ule ”
— 8164  Member * Formation —
Upper Shaft
— 779.7 y 4 System
Upper
Member
400 —= 8278 yaca Triste MB —1
Lower Shaft
McNutt
Member System
Salado
Formation
— 511.6 MB 126 y Height of
Complete %
Consolidation @
600 — Lower v -
396.4 MB 136 Member %,
— 396, 38 bt .
—3%0 ME 10 eimmmmietoe Repository []
378.1 » Level
i
AN
— < p i Sump -
( g
S

Zone Seal System

Legend

Mudstone and Siltstone
Halite
Dolomite

Anhydrite

Miscellaneous
Backfill

Concrete
Clay

Crushed WIPP Salt
(Seal Materia!)

TRI-6342-311-2

Figure 2.3-3. Diagram of typical sealed shaft envisioned for 1990-1992 performance assessment

calculations (WIPP PA Division, 1991, Vol. 3, Figure 3.2-1).5

2-33




2.0 Disposal System and Regional Characterization

2-34



3.0 Scenario Development

3.0 SCENARIO DEVELOPMENT

Scenario development encompasses the processes of deciding (a) what may happen to the disposal
system in the future and (b) how to model what may happen for effective consequence analysis. It is the
second phase of conceptual-model development, the first phase being disposal system and regional
characterization (see Section 2.0). System characterization and scenario development together establish
how scientific reality will be rgpresented in a ¢onceptual model(s). Mathematically, a "scenario” is the
subset of all features, events, and processes characterizing a disposal system incorporated into a
conceptu%l model of that system.! In common terminology, it is "an outline of a hypothetical chain of
events."?’ (See also Section 1.1.2, Multiple Iterations: a Performance Assessment Strategy. There,
scenarios are the first elements in a set of ordered triplets. They reply to the question, "What can
happen?") Although much scientific modeling is not done with scenario development as a formal step, it
is useful and one aspect of a performance assessment (or probabilistic risk assessment) that sets it apart
from small-scale, scientific modeling.

The scenario-development process entails selecting features (e.g., a brine reservoir under the
repository), events (e.g., humans drilling into the repository), and processes (e.g., generation of gas in the
repository after disposal of the wastes) relevant to the functioning of the repository. In part, scenario
development is a heuristic process and for the 1990-1992 calculations consisted of the following steps>:4:

1. Identify and list the fill scope of features, events, and processes relevant to the functioning
of the disposal system. This list is known as "the universe" (of discourse).

2. Select for consideration those features, events, and/or processes that might reasonably
contribute to contaminant releases to a regulatory endpoint such as the accessible
environment.

3.  Group these features, events, and processes into summary scenarios,TT omitting elements
having (a) exceedingly low probabilities of occurrence, (b) exceedingly low consequences, or
(c) no role in accepted definitions of the calculation (normally based on guidance from
Appendix C of 40 CFR 191). Upon completion of this step, a set of comprehensive, mutually
exclusive summary scenarios for consequence analysis usually exists.

4,  Create conceptual models based on (a) established disposal-system characteristics and (b) the
selected and grouped features, events, and processes.

5. Design performance-assessment calculations based on these conceptual models. If desirable,
subdivide the summary scenarios into computational scenarios.

The first two steps are discussed in Section 3.1, the third step in Section 3.2, and parts of the last two
steps in Section 3.3. The majority of the last two steps is more conveniently described in conjunction with
the probability and consequence modeling treated in Chapters 4 and 5, respectively.

A feature is an aspect or condition of the disposal system that influences the release and/or transport of contaminants.

*k
An event is a natural or anthropogenic phenomenon that occurs over a small portion of the time frame of interest, in other words, a

"short-term" phenomenon.

*Kk
A physical process is a natural or anthropogenic phenomenon that occurs over a significant portion of the time frame of interest, in

other words, a "long-term" phenomenon.

¥ Once a mathematical model of the disposal system has been developed, the term "scenario" can be precisely defined in terms of the
parameter space of the model, that is, a scenario is a subset of the model parameter space. Elaborating, a scenario is a "class" of
histories with a subset of similar parameters, where a "history" is a point in the parameter space.

Tt In the WIPP, scenarios are often described as summary or computational. Summary scenarios are those scenarios retained after the
first two steps of scenario development. Computational scenarios include further divisions of coarse summary scenarios into units
that are computationally more convenient.

1 Other authors have used the term scenario development to refer to steps 1 through 3, exclusively, because the first three steps and the
last two steps may be performed by two different groups—a scenario team and modeling team. In this report, "scenario development"
will include the identification and selection of features, events, and processes, as well as the incorporation of those components into
the conceptual model to acknowledge the close relationship between modeling and scenario uncertainty and the need to have close
communication between individuals performing these two tasks.
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The heuristic nature of this process suggests that continued re-evaluation is necessary as the general

inquiry about the disposal system continues (see Section 1.1.2, Multiple Iterations: a Performance
Assessment Strategy). This has indeed occurred at the WIPP, The first list of scenarios to be considered
was published in 1979 and differs somewhat from those presented in this report.57 Also, current
suggestions on scenario development and scenarios to consider differ from those presented in this report.8
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3.1 Identifying Features, Events, and Processes

Assessing the performance of the Waste Isolation Pilot Plant (WIPP) disposal system requires
developing models to simulate plausible future behaviors of the disposal system. Each single history (x)
(here meaning one future disposal-system condition of interest) consists of a defined sequence of features,
events, and processes that could lead to radionuclide release to the accessible environment during a
prescribed time period. Specifically, for the WIPP and 40 CFR 191 the single-history space is the set, ¢, of
chosen ys, where Y is a single 10,000-yr WIPP history beginning at the time of decommissioning,

Innumerable histories () exist (i.e., there are infinitely many points in single-history space). Histories
that have several attributes in common are frequently grouped together to form a scenario, S; (i.c., a
bundle of points in the single-history space). The S} are disjoint (exclusive) subsets of  ; in other words,

f=u S;
e

where 7S is the total number of scenario subsets.

An important part of any performance assessmeny is the discretization of ¢ into the sets S;, commonly
referred to as scenario identification and selection. In defining the disjoint sets, the fol{owing three
conditions apply: (1) estimation of consequence results C(.S}-) must be computationally feasible, (2) each S;
must be sufficiently homogeneous that it is reasonable to use the same consequence result (for all elements
of the subset .S}-), and (3) determination of a probability P(.S}-) must be possible for each .S_'I

As part of the scenario-development process, the performance assessment team for the 1990, 1991,
and 1992 performance assessment (PA) calculations used a formalized identification and selection
procedurel+ to identify features, events, and processes to be modeled (see Sections 3.1.1 and 3.1.2). Note
that although this list was extensive, it must be viewed as but a starting point for the analysis. Because so
much of the disposal system is characterized rather than designed, future additions to the "universe" of
possibilities remain a likelihood.

The basic features, events, and processes selected for modeling in the PAs summarized in this report
are described below.

Features. The basic features include seals in shafts and between panels; an overlying, fractured brine
aquifer; anhydrite beds slightly above or below the repository horizon, full saturation of the salt; and a
possible underlying pressurized brine reservoir.

Events. The basic events include human intrusion and its absence.

Processes. The basic processes (i.e., long-term phenomena) include creep of salt around the waste,
gas generation within the waste because of container corrosion (drum or box) of microbial degradation of
organics, two-phase (brine and gas) Darcy flow in and around the repository, and hydrological transport
through fractures. Colloid transport suspended solids was not treated. Because of fractures, increased
permeability formed by locally generated gas was not considered.

The two subsections that follow elaborate on the identification and selection procedure and provide an
example of the initial "comprehensive list" of features, events, and procedures considered for the WIPP.
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Scenario sclection is a necessary but sometimes a vague step in the construction of a model of a repository system in which the
analyst(s) identify the natural and anthropogenic phenomena that might play a significant role in measuring the performance of the
system. As stated in Chapter 3.0, once a mathematical model of the disposal system has been developed, the single history space §
can be defined in terms of the parameter space D used in discussions for the remainder of the report. The single history space & is
isomorphic (i.e., has a one-to-one correspondence) with the parameter space D.
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3.1.1 ldentification and Selection Procedures

Identification and selection of features, events, and processes for use in performance assessments
(PAs) of the Waste Isolation Pilot Plant (WIPP) are based on the following procedure (Figure 3.1-1)1:2:

1. Identifying the "comprehensive list" of features, events, and processes. An initial list of features,
events, and processes is developed as either an original list or adopted (or adapted) from one or more
existing sources. The question of whether or not a list is comprehensive must be addressed for
compliance assessment regardless of which approach is selected. (See Section 3.1.2 for more detail.)

2. Providing rough estimates of probabilities and consequences of features, events, and processes.
PA analysts use judgment, existing data, and simple modeling to develop rough estimates of
probabilities as more thoroughly described below. The estimates are then used to screen features,
events, and processes.

3. Screening features, events, and processes to establish history space. Three criteria listed below are
used to eliminate from scenario development those events and processes that are not applicable to a
specific disposal system or that do not have the potential of contributing significantly to the
performance measure (e.g., integrated radionuclide releases).

Regulatory guidance. Guidance in 40 CFR 191 restricts events and processes that must be included in
PAs. This guidance (a) limits assessments to the 10,000-yr time period immediately after disposal-
facility closure, (b) limits consideration of inadvertent human intrusion, and (c) limits the severity of
human intrusions at the disposal-facility location.

Probability of occurrence. Guidance in Appendix C of 40 CFR 191 states that events and processes
estimated to have a probability of occurrence less than 1/10,000 in 10,000 years need not be
considered. The philosophy behind this screening criterion is that extremely rare events and/or
processes should not be permitted to influence the performance measure for a disposal system no
matter how severe the specific consequence associated with such events and processes might be.
"Physical reasonableness" is also considered and may be classified as a subset of probability of
occurrence. This screening is based on subjective judgment derived from logical arguments as to
whether conditions can exist within the period of regulatory concern that will result in the occurrence
of a particular event or process of sufficient magnitude to affect disposal-system performance. The
logical arguments are based on available data and information, sometimes supplemented by
calculations. In the WIPP PA, the distinction between probability of occurrence and physical
reasonableness as screening criteria is the difference between (1) the ability to assign a distinct albeit
small probability to an event (for example, a significant meteorite impact) versus (2) the inability to
assign a meaningful probability at all because no such event has ever occurred (for example,
glaciation at the WIPP site). Events in the second category have inordinately low probabilities and
seem "physically unreasonable” during the next 10,000 yr.

Consequence. Regardless of likelihood, if an event or process alone or in combination with other
events and processes has little to no potential to affect the performance of the disposal system (e.g.,
through the alteration of transport pathways or the creation of new pathways), it may be omitted,
providing there is a reasonable expectation that cumulative releases would remain essentially
unchanged by the omission. Simplified conceptual and mathematical models are used to estimate
consequences of single events and/or processes. The possibility remains, however, that a single event
or process may of itself have no consequence on the disposal system, but that it could have a
measurable consequence when combined with one or more other events and processes. Consequently,
combinations must also be evaluated.

References

1 Cranwell, RM., R.V. Guzowski, J.E. Campbell, and N.R. Ortiz. 1990. Risk Methodology for Geologic Disposal
of Radioactive Waste: Scenario Selection Procedure. SAND80-1429, NUREG/CR-1667. Albuquerque, NM:
Sandia National Laboratories.

2  Tierney, M.S., R.V. Guzowski, and R.P. Rechard. 1993. "Scenario Development," Initial 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. 7-1 through 7-27.

3-4



3.1 Identifying Features, Events, and Processes

1. [dentify potentially disruptive
features, events, and processes
Techniques

¢ Site Characterization
o Literature e.g. IAEA List
¢ Expert Evaluations

Universe of all features,

———————————— events, and processes

possibly affecting the WIPP
disposal system

2. Estimate probabilities and
consequences
Techniques
¢ Subjective Estimate
¢ Use Existing Data
¢ Simple Modeling
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Figure 3.1-1. Identification and selection of features, events, and processes to model (Tierney et al.,
1993).2
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3.1.2 The Universe of Features, Events, and Processes

The procedure for identifying and selecting features, events, and processes begins with creating the
"universe," an initial list of features, events, and processes that is developed either as an original list or
adopted (adapted) from one or more existing sources (see Section 3.1.1, Identification and Selection
Procedures) that is as comprehensive as necessary for the purposes of the analysis. An example of such a
list was provided by the International Atomic Energy Agency in 1981.1 Another list derived from events
and processes identified by a panel of experts with diverse professional backgrounds has been provided by
Cranwell et al.2 The panel met in 1976 and 1977 under the auspices of the U.S. Nuclear Regulatory
Commission.3 It identified events and processes that could influence the escape or affect the transport of
radionuclides from a generic, engineered, disposal facility. The list was intended to be modified on site-
specific an;i/or performance-measure bases. Figure 3.1-2 shows an example of a modification of the list by
Guzowski. :

Note that although this list is extensive, it should be viewed as but a starting point for the analysis.
Because so much of the disposal system is characterized, rather than designed, additions to the initial
"universe" remain a possibility and has occurred at the WIPP. The uncertainty that all features, events,
and processes have been included is a type of modeling uncertainty that often is called "completeness
uncertainty." (See Section 1.3, Types of Uncertainty in Performance Assessments.)
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Natural Phenomena and Processes

Celestial Events
e Meteorites

Surficial Phenomena and Processes

Events Processes
e Hurricanes ¢ Erosion/Sedimentation
e Seiches ¢ Glaciation
e Tsunamis e Pluvial Periods
e Landslides and Other e Sea Level Variations
Mass Wasting ¢ Regional Subsidence or
e Flooding Uplift
Subsurface Features, Events, and Processes
Features Events Processes
e Undetected e Earthquakes e Diapirism (Regional

Fluid Reservoirs (Seismic Activity) Subsidence or Uplift)
e Volcanic Activity e Dissolution Cavities
e Magmatic Activity e Interconnected
e Faulting Fracture Systems

Human-Induced Events and Processes

Inadvertent Intrusions Hydrologic Stresses
e Mining e Withdrawal Wells

¢ Drilling e |rrigation

e Waste Injection Wells e Damming of Streams

e Explosions

Waste- and Repository-induced Processes

Subsidence and Caving

Shaft and Borehole Seal Degradation

Thermally Induced Stress/Fracturing in Host Rock
Excavation-Induced Stress/Fracturing in Host Rock

TRI-6342-3851-0

Figure 3.1-2. Original comprehensive list of potentially disruptive events, features, and processes
affecting a generic disposal system based on work of a Nuclear Regulatory
Commission Panel® (after Guzowski, 1990).4
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3.2 Grouping Features, Events, and Processes into Scenarios

3.2 Grouping Features, Events, and Processes into Scenarios

After identifying features, events, and processes to be modeled, the parameter space can be grouped
into scenarios. The advantage of scenario groupings, called summary scenarios, is that attention in the
analysis can be focused on selected events and processes. Grouping is feasible if the probabilities of
residing in certain regions of the sample space are easily calculated. At this stage of scenario
development, it is assumed that behavior within the summary scenarios is similar enough that a
representative (or a key subset) single history can characterize the whole subset. The scenarios retained for
consequence analysis in the 1990, 1991, and 1992 performance-assessment calculations belong to two
principal categories: undisturbed (base-case) performance, and disturbed (human-intrusion) performance.
They are described in Sections 3.2.3 and 3.2.4.

Sections 3.2.1 and 3.2.2 describe the techniques used to arrive at the summary scenarios introduced in
Sections 3.2.3 and 3.2.4.
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3.2.1 General Development Procedure

The general process of grouping features, events, and processes into summary scenarios was discussed

in Sections 3.2.3 and 3.2.4 and consists of the following three steps (Figure 3.2-1) I:

1.

Classifying features, events, and processes. Any of a variety of classification schemes can serve as
organizational tools to aid in determining completeness. Two classification schemes are mentioned by
Cranwell et al.2 One scheme is based on the origin of events and processes (i.e., naturally occurring,
human induced, and waste/repository induced). The other is based on their primary effect on the
disposal system (i.e., primarily affecting release of radionuclides from the facility or primarily
affecting transport of radionuclides toward the accessible environment).

Combining features, events, and processes into summary scenarios. A key assumption of this step
is that the various combinations of classified events and processes define all the future states of the
disposal system that are of regulatory concern. In some cases, regulatory guidance can be used to
eliminate selected events and processes. Thus, step two could be considered as dividing the history
space into subsets. Venn diagrams assist in developing the set of summary scenarios (i.e., all possible
combinations of events and processes). Each pathway through a Venn diagram results in a summary
scenario that includes some and rejects other events and processes, although rejected events and
processes are generally not listed. The complete diagram develops all possible combinations of events
and processes located across the top of the diagram. If » is the number of events and processes, the
total number of scenarios will be 27, See Section 3.2.2, Applying the Grouping Procedure to the
WIPP (Waste Isolation Pilot Plant), for an example of this diagrammatic logic. Because of the
assumption that these combinations define all possible future states of the disposal system that are of
regulatory concern, the sum of the probabilities of the summary scenarios developed in Figure 3.1-1
must be 1. Scenario probabilities must include values for occurrence and for nonoccurrence of all
events and processes. The inclusion of non-occurring events and processes in each scenario assures
that the sum of the scenario probabilities will be 1.

Grouping summary scenarios with similar consequences. In general, separate calculations of
performance measures must be made for each summary scenario. To minimize the number of
calculations, the number of distinct summary scenarios should be reduced to an absolute minimum. 3
This reduction may be possible through a careful, logical examination of the nature of the agents
(features, events, and processes) in each summary scenario and the way those agents can interact to
produce consequences. In many cases, a logical, nonnumerical analysis will show that two or more
summary scenarios will have identical consequences. Two summary scenarios having identical
consequences may be combined in a single scenario; the probability of this single scenario is the sum
of the probabilities attached to each of the two scenarios in the combination.

The application of this grouping procedure to the WIPP is described in Section 3.2.2.
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Figure 3.2-1. Grouping of features, events, and processes (which survive initial screening) into

summary scenarios (Tierney et al., 1993).3
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3.2.2 Applying the Grouping Procedure to the WIPP

In the scenario development process for the Waste Isolation Pilot Plant (WIPP) disposal system.
seyveral unlikely events and processes were screened out.

Exploratony dnilling. potash mining ncar the waste pancls. and water wells—these three cvents and
processes were used to develop summan scenartos in the 1990, 1991, and 1992 performance assessment
(PA) calculations. Exploratory drilling was subdivided imto the following two possibilitics: drilling into a
waste-filled room or drift and a brine reservoir 1n the underlving Castile Formation (Event El). and
drilling into a waste-{illed room or drift without penetrating a brine reservoir (Event E2). Mining (Event
TS) was limited to potash extraction by cither conventional or solution methods 1n arcas beyond the
boundarics of the waste pancls: drilling of withdrawal wells (Event E3) was limited to water wells in arcas
where water quantity and quality would pernut water use. Retained events and processes were grouped or
divided as shown 1n Figure 3.2-2,

The grouped events and processes arc used 1 a decision tree to construct a preliminary sct of
scenartos (see Figure 3 2-2. bottom) One result of the decision tree 1s a base-case scenario that includes
repository conditions undisturbed by potash mining or human intrusion. Figure 3.2-2 (bottom) shows all
possible combinations of the first three of the four above cvents For the 1990. 1991, and 1992 PA
calculations. only four summary scenarios were evatuated: the base case (expected behavior of the disposal
system without disruption by human intrusion) (see Section 3.2.3). E1. E2. and EI1E2 (scc Scction 3.2.4).
The drilling of withdrawal wells (E3 event) was evaluated 1 a Natonal-Environmental-Policy-Act-type
calculation because it provided a potential pathway through which human doscs could occur (sce Scction
6.2. National Environmental Policy Act Simulations). The miming event (TS cvent) was omitted. but it
could be evaluated in futurc performance assessments for 1ts cffect on groundwater flow in the WIPP arca.
Omitting this cvent 1s cquivalent to assuming that subsidence has no cffcet on the base-case consequences
calculated.

Once the summary scenarios arc formed. the WIPP PA Department discretized the summary
scenarios tnto "computational” scenarios (1 ¢.. unts of the scenargo that arc computationally convenient).
The following assumptions werc used to define computational scenarios in the 1991 and 1992 PA
calculations:

1. No conncctions exist between pancls.

2. No svnergistic cffects result from muluple borcholes. except for E1E2-typc computational
scenarios.

An E1E2-type computational scenarto only occurs when intrustons of cach type happen in the
same panel within the same time mterval. where the 10.000-yr regulatory period is divided into
five tume intervals.

4 An E1E2-tyvpe computational scenario has the same release with more than two intrusions in one
pancl as with exactly 1wo intrusions

in an E2-type computational scenario. a plug exists directly above the Culebra Unit in the Rustler
Formation that directs flow 1nto the Culebra. and thus plug 1s effective for 10.000 ycars following
decommissioning,

6 Inan Ei-type computational scenarto. a plug exists as in number five and no other plug exists 1o
retard flow from the Castile pressurized brine rescervoir

in an E1E2-type computational scenario. number five 1s true for onc intrusion. and a stmilar plug
exists between the repository and the Rustler Formation that directs flow through the penctrated
wastc pancl toward the other ntrusion i the same pancl. Further. both intrusions arc
conscrvatively assumed to occur at the same time

8  Closure of the intrusion boreholes 1s not included

Twd
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Reference

t Hunter. R 1. 1989 Fvents and Processes for Construcnng Seenarios for the Release of Transuranie Waste I'rom
the Waste Isolation Pilot Plant, Southeastern New \evico SANDBY9-23540 Albuquerque. NM Sandia Natonal
[ aboratones
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Groundwater Flow
Seal Performance

3.2 Grouping Features, Events, and Processes into Scenarios

Used in Scenario Construction
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E1= {y: One or More Boreholes Pass Through a
Waste Panel and into a Brine Pocket}
E2= {yx: One or More Boreholes Pass Through a

Waste Panel Without Penetration
of Brine Pocket}

E3= {x: A withdrawal well-used for dose calculations only}
Superscript ¢ (e.g., TS ) Denotes Set Complement
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Figurc 3.2-2. Development of summary scenarios for 1990-1992 performance assessment

calculations,




3.0 Scenario Development

3.2.3 Undisturbed Summary Scenario

The, undisturbed scenario describes the undisturbed pcrformancc* disposal system from the time of
disposal and incorporates all expected changes in the system and associated uncertaintics for the
10.000-yr rcgulatory period.  As described in Section 3.1. the basic featurcs. cvents. and processes
considered for the 1990 through 1992 performance assessments (PAs) were as follows. The basic features
important for the undisturbed scenario include scals in the shafts to limit downward movement of
Culebra brine or upward movement of contaminated gas and brine from the repository (see Section 2.3.3.
Scaling). an overlying. fractured brine aquifer in the Culebra Dolomiic Member of the Rustler Formation.
and anhydrite beds slightly above or below the repository horizon (scc Scction 2.1.2. Stratigraphy)
Anhydrite 1s morc brittle than halite. so fracturing within these nterbeds has the potential to provide a
pathway for gas and brinc (and. thercfore. contaminants) to mugratc Irom the repository.  Because
disruptive natural cvents with probabilitics greater than 10 ° were not identified. the only basic cvent
considered was human intrusion and is discussed in Secuion 3.2.4.  All natural processes retained for
scenario construction (c.g.. climate variability) were considered to occur and be nondisruptive.  The
processes include hydrologic transport in fractures of the Culcbra. gencrating gas becausc of container
corrosion or microbial degradation of organic matenal (c.g.. cellulose) in the waste. dynamic pressurc-
dependent creep of salt around the waste. and two-phase (brinc and gas) Darcy flow in and around the
repository in the Salado Formation. The Salado Formation is assumed to be saturated with brine
throughout. but low permeability (from low porosity and lack of open fractures 1n the plastic salt) allows
for littlc groundwater movement.

Two potential pathways for migration of contaminants were considered 1n this undisturbed scenario
{Figurc 3.2-3). In the first path. the pressure gradient between the waste-disposal pancls and the Culebra
causcs brine and radionuclides to migrate cither through drifts or through the anhydritc interbeds to the
basc of the shafts and then upward to the Culebra. which 1s the most permeable water-saturated unit
overlying the repository.  Transport may then occur laterally in the Culebra toward the subsurface
boundary of the accessible environment. In the sccond path. brine and radionuclides mugrate laterally
from the undisturbed repository through thin anhydrite interbeds toward the subsurface boundary of the
accessible environment within the Salado Formation. These undisturbed pathwavs may also function as
routes for rclcases of hazardous gascous chemicals (sce Scction 6.3. Resource Conservation and Recovery
Act Simulations).

The geologic disposal sysiem as shown in Figure 3.2-3 appears simple. but it is deceptive becausc all
geologic and cngincered barriers and their various components change slowly with time and arc not
indcpendent of cach other. The modeling of the processes that influences these changes with time can
become quite complex. Further. even those aspects and components of the geologic disposal system that
can be studied scparately requirc consistent assumptions of behavior: hence a data basc of model
paramcicrs uscd throughout the analysis is very mmportant to the performance assessmenl process (sce
Scction 4.2, Compiling Modecl Parameters).

Calculated aqucous releases (conscquences)from the undisturbed scenario are used for the
Containment Requirements. Individual Protection Requirements. and the Groundwater Protection
Requirements (Refer 1o Section 6.1.1. Overview of 40 CFR 191)  For the 1990-1992 PAs no radionuclide
rcleases occurred.

Calculated gascous relcases from the undisturbed scenario were used to cvaluate paramcter
importance in sensitivity analysis (scc Section 7.1 1. Ranking Important Model Parameters)

“Undisturbed performance™ 1s defined m 40 CFR 191 12 as > the predicted behavior of a disposal svstem, including consideration
of the uncertamues m predicied behavior. il the disposal svstem s not disrupted by human intrusion or the occurrence of unlihelv
natural events ~ Unlikely 1s not defined in the regulation. but the WIPP Project nterprets the probability cutof of 10 ' proposed 1n
Appendix € of 40 CFR 191 to be a suntable defintion for the term

LE g
A\ sequence of episodes leading from the pomt of waste placement to consolidation of the waste through creep closure 1s postulated m

Section 5.1 1. Repository Episodes Leading to Undisturbed Conditions
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Figure 3.2-3. Undisturbed summary scenario (base case scenario) used in the 1991 and 1992
perfoermance assessment simulations for the Resource Conservation and Recovery Act
of 1976 (sce Scction 6.3). Heavy arrows indicate two possible pathways to the
accessible environment defined in 40 CFR 191.




3G Scenario Development

3.2.4 Human Intrusion Summary Scenarios

In the 1990. 1991. and 1992 performance asscssments (PAs). the only disruptive cvent used for
scenario construction (Sce Section 3.2.2. Applyving the Grouping Procedure to the WIPP) was madvertent
human intrusion. Appendix C of 40 CFR [91states ~. . . madvertent and intermittent intrusion by
exploratory drilling for resources . . . can be the most severe intrusion scenario assumed.™ Conscquently.
the tnadvertent human intrusion was assumed to be a result of exploratory drilling for o1l and gas dcposits
using tcchnology currently 1 usc in the region around the WIPP. Furthermore. when modeling the
human 1ntrusion summary sccnarios. the 1990. 1991, and 1992 PAs assumed future inadvertent drilling
cvents would occur as a random process 1in tme and spacce—each drilling event being independent of
cvery other drilling cvent. the suite thus being mathematically describable as an ideal Poisson process (sce
Scction 4.3.1. Using Poisson Functions to Estimate the Probability of Human Intrusion). Finally. the
brinc was assumed be thoroughly nuxed with the cntire waste contents of onc pancl and thus
mathematically described as a “mixing cell™ (sce Section 3.1.8. Linkage of PANEL Code).

If the disposal arca of the repository 1s penetrated by an exploratory borchole. radionuclides may be
releases 1n two different ways at two different tumes (sce also Scction 3.1, Repository Modeling). First. an
immediate relcase occurs during the drilling process. because it 1s assumed the drill bit directly bores
vertically through a stack of contact-handled TRU waste containers (or through a single remotely handled
wasle container). Material within the containers 1s ground up by the drill bit (cuttings) and transported to
the surface by the circulating drilling fluid. Additional material may be croded from the walls of the
borchole by the swirling action of the drilling fluid (cavings) or the spalling of solid material into the hole
as the panel depressurizes. It 1s assumed the borcholes would be plugged according to current industry
standards upon abandonment  Selective degradation of these plugs leads to the possibility of much
longer-term releascs by the sccond method. that 1s. transport up the borcholes to the aquifer in the Culcbra
and then laterally. toward the subsurface boundary within the accessible environment.

Three representative intrusion scenarios were used in the 1990-1992 PAs (sce also Section 3.2.2.
Applving the Grouping Procedure 1o the WIPP) In the E1 scenarto. a borchole penetrates the repository
and a hypothetical pressurized brine reservorr in the underlying Castile Formation.  In the E2 scenario. a
borchole penetrates the repository and nusses the hypothetical brine reservorr. In the EIE2 scenario two
or morc borcholes occur: one borehole that penetrates the repository and the hypothetical brine reservoir
(E1-tvpe borchole) and a second borchole that penetrates the repository but misscs the pressurized brine
reservoir (E2-tvpe borchole). The borcholes are assumed to penetrate a waste-filled room within a single
pancl ! (Figurc 3.2-4). In all scenarios. the borchole plugs were assumed to degrade in such a way as 1o
maximizc contact between the pressurized Castile brine and pancl wastes. For example. for the E1E2
scenario. the borchole that penetrates the Castile brine reservoir (E1-type borchole) 1s assumed to remain
plugged just above the level of the waste panel. the other (E2-type borchole) is assumed to rematn
plugged just above the level of the Culebra aquifer Thus. the pressurc-driven brine flows through the
pancl before flowing up the E2 borchole to the Culebra aquifer. These plug configurations were chosen to
facilitatc exanunation of the specific scenarios and do not reflect the most realistic conditions expected.

For improved computational resolution. the three scenarios were divided further 1nto computational
scenarios (sce Scction 6.1.5) on the basis of time intruston and radioactuvity of the intersected wastes
Relcascs of cuttings were calculated for six ume mtervals. Five different levels of radioactivity in the
intersected wastes were considered. In addition. El-type intrusions were not analyzed explicitly but rather
assumed to have the same consequences as E2-type intrusions.

Reference

Y Maniela. M G S G Bertram-lHowen. D R Anderson. K ¥ Brnster. R V- Guzowski. 1 Tuzzolmo. and R P
Rechard 1989 Performance  Assessment Methodology  Demonstration \ethodology  Development  for
Evaluating Compliance with P 30 CFR 191, Subpart B. for the Waste solauon Pilot Plant SANI9-2027
Albuquerque. NM  Sandia National Laboratories
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Figurce 3.2-4. One human intrusion summary scenario (E1E2 scenario) considered in the 1990,
1991, and 1992 performance assessment simulations for Environmental Protection
Agency standard, 40 CFR 191, and the National Environmental Policy Act of 1969
(see Scctions 6.1 and 6.2). Heavy arrow indicates pathway of radionuclides to

accessible environment or to food chain.
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3 3 Modeling System Selection

3.3 Modeling System Selection

Once site characterization and the choice of features. cvents. and processes has been complctcd.*
design of a performance assessment (PA) calculation can begin.  In this scction. we discuss the
calculational design that was sclected for the 1990. 1991. and 1992 simulations. Other design choices arc
discussed clsewhere. For example. simplifying assumptions made for some fcatures. and simplifications of
certain processes are discussed in Sections 3.2.3 and 3.2.4.

Conscquence models may be categorized into groups that mirror the fundamental steps of a
performance assessment: model design. consequence modeling. probability modeling. compliance
asscssment (complementary cumulative distribution function construction). and scnsitivity analysis. For
the Wastc Isolation Pilot Plant PA. thc conscquence modcling category is divided into repository
modcling. groundwatcer flow modeling. and transport modeling: scenario probability modcling and
compliance asscssment modeling arc grouped together. Each of these categorics contains a few principal
modeling codes and various utility codes that support them. The linkage of these software components
into a well integrated modeling system is through CAMCON. !

The subscctions that follow describe the modeling scales used for consequence modeling (Scction
3.3.1), introduce the main modeling codes (Section 3.3.2. these modeling codes being discussed further
Section 5.0), introduce several uulity codes that support the main modeling codes (Scction 3.3.3). and
provide further detail of CAMCON (Scctions 3.3.4 and 3.3.5).

Reference

1 Rechard, R.P. 1991a. "CAMCON: Computer System for Assessing Regulatory Comphance of the Waste
Isolation Pilot Plant," Proceedings of the International Conference on Probabilistic Safety -ssessment and
Management (PS:A\N), Beverly Hills, C:A, IFebruary 4-7, 1991. 1d. G. Apostolakis. SANIDY0-2094C. New York.
NY: LElsevier Science Publishers. Vol. 2, 899-904,

Remember, the PA process 1s sterative  Thus. the site characterization mav be prehnunary and incomplete. and the chosees of
features, events, and processes mav accordingly be tentative  Stll. the P can be run. although results wall be prelimmary and the
foundations incomplete

xk
As noted in Section 3.0, the incorporation of the results of features. events. and processes identification and selection nto conceptual

models, and the subsequent design of the P.A caleulation. 1s considered as the later part of scenarto development n this report
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3.3.1 External Scales for Consequence Models

As shown in Figure 3.3-1. there are three length scales imposed by the physical configuration of the

Waste Isolation Pilot Plant disposal system:

1. The Repository Scale. which is determined by the repository/shaft/borchole system and runs a few
meters to a kilometer. This domain contains the repository itsclf. the shaft. the immediatcly
surrounding geology. and any intruding borcholes. Within this domain. repository phcnomena arc
modeled. including (a) gas generation from corrosion and microbiological degradation of the wastc.
(b) brinc movement around the waste over time. as well as (c) the hypothesized saturation of the
waste by the brine reservorr following intrusion and creep closure (sce Scction 5.1).

2 and 3. The Local and Regional Scales include varnabilites from 1 to 10 km (.62 to 6.2 mi1). and
from 10 to 100 km (6.2 10 62 mi). respectively. The groundwater flow is modeled scparately on two
different domain and resolution scales. local and regional. to provide increased resolution in the arca
of primary interest immediately around the borcholes. Depending upon geological and hydrological
conditions along regional boundarics. regional boundary conditions may be prescribed as valucs of (a)
the dependent variable (Dirichlet conditions). (b) the gradient of the dependent variable (Ncuman
conditions). or (3) a lincar combination of casecs (a) and (b) (mixcd conditions). Once the regional
flow ficld is calculated. boundary conditions for the local grid. over which radionuclide transport is
modcled. may be determined. This is done by interpolating the solution of the calculated groundwater
flow from the regional grid onto the nodal points or clements of the superimposed local grid. The
local grid is then calculated over time in such a way that the two solutions always agree at their
common boundarics.

The largest external time scales are determined by the duration of the calculation itself (10.000 yr).
the scales of climatic variability (a few thousand vears). the five times of intrusion. the half-lives of
the various radionuclides (decades to mullions of years). and the various flow characteristics (for
cxample. transmissivitics) 1n combination with the three external length scales noted above. The
cffccts of climate change arc simulated through the inclusion of a slowly varying time-dependent.
regional Dirichlet boundary condition. Because there was. in the undisturbed casc. no predicted liquid
radionuclide transport beyond the top of the repository shaft. the regional- and local-model Culebra
calculations were used only for the disturbed performance (human intrusion) calculations (scc
Scctions 3.2 and 5.3).

Reference

1

Rechard. RP.. ed. 1992 User’s Reference Manual for CAMCON: Comphance Assessment Methodology
Controller, Persion 3.0 SANDY0-1983 Albuquerque. NM. Sandia National Laboratories.
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Figure 3.3-1. Three model scales used for consequence modeling for the Waste Isolation Pilot Plant.
(Rechard, ed., 1992, Figure A-11).!
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3.3.2 The Component Computational Models

A "complete" (or "total system") consequence model, C, for the Waste Isolation Pilot Plant (WIPP)
disposal system predicts a consequence, C[x, S;(X)], for each value of the scenario, S}, and each value of
the model parameter vector X. The consequence model, C, is actually a sequential hicrarchy comprised of
many component, computational medels, A7, that transform variables produced by the Af, ; model to
variables uscd by the next model, A, ;. The last model in the sequence illustrates potential releases. All
models, M, are dependent on the scenario, Sj and the complete suite of model parameters
X= (xl,xz,...,xnp).

The individual computational models (or "codes," as they arc also known) are the heart of the
performance assessment (PA) analysis. They are sclected and/or designed by PA analysts to simulate the
major physical features of the WIPP disposal system such as the following: inadvertent drilling into the
repository, two-phase ground-fluid flow, source-term concentrations, aquifer flow, and radionuclide
transport in the groundwater.

In the 1991 performance assessment,! the principal, component, computational models, M, were as
shown in Figures 3.3-2a and 3.3-2b. A simple example of a partial sequence is sketched below in Figure
3.3-2a. For simplicity, a few of the major computational codes, such as CUTTINGS and GENII-S, are
omitted from the example below, although they are also necessary to model various intrusion phenomena
in the WIPP disposal system. CUTTINGS and GENII-S are shown in Figure 3.3-2b.

Reference

1 Rechard, R.P. 1991b. "Introduction,” Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste
Isolation Pilot Plant, December 1991. Volume 2: Probability and Consequence Modeling. WIPP Performance
Assessment Division. SAND91-0893/2. Albuquerque, NM: Sandia National Laboratories. I-1 through 1-22.
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Figure 3.3-2a.  Partial linked scquence of the component computational models of the WIPP
consequence model.
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3.3.3 Support Codes Used in the Modeling System

The codes available in the Waste Isolation Pilot Plant (WIPP) performance assessment (PA) modcling
system may be categorized into various groupings according to their functions. For example, many of the
specialized requirements for pre- and post-processing of input data and results, respectively, of a modeling
system have been separated into individual codes that reside in the Compliance Asscssment Methodology
Controller (CAMCON) system. Scveral (but not all) of these codes, which include the mesh generation,
property assignment, boundary and initial condition assignment, and visualization codes, arc described
here (sce Figure 3.3-3) rather than in Chapters 4. 5. and 6. All the codes of the CAMCON modeling
system (scc Scction 3.3.4) uscd in the 1990-1992 PA calculations were documented via on-line help
commands on WIPP PA computers and by Rechard. !

Mesh Generation Modules

GENMESH is the principal mesh-gencration code that produces a rectilincar, finite-clement or finite-
differcnce mesh that is right-handed. Cartesian. rectangular. and onc-, two-, or three-dimensional. Uscr
input files define the exact gcometry. In addition to sctting the node coordinates and mesh conncctivity.
GENMESH scts matcrial regions. identifies (flags) nodes or clements for boundary conditions. and scts
clevations of clements. GENMESH outputs its computed results as a computational data basc file ((CDB
filc) in Compliance Asscssment Methodology Data Base (CAMDAT) (sce Scction 3.3.4).

GENNET 15 also a mesh-generation code. It constructs simple one-, two-. and three-dimensional
nctworks from a gecometry specification nput file. GENNET's output is also stored in a computational
data basc file.

Property Assignment Modules

MATSET scts matcrial names 1o specified regions (c.g., defined by GENMESH or GENNET). scts
matcrial property values. and scts attributc values into the performance-assessment computational
databasc. CAMDAT. Both property and attribute valucs arc obtained from cither the property sccondary
databasc (usually median or mean valucs rcad from PROPERTY.SDB) (scc Scction 4.2) or the uscr-
supplicd MATSET input text file. Later. the user normally ovenwrites a subsct of these parameter values
with sampled valucs provided by running the Monte Carlo module. LHS (sce Scction 4.2).

BCSET assigns boundary valucs at nodal boundary flags and clement boundary flags. The flags arc
defined cither by the mesh gencration module or by BCSET in a user input file.

ICSET sets initial conditions. Specifically. ICSET scts CAMDAT analysis array variables: history.
global, nodal, and/or clement variable values, at the first time step. It obtains the values from a user file.
In addition. any nodal or clement variables (existing or new) can be lincarly interpolated by specifying
interpolation tables in the ICSET input text file.

Algebraic Manipulation Module

ALGEBRACDB is capable of performing most algebraic manipulations to preparc alrcady cxisting
data for transfer between analytic codes. This normally entails changing units, decomposing vectors 10
appropriatc components, intcgrating over-time results at specified boundarics, and deleting redundant
data. With ALGEBRACDB. an analyst can generate pertinent data external 1o a code by combining data
alrcady stored in CAMDAT rather than by modifying a code and thercby involving a new quality
asscssment.

Visualization Modules

CAMDAT data are storcd and manipulated in binary format and arc not. therefore, readily rcadable.
BLOTCDB 1s the plotting support modulc. It plots binary results from all main modules dircctly on
screen by reading the CAMDAT files and plotuing them in scientific units. Three plotting subroutines arc
available: (1) the computational mesh with contoured analysis results overlaid. (2) grid distance versus
any variable. and/or (3) any variable versus any other variable. GROPE docs cssentially the same thing.
but rcports its results numerically in tabular format.

Reference

t Rechard, R.P., ed. 1992, User's Reference Aanual for CAMCON: Compliance Assessment A lethodology
Controller. ersion 3.0. SANDY0-1983. Albuquerque, NM: Sandia National Laboratories.
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3.3.4 The CAMCON Modeling System

Assessing compliance of the Waste Isolation Pilot Plant (WIPP) with the Environmental Protection
Agency's nuclear waste standard 40 CFR 191, Subparts B and C, is a multidisciplinary task rcquiring
scores of codes and personnel to predict probabilistic releases into the accessible environment as a
consequence of various hypothetical performance scenarios. The massiveness of the system and the
scrutiny with which it will be examined leads to two general computational-system requirements, namely:
flexibility and quality assurance. Because of the varicty of release scenarios analyzed, the varying
complexity of the models used, and the need to interchange codes readily, a flexible and versatile overall
computational tool is vital. Likewise, because of the large number of repetitive computer simulations, the
need to identify simulation results properly, and the need to document steps and numbers that might
influence the results, quality-assurance scheme is equally vital.

Although several software analysis systems have been built to perform the numecrous compuicr
simulations necessary for a performance assessment (PA), the Sandia WIPP PA Department chose to build
the (Compliance Assessment Methodology CONtroller) CAMCON system (sce Figure 3.3-4), ! the
analysis tool that helps coordinate the many diverse aspects of a performance assessment.23  The
CAMCON approach (1) accepts the disciplinary expertise represented in pre-cxisting codes rather than
endeavoring to incorporate all the individual concepts into one, interdisciplinary, comprchensive code,
and (2) allows the same managerial system to be used for individual components as well as the overall
computational systemn as a whole (with the possiblec exception of substituting fast-running codes or
modeling subdomains in the latter analysis when necessary). Both points arc especially important for
radioactive waste disposal where the calculations arc under intense scrutiny and elaborate procedures arc
sometimes necessary to ensure that all steps taken in the analysis are documented and defensible. A PA
system that is capable of handling both detailed and simplificd computational models is invaluable 1n this
regard.

The CAMCON system consists of six components: (1) a directory structurc that facilitates
configuration control; (2) a scries of procedural files that allows an analyst to link the individual
component codes and execute portions or all of a compliance assessment, CAMCONexcc; (3) two data
bases; (4) a set of librarics to interface with; (5) a series of help files containing instructions on use and
history of updates and (6) code groupings, or modules. CAMDAT (Compliance Assessment Mcthodology
DATabase) is a computational data basc containing code outputs in ".CDB files." It is used as the link
between the computer modules and the secondary data base, which contains all WIPP paramecter
distributions. The primary data basc contains raw measured data.

References

1 Rechard, R.P. 1991a. "CAMCON: Computer System for Assessing Regulatory Comphance of the Wastc
Isolation Pilot Plant," Proceedings of the International Conference on Probabilistic Safety Assessment and
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Figure 3.3-4. The modcling system CAMCON. The CAMCON system consists of (1) directory
structures and protocols for storing software (not shown); (2) an exccutive package to
access modules; (3) code modules consisting of seven computational modules, one
support module, one utility module, and a data base module; (4) the computational
data base (CAMDAT contains ".CDB" files) and secondary data base; (5) software
libraries (not shown); and (6) help files for on-line documentation (not shown). (After

Rechard, 1989, Figure 1.1).4
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3.3.5 CAMCON Support of Performance Assessment
Calculations ‘

The components of the Compliance Assessment Methodology CONtroller (CAMCON) modeling
system provide the structural framework that supports performance-assessment (PA) calculations. The
simplified drawing of this framework shown in Fig 3.3-5 provides an overview of the flow of information
within PA calculations and of the numerous computational data base files (".CDB" files) produced by each
Monte Carlo sample set (see Section 4.2.3, Exccuting Latin Hypercube Sampling).

All ".CDB" files have the same format, and any number of codes can write to a ".CDB" file. A .CDB
file is gencrated by the very first GENMESH run. The intermediate results of all computer codes
thereafter must pass through the same evolving .CDB file for each Monte Carlo simulation. This concept
of tracking a run through the complex code system via its developing .CDB file is the single most
important concept used by the CAMCON system to process the tasks of the compliance assessment. It
controls the linking codes, the property-identifying Monte Carlo simulations, and the overall data flow.
There are several advantages of linking codes by a "zig-zag" connection (see figure below) rather than by
the more common serial connection. !

/ Regional
Translate Flow
".CDB" / Output Mode]
File
\ Write
Input
Local
\ Flow
Translate / Model
/ Output
\ Write
Plot
Input \ Data
TRI-6334-29-2

e Linking to a ploiting code is more straightforward and though not limited to one plotting code,
one general-purpose plotting code can be easily used at all phases of data analysis.

e  Algebraic manipulation of the data can be easily accomplished by one standard code that can
read a .CDB file and, for example, integrate stored fluxes crossing a boundary.

e Analysts can more easily change to different codes to obtain better precision, faster speed, etc.
o  The code-application order is easily changed.
o Crude interactions at each time step between uncoupled codes can be attempted.

. fDe§1ign czif an executive package (CAMCONexec) to aid in running numerous simulations is
acilitated.

e Quality assurance is straightforward because all input data, except code-control input parameters,
reside within the .CDB file for each sample sct.
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Figure 3.3-5. The computational data base files (".CDB files"), a primary component of the
CAMCON system, are the behind-the-scenes structure that supports the performance
assessment calculations. The calculations nécessary for repository consequence
modeling (Section S.1) are shown as an example, The numerous ".CDB files" are not
shown in subsequent figures of this report; rather, the repetitive simulations and
numerous files are depicted as multiple sheets of a book (after Rechard et al., 1991,
figure A-5).! '
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4.0 Probability Estimation

4.0 PROBABILITY ESTIMATION

Answering the second question in the risk triplet—How likely are things to happen? (see Section
1.2.2)—requires probability estimates. Two types of probability models are used in a performance
assessment (PA). The first estimates the likelihood of uncertain (imprecisely known) model parameters by
constructing distributions of their values. The construction of a probability distribution is itself an exercise
in mathematical modeling and is thus validly called a probability model. The second PA probability model
cstimates the likelihood of scenarios (see Chapter 3, Scenario Development.) These two types of
uncertainty are closely related and were introduced in Section 1.3, Types of Uncertainty in Performance
Assessments,

Various degrees of formality can be used in developing probability models for both types of
uncertainty. Probability models for estimating parameter uncertainty can be (1) fully objective, if sufficient
high-quality data are available, or (2) more subjective, if only indirect data are available or if no data are
available (e.g., the future states of society). In Waste Isolation Pilot Plant/(WIPP) modeling, variations in
degrec of formality are more common for the first type of probability modeling because there are many
parameters to be treated and great differences in the quantity and quality of the data. Examples of two
different degrees of formality for the first type of probability model are presented in Section 4.1, Assigning
Parameter Uncertainties.

Compilation of the hundreds of parameters required for a WIPP PA calculation is an enormous task.
In Scction 4.2, Compiling Model Parameters, that process is described. Section 4.2 deals with model
parameters themselves, as distinct from the numerical data that characterize them.

Section 4.3, Estimating Probability of Human Intrusion Scenario, describes a probability model of the
second type, that is, probability models to estimate scenario probabilities. Preliminary assessments prior to
1990 had considered a fixed number of human intrusions with fixed probabilities estimated by one
individual.! In the 1990-1992 PAs, the Poisson analytical function was used to evaluate the probability of
inadvertent intrusion into the repository by exploratory drillers. In addition, the 1992 PA used an external
expert judgment panel to estimate time-varying rates of future intrusion, taking into consideration the
features of the WIPP site, repository design, and proposed institutional controls as suggested in Appendix
C of 40 CFR 191. Specifically, teams of experts from outside the WIPP Project looked at (1) the nature of
future socicties and possible modes of intrusion and (2) the type of markers and their potential
cffectiveness in deterring intrusion.? The time-dependent procedure that included the deterrence effect of
markers and the future states of society resulted in significantly fewer intrusions (a maximum of 3 by 1000
yr, and 4 by 10,000 yr) compared to the time invariant rate of intrusion used in 1991 and 1992 (a
maximum of 8 by 1000 yr and 10 by 10,000 yr).3
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4.1 Assigning Parameter Uncertainties

4.1 Assigning Parameter Uncertainties

A model parameter is virtually any number required in a mathematical model. It may be a scalar, a vector, or a
higher order quantity, and it may have a functional dependency on the dependent or independent variables of the
problem. However, most Waste Isolation Pilot Plant (WIPP) performance assessment (PA) parameters are scalar
quantities. An uncertain (or imprecisely known) parameter is one that cannot be assigned a single, universally
accepted value. The manner in which parameter uncertainty is quantified and the magnitude of its influence on
calculated results depend on the type of model parameter involved as described below.

In WIPP PAs, three types of model parameters!* are recognized. They are (1) fixed parameters consisting of
(a) model constants, (b) model-domain and model-control parameters, (c) decision or value parameters, and
(d) indices for alternative models; (2) probabilistic epistemic parameters, and (3) event and feature aleatoric
parameters.” " Only in categories 2 and 3 is it common to express uncertainty as a probability distribution and thus to
use the techniques of uncertainty propagation (see in Section 1.3.1.)

To claborate, model constants (category la) are certain, by definition. For the WIPP disposal system, they
include precisely known values (for the purposes of the analysis) such as radionuclide halflives, acceleration of
gravity, etc, Model-domain parameters (category 1b) reflect the overall size and appropriate temporal and spatial
mesh used in discretizing the calculation. Model-control parameters represent, for example, convergence criteria for
solution algorithms. Both model-domain and model-control parameter types can be uncertain and, although it is
necessary to examine how different values influence results, it is impractical to express the uncertainty as a
probability distribution.

Decision and value parameters (category lc) represent the various alternatives that are of high interest to
decision makers. Index parameters (category 1d) represent model-form choices. Sometimes, different weights can be
assigned to alternative models explicitly identified, and the alternatives combined to form a single "megamodel." In
both cases, this type of parameter uncertainty may be described by a distribution. However, that is uncommon when
strong disagreements exist about the decisions and/or alternative model forms. The impact of decision and index
parameters with strong disagreements (categories ic and 1d) is usually evaluated with all other parameters being
held constant, ceteris paribus, and results are presented individually. Decisions and model form altematives not
explicitly identified are treated in the analysis along with epistemic parameters described below or not at all.

Some degree of uncertainty always exists for probabilistic epistemic parameters (category 2). These include
properties such as transmissivity ficlds whose values are uncertain because geological formations are inhomogeneous
and mostly maccessible, and therefore impossible to characterize precisely without destroying the formation. The
same is true for the aleatoric parameters in category 3, which represent, for example, the times of occurrence of
exploratory drilling events. The probability of occurrence of the various scenarios must be evaluated with a
probability model that, in turn, has uncertain model parameters (of category 2). Apart from placing known, common-
sense bounds on their ranges, these parameters are not amenable to estimation by classical techniques. This situation
is true whether or not event and feature parameters are used to define scenarios.” ™~

The remainder of this section discusses category 2 and 3 parameters that are characterized by probability
distributions. Section 4.1.1 provides examples of various types of probabilistic distributions used to characterize
uncertain parameters. Section 4.1.2, describes different degrees of formalism in assigning parameter distributions.
Sections 4.1.3 and 4.1.4, give examples of assigning parameter distributions (a) in a classical statistical sense and
(b) with a formalized subjective interpretation.

Reference

1 Morgan, M.G., M. Henrion, and M. Small. 1990. Uncertainty: A Guide to Dealing with Uncertainty in
Quantitative Risk and Policy Analysis. New York, NY: Cambridge University Press.

Morgan et al.! provide a different taxonomy, but the purpose is the same: to demonstrate that not all parameter uncertainty should be
expressed and evaluated in the same way.

Use of process parameters to describe scenarios is possible in theory, but difficult in practice. They act continuously in time rather
than at discrete times, like events.

*** Asdiscussed in Chapter 3, Scenario Development, event and feature aleatoric parameters may be used to define scenarios. The
influence of their uncertainty on results is described in Section 1.3.2, Propagating Aleatoric Uncertainty through Performance
Assessment.
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4.1.1 Characterizing Parameter Uncertainty

Characterizing the uncertainty of any parameters x = xy, x3, . . ., xpJ/ of the performance assessment
(PA) consequence and/or probability models requires developing a joint cumulative distribution function
(CDF), F(x). * Usually, the joint distribution is approximated by the product of the distributions of the
individual parameters, F(x1) * F(x2) ¢ ... F(xp) ... * F(xpp). This substitution is exact if the parameters
vary independently, which is usually assumed. (However, in contradiction to this assumption, rank
correlations are sometimes specified among a few of the x, during sampling.) Individual distribution
functions, F(xy), are defined by individual CDFs. 13 The CDF of a parameter, xp , ideally represents
what is known and what is not known about that parameter, and should reflect current knowledge of the
range and likelihood of the parameter values most appropriate for consequence and/or probability
modeling.’3 1t is especially truc for nonlinear computational models because it is often impossible to
know a priori how a bias in a parameter distribution will affect results. In other words, preselecting a bias
to ensure "conscrvative" results is sometimes impossible with nonlinear models, especially when several
linear models are linked together as in a PA.

To appropriately assign a distribution, F(x;), that reflects both the numerical discretization of the
model domain and the small-scale spatial variability that may appear in measurements, both
cxperimentalists and PA analysts (modelers) are involved. Parameter distribution characterization is not
guided by a rigid series of steps because distributions must be tailored to the type of data available and to
the parameter's role in PA computational models. It is possible that the F{x;) may be obtained by
classical statistical techniques for some parameters (i.e., objective techniques that are easily reproduced by
others. See, for cxample Figure 4.1-1). However, in most cases, each F{(x;) will include subjective factors
representing the "degree of belief’ of program investigators. Subjective opinions are developed using
available scientific information that a consensus developed through a suitable review process. Results of
these techniques are not easily reproduced unless the methods are well documented. Examples of both
methods are presented in Sections 4.1.3 and 4.1.4.

In general, a maximum entropy formalism was used to minimize the amount of spurious information
and to provide a consistent procedure for constructing the CDFs.! In practice, the maximum entropy
formalism involves connecting data points or subjectively estimated points with straight lines.
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A cumulative distribution function (CDF), F(x), is the integral of the probability distribution function (PDF) /1) from t=0tox.
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probability distribution functions

(dotted) and their

corresponding cumulative distribution functions (solid) characterizing different kinds
of parameter uncertaintics (WIPP PA Division, 1991, Vol. 3, Figure 1.2-1).3
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4.1.2 Degree of Formalism

The degree of formalism used for the interpretation of primary (raw) data and subsequent-
determination of model parameters and uncertainties can vary over a wide spectrum. It ranges from
(1) interpretation by an individual with general knowledge of a given subject area, to (2) interpretation
and publication by a recognized expert, to (3) general interpretation by a group of consultants, to
(4) formal selection of a panel of experts and formal elicitation of interpretations from the pancl (sce
Figure 4.1-2). At one end of the spectrum, an investigator with general knowledge in a given subject arca
applies personal professional judgment to interpret observational data, either from personal experiments
or experiments of others, and within the context of performance-assessment analysis assumptions and
requirements. At the other end of the spectrum, the process of interpreting data and information can
involve a group of recognized experts—called an expert judgment panel—who are formally selected from
representative disciplines, nominated by various stakeholders and from whom judgments are formally
elicited. The reasoning behind panel judgmental interpretations is more likely to be formally documented
and thus plainly acknowledge the importance of subjective judgments in the performance assessment. Like
individual professional judgments, expert-panel judgments do not create data. Rather, they combine
separate pieces of existing data and related information to determine appropriatc model parameters,
parameter ranges, and uncertainties. !

Performance assessments have used varying degrees of formality in the acceptance of professional
judgments regarding data. The advantages of formalizing how judgments are eclicited are that (1) it
promotes clear and thorough documentation of how an interpretation was achieved, for example,
characterizing parameter uncertainty through a cumulative probability distribution function, (2) it offers a
structured procedure for gathering opinions, (3) it encourages diversity of opinion and thus guards against
understating or overstating uncertainties, and (4) it brings together representatives of diverse disciplines to
address interdisciplinary issues, which, in turn, (5) initiates exchanges of ideas that would take many
years to occur through the open literature.!
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Formal and Informal Expert Judgments When Interpreting Data for Performance Assessments," Seientific 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. SAND92-1148C. Pittsburgh, PA:
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Figure 4.1-2. Various degrees of formalism are possible in interpreting observational data to
develop model parameters appropriate for individual computational models of the

WIPP consequence model.
4-7

1
d
.
o
|
l
|



4.0 Probability Estimation

4.1.3 Example of Data Interpretation to Evaluate Model
Parameters

Excavations at the Waste Isolation Pilot Plant (WIPP) are very dry, which affects the modeling of
radionuclide mobility because mobility depends critically on the presence of fluids. One hypothesized
sequence of events envisions brine inflows from the surrounding bedded halite and anhydrites that will,
over time, supply sufficient fluids to the repository to saturate the waste and backfill, at least partially,
thus allowing for radionuclide movement! (see Section 5.1, Repository Modeling). A critical parameter
that affects the movement of brine into the repository is the intrinsic permeability of the halite and
anhydrite beds.

Measuring intrinsic permeability of rock salt has been a demanding exercise at the WIPP, and several
specialized measurement techniques have been developed. 23 Plots of the interpreted permeability versus
distance from the excavation (see Figure 4.1-3, inset) show a clear correlation between distance from the
excavation, x, and a decreasing trend in permeability to an asymptotic far-field value denoted as a. To
represent this variability, an exponential curve with undetermined asymptote (three unspecified
coefficients) was used to approximate the data: y =a + be*%.

For WIPP performance assessment purposes, the distribution of the far-field undisturbed permeability
(the unspecified coefficient a), not the near-field, short-term disturbed permeability, is of primary interest.
The distribution of @ was simulated by sampling values at each of the normally distributed measurement
points and repeatedly fitting the nonlinear curve to the sampled values.# Because the functional form used
in the non-linear regression is not unique, a hyperbolic functional form with four rather than three
adjustable coefficients was also applied. The distribution of the far-field permeability was similar to that
developed with an exponential approximation and, thus, apparently not unduly sensitive to the chosen
functional form of the model.
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Figure 4.1-3. Example of standard interpretation of data to evaluate the far-field cumulative
distribution function (CDF) of the halite permeability .5
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4.1.4 Example of Formalized Data Interpretation

Formal procedures to elicit expert judgment arise for any of the following reasons: (1) an issue is of
particular interest or sensitivity to policy makers or the public; (2) requisite data will never be available; or
(3) previous performance assessment calculations have shown a particular parameter value to influence
results greatly, but site-specific data or information are unavailable, conflicting, or too expensive to
obtain. An example of formalized interpretations in which the requisite data will never be available
(Case 2) is provided by the two groups of external experts formed to address questions regarding future
states of society and how they might relate to future intrusion boreholes into the Waste Isolation Pilot
Plant (WIPP). 1.2 One group of experts (called the Futures Panel) studied technology levels that might be
attained by future societies and how/why these societies might inadvertently intrude into the waste
panels. ! The second group of experts (called the Markers Panel) studied how markers might be used to
warn future societies about the presence of buried wastes? and the dangers of on-site drilling. An example
of the use of formalized interpretation for Case 3 is the formation of an expert panel to evaluate solubility
data of radionuclides. Questions of radionuclide solubility in WIPP-repository-like environments are
interdisciplinary, and a synthesis of disparate data in the literature has not yet occurred. Consequently, an
expert panel was convened to examine existing data and develop plausible distributions of radionuclide
solubilities for conditions thought to pertain to the WIPP repository (see Figure 4.1-4). 3.4
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Figure 4.1-4. Results of formalized interpretation of solubility data for radionuclides in the WIPP
disposal room [probability density functions (PDFs) shown as Tukey box plots, whose
meaning is shown for plus-6-valence uranium (U*6)] [after WIPP Performance

Assessment Division, 1991, Figure 3.3-8].5
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4.2 Compiling Model Parameters

4.2 Compiling Model Parameters

The use of a consistent set of parameters for the performance assessments was an important aspect of
the 1989-1992 PA calculations and done to help coordinate the many diverse aspects of the performance
analysis of the WIPP. In this section, we describe the mechanical steps usually followed to compile model
parameters and to apply them in analytical models. The two previous procedural steps, (i) developing the
model form (Section 3.3, Modeling System Selection) and (ii) assigning uncertainties in parameter values
(Section 4.1, Assigning Parameter Uncertainties), are not disjoint. Rather, one step flows smoothly into
the next as part of the overall "modeling" process. Boundaries were introduced primarily as pedagogical
artifacts to help the reader understand the many diverse facets of the modeling process. However, the
boundary demarking the realm of model parameter compilation is real. From this point onward, the
CAMCON modeling system (see Section 3.3, Modeling System Selection) provides assistance in the
process of determining parameters with which to assess the performance of the Waste Isolation Pilot Plant
disposal system.

Section 4.2.1 describes the gathering of model parameters. Sections 4.2.2 and 4.2.3 describe the
sampling of probabilistic random parameters (see Section 4.1) for propagation (see Section 1.3.1) and
parameter uncertainty (see Section 4.1) using Latin hypercube sampling.
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4.2.1 Gathering and Storing Model Parameters

Three categories of data bases are used in Waste Isolation Pilot Plant (WIPP) performance
assessments (PAs) and are known as the primary, secondary, and "computational" data bases. The
"computational” data base is generated during each analysis and contains the calculated results generated
each time one of the system's codes is exercised (see Section 3.3.4, The CAMCON Modeling System). The
primary data bases contain measured field and laboratory data gathered by the experimental groups (e.g.,
investigators) to characterize the WIPP disposal system (see Chapter 2.0). In general, the information
stored in the primary data base is controlled by the investigators. The secondary data base contains
distributions of model parameters constructed specifically for the computational models. It is developed
from the primary data base by PA personnel. The general procedure used to acquire parameter
distributions in the 1990, 1991, and 1992 PA calculations is as follows (see Figure 4.2-1)1-2:

1. Xdentify Necessary Data. Annually from 1990-1992, the PA group identified parameter sets (x =
X1,..., X,p) that were necessary for PA calculations. Occasionally, the PA personnel also informally
compiled data to aid preliminary calculations and gathered information to document the status of the data,
in order to inform experimental investigators.

2. Set Parameter Values. After essential model parameters had been identified, the PA group
formally requested WIPP observational data from appropriate WIPP Project investigators Ideally,
investigators who provided observational data also (1) provided a statement regarding the precision of the
observed data (measurement error), (2) removed known systematic errors or biases through calibration
curves or other means (accuracy), (3) provided a clear statement of what was measured and the scale or
representative volume over which the property was measured (representativeness), and (4) provided
citable sources.! The investigator or PA personnel may have supplemented these data with additional data
and general information from various sources to bridge any remaining data gaps in the conceptual model.
From this information, consistent with the manner of use in PA consequence models, the PA group then
either constructed parameter distributions or used distributions provided by investigators as described in
Section 4.1, Assigning Parameter Uncertainties. As this annual data-acquisition procedure was repeated
from 1990-1992, some of the parameters were re-evaluated through the formal elicitation process (e.g., by
expert panels. See Section 4.1.2, Degree of Formalism).

3. Update Secondary Data Base. The next step was updating or entering endorsed or elicited
information on the model parameters into the secondary data base. From this secondary data base, several
ASCILSDB computer files are created for consequence modeling and a formal report on the model
parameters is written (e.g., a model parameter report).?

4. Select parameters (x = xq,..., X,,})) to be sampled. Once the secondary data base was complete,
several model parameters were chosen for sampling in each annual PA based on one of the following
criteria: (1) the parameter had proved to be at least moderately sensitive in previous sensitivity analysis;
(2) the parameter was new and thought to be a highly or moderately imprecise, and (3) new observational
data suggested a significant revision of the parameter's distribution. All other parameters were kept
consistent at their median values, unless specifically noted.

5. Sample parameters with Latin hypercube sampling (LHS).
This fifth step is discussed in greater detail in Sections 4.2.2 and 4.2.3.
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4.2.2 Latin Hypercube Sampling

The Waste Isolation Pilot Plant performance assessments use Latin hypercube sampling methods to
generate samples from the distributions developed in the first step of a Monte Carlo analysis (see Section
1.3.2). Latin hypercube sampling ensures representative coverage of the full range of each variable. !

Once cumulative distribution functions have been developed for each parameter to be sampled, Latin
hypercube methods are used to generate a sample. For example, in a five-sample set, the range of each
parameter is divided into five intervals of equal probability (see Figure 4.2-2, top), and one value is
selected at random from each such interval. The five values thus obtained for x; are paired at random with
five similarly obtained values for x,. These five ordered pairs are further combined at random with the
five similarly obtained values of x3 to form five ordered triples, and so on until all sampled variables have
been included. The final result is five ordered sets of different parameter values. The results of a Latin
hypercube sample can be visualized in scatterplois (see Figure 4.2-2, bottom). A sample over two,
normally distributed parameters from the » = 5 example is used. Five ordered pairs result.

Latin hypercube sampling has a number of desirable properties, ! including

o full coverage (“"stratification") across the range of each variable (extremes as well as midpoints)
 relatively small sample sizes

e direct estimation of means, variances, and distribution functions

¢ availability of a variety of techniques for sensitivity analysis

Another desirable property of Latin hypercube sampling is that it is possible to determine the effects
of different distributions for the input variables on the estimated distribution for an output variable
without rerunning the model. 23
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4.0 Probability Estimation

4.2.3 Executing Latin Hypercube Sampling

The Waste Isolation Pilot Plant performance assessment codes used to execute Latin hypercube
sampling (LHS) are INGRES, PRELHS, and LHS (see Figure 4.2-3).

e INGRES®

Function: INGRES is the relational data-base software. It stores and manipulates
distributions of model parameters.

e PRELHS!

Function: PRELHS translates from the ASCIL.SDB file (see Section 4.2.1) to the LHS code.
It extracts parameter-distribution data requested by the user from the PROPERTY.SDB file
and sets up the LHS input file.

e LHS!?

Function: LHS samples distributions of input parameters using either normal Monte Carlo
sampling or the more efficient Latin hypercube sampling. LHS permits correlations
(restricted pairings) between parameters. In the 1990-1992 analysis, the number of sample
sets [#K] was set at about (4/3)nV, where nV is the number of varying parameters from the
total number of parameters nP. 2
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Figure 4.2-3.  Linkage of software to perform Latin hypercube sampling in the 1990-1992
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4.3 Estimating Probability of Human Intrusion Scenario

4.3 Estimating Probability of Human Intrusion Scenario

The exploratory drilling and inadvertent intrusion into the Waste Isolation Pilot Plant (WIPP)
repository that occurs in the hydrocarbon-exploration scenarios are treated as random processes. That is,
intrusions are treated as processes that are controlled, at least in part, by chance mechanisms. The Poisson
analytic distribution function adequately describes many random processes that take place over time.
Correspondingly, the Poisson distribution was assumed to describe exploratory drilling events in the 1990,
1991, and 1992 PA calculations.

Although it is formally a part of "probability estimation" in WIPP performance assessments (PAs),
the coding that implements the Poisson analytic function is actually imbedded in the software that
constructs the complementary cumulative distribution functions (CCDFs). The function is straightforward
to evaluate and computationally easy to implement at that point in the PA simulation (see Sections 6.1.4
and 6.1.5 about constructing CCDFs).

Section 4.3.1 describes the Poisson analytic function.
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4.3.1 Using Poisson Functions to Estimate the Probability of
Human Intrusion

The 1990 through 1992 Models

In 1990 through 1992, the probability model for the event "unintentional intrusion into Waste
Isolation Pilot Plant (WIPP) waste panels by exploratory drilling” was based on the assumption that future
episodes of exploratory drilling are describable as a Poisson processes with constant intensity, A (see
Figure 4.3-1). Under those conditions, the probability that the waste panels are drilled through exactly »
times in a period of T years is given by 1-23

n
Pr{N =n} = (}“—T?—e'“, n=0,12,...
n!

The intensity of drilling, A, was an imprecisely known parameter assumed to be uniformly distributed
within a range of 0 to 30 boreholes/(km? = 104 yr) for the area of the excavated disposal region (see
distribution in Section 4.1.1). This maximum rate is defined in Appendix C of 40 CFR 191: ‘“the
likelihood of such inadvertent and intermittent drilling need not be taken to be greater than 30 boreholes
per square kilometer per 10,000 yr for a geologic repository in proximity to sedimentary rock
formations. . . ." For A=Apa= [30 boreholes/(km? «104 yr)] « [1.09 x 10° m?, the average number of
drilling intrusions into the disposal panels over the 10,000-yr regulatory period is 3.6.

The 1992 Model

In 1992, the probability model also used a Poisson counting process with a time-varying A(f). Under
those conditions, the probability, P;, that exactly # intrusions occur in a time interval, 7;= ;- 1, ;, is

- AL

M;=| tt’_"_,l Ap)dt

A set of intensity functions, A(f), was generated using the results of the expert panels describing
future states of society and efforts to construct adequate markers. 4> The A(f) were ordered by increasing
values of intrusions and one intensity function randomly selected for each sample set from Monte Carlo
analysis through Latin hypercube sampling (see Section 4.2.2).
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Figure 4.3-1. Poisson analytic function model for estimating the probability of inadvertent human
intrusion.
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5.0 Consequence Analysis

5.0 CONSEQUENCE ANALYSIS

Here, we address the question: "What are the consequences of the various hypothetical chains of
events called scenarios?" (See Section 1.2.2.) The quantitative answers required by the Environmental
Protection Agency are specific performance measures that must be estimated using a 31te-spec1ﬁc
maodeling system designed to calculate the amount of contaminants released to the accessible environment
because of hypothesized features, events, and processes, and include in the answer estimates of the
uncertainties associated with the illustrative calculations. This step in the performance-assessment (PA)
process is referred to as consequence modeling and analysis. The "model" used for consequence modeling
is actually an ordered system or hierarchy of composite models linked together.

Because a single three-dimensional consequence model having the detail necessary to simulate the
features, events, and processes of the entire disposal system would require too much time and money to
build and modify and too much computer capacity to solve, the consequence model is divided into four
principal submodels that correspond to the major physical components of the Waste Isolation Pilot Plant
(WIPP) (see Section 3.3, Modeling System Selection). Each of the four submodels is discussed in the
principal four sections of this chapter: (1) repository, (2) groundwater flow, (3) radionuclide transport,
and (4) biosphere transport. The repository submodel estimates the amount of radionuclides that leave the
repository during drilling as drill cuttings and materials suspended and/or dissolved in drilling fluids.
Radionuclides than can leave the repository as a result of natural groundwater flow and leakage up
plugged boreholes are also estimated. The radionuclides that escape in this manner become the source
input for the groundwater-transport modeling subsystem, where groundwater transport is controlled by the
groundwater-flow modeling system. Finally, the radionuclide concentrations from the transport modeling
system provide source input for the biospheric-transport modeling subsystem.

In WIPP performance assessments, uncertainty in performance estimates results from (1) the
existence of alternative conceptual models and (2) uncertainty in the values of certain model parameters.
Uncertalnty model parameters are propagated” through the WIPP PA calculation through a Monte
Carlo”* technique (see Section 1.3.1). Latin hypercube sampling”*” is used to minimize the number of
samples needed to describe parameter uncertainties adequately and thereby to minimize the number of
simulations required to assess performance over the entire range of the parameter space (see Sections
42,2 and 4.2.3).

The primary purposes of the descriptions to follow are (1) to enlarge the cursory description of the
computational models ("codes") given in Section 3.3 (Modeling System Selection), (2) to document the
actual linkages between the various codes, (3) to provide a macroscopic overview of the modeling system
and its component functions, (4) to strip away as much of the system's inherent complexity as is possible,
and thereby (5) to expose the system's inner workings at their most transparent level. Once the
calculational procedure is understood, the reader should be able to focus on the natural phenomena being
modeled and the working details of the models. It is beyond the intent of this document to describe the
natural science or the mathematical formulations that comprise the theoretical basis for the computational
models. For information on those subjects, see the work of Helton et al.! for the 1991 simulation and
Volume 2 of the series of volumes describing the 1992 PA simulation.2
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Uncertainty propagation includes methods to propagate uncertainty in model parameters through the model and, thereby, to estimate
the effects of that uncertainty on the results. It is an important aspect of stochastic simulations.
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increased with the advent of computers.

Latin hypercube sampling is a Monte Carlo sampling technique that divides the cumulative distribution function into intervals of

equal probability and then samples from each interval (see Section 4.2.2).
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5.1 Repository Modeling

The first submodel of the overall consequence model is the repository submodel. It describes removal
of radionuclides from the repository and introduction into the surrounding regions. Conceptually, the
repository submodel is dominated by phenomena on two very different time scales’ (see Figure 5-1):
(1) short-term cuttings release to the surface and (2) long-term brine inflow and radionuclide dissolution.
On the short time scale, fluid inflow to the repository is not required. Rather, transport results from direct
contact with the bit used to drill an exploratory borehole as it passes through the repository. Wastes are
transported to the surface together with halite and other drilled minerals. Specifically, on the shorter
time, the repository submodel calculates contaminant releases to the accessible environment at the surface
from drilling byproducts. The longer time scale model requires an inflow of fluid from a source near the
repository, the source being scenario dependent. Normally, it is provided by a submodel code that is
dedicated to that function. Given the inflow, another code of the repository submodel introduces into the
inflow a series of radionuclide concentrations for transport out of the repository. The fluid slowly makes
its way toward the accessible environment either laterally through an anhydrite layer or Marker Bed, or
vertically up a repository shaft or drilled borehole to the overlying Culebra aquifer. The overall process
treats mixing and flow phenomena in the waste parcel, disposal room, drifts, shafts, and backfill.
Specifically, on the longer time scale, the repository submodel calculates (1) the fluid flux from a source
through the disposal area of the repository and (2) the introduction of contaminant concentrations in the
fluid (gas or liquid) flowing through the disposal area.

Sections 5.1.1 and 5.1.2 describe a hypothesized sequence of events for the disposal area of the
repository and demonstrate the type of results calculated by repository submodels. Strictly speaking, the
sequences are not scenarios because the interaction of the features, events, and process are postulated to
aid in the discussion.

Sections 5.1.3 through 5.1.6 provide examples of modeling assumptions and computational models
that were actually used in past performance assessments. The short-term time scale consists of one
software group, drill cuttings (see Sections 5.1.3 and 5.1.4). The long-term, brine-inflow time scale
consists of two main software groups: two-phase flow and source-term modeling (see Sections 5.1.6 and
5.1.8). The three software groups produce the three primary results of the repository submodel introduced
above.

Short-Term Long-Term

Time Scale Time Scale

[HUTINGS
3EEEEER Dnll Cuttings

Radionuclide release
from brine inflow
® Two-phase flow modeling

Radionuclide release

to surface from §5.1.6 _
drilling fluid entraining §S;>l:r§e term modeling

cuttings of waste
» Modeling using cuttings
§5.1.3+5.1.4

TRI-6342-3472-0

Figure 5-1. Time scales and corresponding software groups for modeling the repository.

Recall, WIPP disposal-system phenomena are dominated by four principal spatial scales that form the basis for the subsections of
this chapter (see Section 3.3.1, External Scales for Consequence Models). The four scales are (1) repository, (2) local, (3) regional,
and (4) external (surface and atmospheric).




5.0 Consequence Analysis

5.1.1 Repository Episodes Leading to Undisturbed Conditions*

The following hypothesized sequence of episodes leads to so-called "undisturbed conditions" and
gives an idea of the types of phenomena modeled as well as the kinds of results to be expected from the
repository portion of the consequence model. These are not scenarios. They are hypothetical episodes
because the interaction of features, events, and processes is postulated. The "undisturbed conditions”
described here are those that may occur because of natural processes in the absence of human intervention
or catastrophic natural events (see Section 5.1.2). Initially, panels of the repository would be filled with
waste and in the 1990 to 1992 performance assessment (PA) calculation was assumed to be backfilled
with salt. All access drifts and the experimental area to the north of the repository were also assumed to be
backfilled and the shafts sealed (see Section 2.3.3, Sealing). No free brine would likely be present in the
repository at that time, although MB139 might become fractured as a result of excavating repository
panels or in response to initial creep into the excavated region. During the operational life of the reposi-
tory, the fractures in MB139 might fill with brine from the Salado Formation (Figure 5.1-1a). During the
first 50 to 200 yr after decommissioning, creep would first collapse the room and then compress the voids
around the waste to encapsulate it. Any brine in the salt would likely flow into the disturbed rock zone
(DRZ) or remain in small pockets within the waste and panel rooms (Figure 5.1-1b). In the 1990, 1991,
and 1992 PAs, the initial disturbance of the salt around the repository and the creep closure of the exca-
vation were modeled prior to the PA calculations and thus used as inputs to the calculations.

The presence of water in the disposal rooms would promote corrosion of the steel containers and of
steel wastes within them. Initially this corrosion would consume oxygen. However, once the oxygen was
gone, anoxic corrosion could occur and generate hydrogen gas. In the sequence of events described here,
room closure is assumed to be nearly complete before anoxic corrosion of the containers begins. Microbial
degradation of organic materials in the wastes is also a possibility and would produce carbon dioxide,
although its rate of production is thought to be slow. Gases generated in the room would fill interstitial
voids, increasing room pressures, and eventually reversing the seepage of brine so as to drive it out of the
room. The gas could also migrate into anhydrite layers above the room (Figure 5.1-1c).

The room is assumed to remain in this gas-filled, pressurized state of the "undisturbed" scenario
(Figure 5.1-1d) (see Section 3.2.3, Undisturbed Summary Scenario). This episode assumes the lower shaft
seal is well consolidated prior to producing gas, such that the gas is trapped in the repository rather than
venting through the shaft to the Culebra. In the early 1980s, pressurization of the room was not
considered feasible because of the relatively high permeabilities assigned to the salt formation. However,
in the late 1980s, extensive measurements revealed relatively low salt permeabilities (as presented as an
example in Section 4.1.3). As a result, room pressurization became an important consideration, !

Although this hypothesized sequence of events is regarded as reasonable, a broad range of system
responses can occur. Evaluating the interaction of phenomena and predicting the entire range of responses
leading up to the "undisturbed state" of the repository is the topic of the two-phase flow modeling
described in Section 5.1.6. Although these "undisturbed conditions" are the starting point for evaluating
"human-intervention (disturbed) conditions" in the next section, important aspects of the undisturbed
conditions must be examined to determine compliance with regulations specified in the Resource
Conservation and Recovery Act (RCRA) of 1976 (see Section 6.3). These aspects include the influence of
various parameters on the movement of gases that might contain hazardous volatile organic compounds
that might be transported into the anhydrite layers above the disposal room or into the seals of the shaft
and eventually beyond disposal unit boundaries as defined by RCRA (see Section 1.4.1). An example of an
evaluation of the influence of various parameters for undisturbed conditions is given in Section 7.1.1,
Ranking Important Model Parameters.

References

1 Lappin, A.R., R.L. Hunter, D.P. Garber, and P.B. Davies, eds. 1989. Systems Analysis, Long-Term Radionuclide
Transport, and Dose Assessments, Waste Isolation Pilot Plant (WIPP), Southeastern New Mexico; March 1989.
SANDS89-0462. Albuquerque, NM: Sandia National Laboratories.

2 Rechard, R.P., W. Beyeler, R.D. McCurley, D.K. Rudeen, J.E. Bean, and J.D. Schreiber. 1990b. Parameter
Sensitivity Studies of Selected Components of the Waste Isolation Pilot Plant Repository/Shaft System. SAND89-
2030. Albuguerque, NM: Sandia National Laboratories.

See also Section 3.2.3, Undisturbed Summary Scenario.
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5.0 Consequence Analysis

5.1.2 Repository Episodes after Intrusion

The scenario-development program for the 1992 performance assessment (PA) retained two events
and processes: (1) nearby potash mining resulting in subsidence (TS), and (2) inadvertent human
intrusion through three different exploratory drilling events (E1, E2, and E1E2, see Section 3.2.4,
Applying the Grouping Procedure to the WIPP). Subsidence was not modeled in 1992. The episode
described herein treats the E1 event in which a borehole is drilled through a disposal room and then into a
pressurized brine pocket beneath the repository in the Castile Formation. As is readily seen in Figure
5.1-2, this drilling event initiates a complicated interaction of phenomena within the disposal room. A
two-phase flow code is required to model it (see Section 5.1.5). However, for the 1990, 1991, and 1992
PAs, the most important part of the event was the short-term result, namely the entrainment of wastes into
the drilling fluid and their immediate release at the surface during drilling operations (the modeling of
which is described in Section 5.1.3, Modeling of Cuttings/Cavings).

In the drilling intrusion scenario E1, the initial breakthrough into a repository panel quickly
depressurizes a disposal room (Figure 5.1-2a). According to the 40 CFR 191 Standard, the intruders
"soon"” realize the area is "incompatible" with their purposes. The drillers seal the borehole using
present-day technology and abandon it. Sealing permits the room to repressurize from on-going gas
generation (Figure 5.1-2b).

Within 100 yr following abandonment, degradation of the borehole plug throughout its length allows
any remaining gases to migrate out of the room. The degradation also allows the waste and room to
reconsolidate at lithostatic pressure with brine refilling any remaining voids. Depending on pressure
differences, whether borehole plugs above or below the repository degrade first, and the depth of drilling,
brine could flow down from the repository into underpressurized formations below the repository.
However, in the cases considered in PA calculations through 1992, brine flow from the Salado Formation
and from the brine pocket beneath was assumed to mix within the room, to dissolve the inventory to
saturation upon contact, and then to flow up the borehole to the overlying brine aquifer in the Culebra
Dolomite Member of the Rustler Formation (Figure 5.1.2¢). The dissolution of radionuclides is described
in Section 5.1.7. In PA calculations through 1992, movement from the repository to the Culebra was
assumed to be instantaneous. The fluid flow regime of the Culebra is described in Section 5.2,
Groundwater Flow Modeling. The transport of contaminants through the Culebra to the accessible
environment is described in Section 5.3, Radionuclide Transport Modeling.

The above sequence of events resulting from human intrusion is regarded as reasonable. However, it
is important to bear in mind that a wide range of system responses can occur. For example, changes in the
rate and timing of gas generation, the timing of human intrusion, and the rates of gas leakage through the
borehole affect the system. Some mechanisms operate only immediately after plug degradation, such as
depressurization within the repository; others, such as fluid from the brine pocket and brine inflow from
the Salado Formation, are active over much longer time periods.

References

1 EPA (Environmental Protection Agency). 1993a. "40 CFR Part 191: Environmental Radiation Protection
Standards for the Management and Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive
Wastes, Final Rule," Federal Register. Vol. 58, no. 242, 66398-66416.

2 Rechard, R.P., W. Beyeler, R.D. McCurley, D.K. Rudeen, J.E. Bean, and J.D. Schreiber. 1990b. Parameter
Sensitivity Studies of Selected Components of the Waste Isolation Pilot Plant Repository/Shaft System. SAND89-
2030. Albuquerque, NM: Sandia National Laboratories.

"Soon" is the term used in the guidance for 40 CFR 191. However, it is not defined quantitatively. The author takes it to mean less
than a month.
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Figure 5.1-2. Hypothesized episodes in the disposal area after human intrusion (E1 scenario, see
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occurs. In (b), a second gas and brine depressurization occurs as borchole seals
degrade. In (c), brine flows through the borchole to the Culebra Dolomite (after

Rechard et al., 1990b). 2




5.0 Consequence Analysis

5.1.3 Modeling of Cuttings/Cavings

In the 1990 through 1992 PA calculations, the most important pathway for release during the
10,000-yr regulatory period was direct removal of waste in the event that an exploratory drill bit
inadvertently penetrates a waste-storage room.” To quantify the extent of radioactive release resulting
from direct removal of wastes, the CUTTINGS model was developed.! The performance assessment (PA)
model assumed future drilling techniques would be similar to those in use today. This assumption is
necessary to provide a reasonable quantitative basis on which release predictions can be made.

In rotary drilling, a cutting bit attached to a series of hollow drill collars and drill pipes is rotated at a
fixed angular velocity and is directed to cut downward through underlying strata. To remove the material
loosened by the drilling action, a drilling fluid ("mud") is pumped down the drill pipe, through and
around the drill bit, and back up to the surface within the annulus formed by the drill pipe and the
borehole wall (see Figure 5.1-3).

If an exploratory drill bit penetrates a waste-filled room, waste resulting from three separate physical
processes can mix with the drilling fluid and be transported to the surface. These wastes have three
distinct names:

o Cuttings are the wastes that occupied the cylindrical void created by the cutting action of the
drill bit through the repository. Cuttings are brought to the surface in the drilling fluid of a rotary
drill.

e Cavings are wastes that eroded from the sides of the borehole in response to the upward-flowing
drilling fluid within the annulus. They are usually particulates and are brought to the surface in
the drilling fluid of a rotary drill.

e Spallings are the wastes surrounding the eroded borehole that are broken away by the action of
waste-generated gases escaping to the lower-pressure borehole. Spallings were not incorporated
in the 1990, 1991, or 1992 PA calculations.

Section 5.1.4 describes the code linkages surrounding the analytical code used to evaluate
cuttings/cavings.

References

1 Berglund, J.W. 1992. Mechanisms Governing the Direct Removal of Wastes from the Waste Isolation Pilot Plant
Repository Caused by Exploratory Drilling. SAND92-7295. Albuquerque, NM: Sandia National Laboratories.

2 EPA (Environmental Protection Agency). 1985b. Background Information Document—Final Rule for High-
Level and Transuranic Radioactive Wastes. EPA 520/1-85-023. Washington, DC: U.S. Environmental
Protection Agency, Office of Radiation Programs.

3  OBren, P.J,, RB. Lantz, and J. Gormley. 1977. Technical Support of Standards for High-Level Radioactive
Waste Management: Volume C: Task C Report, Assessment of Migration Pathways. EPA 520/4-79-007 C.
Arthur D. Little, Inc. for Office of Radiation Programs. Washington, DC: U.S. Environmental Protection
Agency, Office of Radiation Programs.

4  WIPP PA (Performance Assessment) Division. 1991. Preliminary Comparison with 40 CFR Part 191, Subpart B
Jfor the Waste Isolation Pilot Plant, December 1991. Volume 1: Methodology and Results. SAND91-0893/1.
Albuquerque, NM: Sandia National Laboratories.

5  Performance Assessment Group. 1990. "Early PA Scoping Calculations—To Help Refocus Research,
Development, and Engineering Parts of the WIPP Project, If Necessary," Systems Analysis, Long-Term
Radionuclide Transport, and Dose Assessments, Waste Isolation Pilot Plant (WIPP), Southeastern New Mexico;
September 1989. A R. Lappin, R.L. Hunter, P.B. Davies, D.J. Borns, M. Reeves, J. Pickens, and H.J. Iuzzolino.
SANDS89-1996. Albuquerque, NM: Sandia National Laboratories. A-2 through A-16.

If a direct repository hit occurs, drilling operation causes the immediate release of radionuclides through the cuttings, cavings, or
spallings brought to the surface in the drilling fluid ("mud”). Environmental Protection Agency (EPA) release limits in 40 CFR 191
(see Section 6.1.3, Containment Requirements) lead to overly conservative limits on this type of release. Specifically, the EPA
release limits for all radionuclides except **C were developed considering only the drinking-water pathway to humans. The release
limit for ““C was evaluated considering atmospheric releases (EPA, 1985b 2; O'Brien et al., 1977 3). As a result, the EPA releasc
limits are unrealistically scaled for cuttings-type releases. Effects are grossly exaggerated (sce Section 5.4.1, Radionuclide Pathways
to Humans). Nevertheless, Waste Isolation Pilot Plant (WIPP) performance assessments have traditionally included the cuttings and
cavings releases (e.g., WIPP Performance Assessment Division, 19917). The tradition results from identifying “those 'energy
sources’ that could move a quantity of waste sufficient to violate the standard from the repository horizon to the land surface”
(Performance Assessment Group, 1990°). Drilling fluids in an exploratory drilling operation were regarded as a plausible “encrgy
source.”
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Figure 5.1-3. Conceptual model for the removal of cuttings/cavings from the disposal area of an
exploratory drilling operation inadvertently intruding into the repository.
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5.1.4 Linkage of the CUTTINGS Model

CUTTINGS models the direct removal of wastes from the Waste Isolation Pilot Plant (WIPP)
repository as a result of exploratory drilling. ! Assuming current industry drilling practices for gas and oil
are used, radioactive waste will be released to the ground surface in the drilling fluid (mud) in the form of
cuttings and cavings. As currently configured, the CUTTINGS code calculates the drilling mud fluid
shear stress acting on the borehole wall and the subsequent erosion of repository materials. The total
volume of material removed by drilling is the sum of the eroded material plus the material directly cut by
the drill bit. CUTTINGS also decays the radionuclide inventory to the time of intrusion.

The first steps in using CUTTINGS are to use GENNET to establish a grid and then to use
MATSET,2 which extracts attribute and property data from the secondary data base and generates a
computational data base template (PRECUTTINGS.CDB). See Figure 5.1-4 and Section 3.3.3, Support
Codes Used in the Modeling System. POSTLHS 2 is then used to generate nK computational data files
(CUT_R#.CDB) using sampled parameters from LHS.OUT (see Section 4.2.3, Executing Latin Hypercube
Sampling).

In the calculations, the drill-bit diameter was a sampled quantity for CUTTINGS; hence, GENNET
itself was sampled. This led to double-sampling and (#K)? samples. To reduce the number of samples
consistently to nK, the (nK - 1) samples corresponding to drill-bit diameters other than the bit diameter
used in the present GENNET sample are deleted. That process was repeated #X times, resulting in a
remainder of nK fully sampled, self-consistent parameter sets that include sampled borehole sizes.

With sampling completed, the CAMDAT.CDB and CUTTINGS.INP files were used as input to the
CUTTINGS code. CUTTINGS computed the surface release of radionuclides for the nK sampled cases
and placed the results on #K output CDB files. The files were named CUTCH_S# R#.CDB for contact-
handled waste and CUTRH_S# R#.CDB for remotely handled waste. These files were then used by
CCDFCALC (see Section 6.1.6, Software for Calculating Complementary Cumulative Distribution
Functions).

References

1 Berglund, J.W. 1992. Mechanisms Governing the Direct Removal of Wastes from the Waste Isolation Pilot Plant
Repository Caused by Exploratory Drilling. SAND92-7295. Albuquerque, NM: Sandia National Laboratories.

2 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.
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5.1.5 Modeling of Two-Phase Flow

To study the effects of gas generated by corrosion of metals (primarily steel) and degradation of
organic material (primarily cellulose) on the flow of brine into and through the repository and then up an
intrusion borehole, Sandia National Laboratories developed a standard mathematical model of two-phase
flow through a porous, heterogeneous material. The implementation of this mathematical model was the
computational model called BRAGFLO (see Section 5.1.6). The starting equations of the mathematical
model are as follows:!

Conservation of Gas Components:

Kk o k o(dp,S, +¢C S
Ve 0Py Al (VPn “'P,,gVD)-i-a NP wKkpy (VPW _pngVD) +og, +ag,, = (¢pn T OC APy w) )
By Hy ot
C Kk o (18 S
Conservation of Brine Component; Ve [%’l"— (VP =py gVD)]+ocqw FOGpy = @’_W‘a'fw_‘”)
w

Constraint on Saturations: S, +35,, =1,
Constraint on Mass Fraction: Cp, + Cy, = 1.0,
Constraint on Capillary Pressure: P, +P,, = F,,

where the quantities have the following meanings:

Cys, = mass fraction of component M dissolved or miscible in phase £, g = gravitational acceleration
constant [Lr2], [m s2]; K = absolute permeability of the reservoir [L2], [m?]; k,, = relative permeability to
phase £ [dimensionless]; P, = capillary pressure [ML-1£2], [Pa]; P,= pressure of phase ¢ [ML-1#2], [Pa];
g,=mass rate of well injection (or production, if negative) per unit volume of reservoir [ML-3¢2],
[kg m3s1]; g, = mass rate of products produced (or reactant consumed, if negative) per unit volume of
reservoir due to chemical reaction [ML3t1], [kg m3 s1]; S, = saturation of phase ¢ [dimensionless];
x,y = spatial dimensions (x-horizontal, y-vertical); oo = geometric factor (in three dimensions, o = 1; in
two dimensions, o. = length; in one dimension, o = area); V = gradient, shorthand for vector 8/8x, 8/dy in
two dimensions; Ve = divergence, shorthand for 8/0x + 8/dy in two dimensions; ¢ = reservoir porosity
[dimensionless]; p,= density of phase £ [A! L3], [kg! m3]; and p, = viscosity of phase £ [ML! r1], [cp].
The meaning of the subscripts are as follows: N = nonwetting components (gas component);
n = nonwetting phase (gas phase); ¥ = wetting component (brine component); and w = wetting phase
(brine phase).

Although the flow-flow fields within and around the repository are three dimensional, the repository
was modeled in two rather than three because of the numerous stochastic calculations required. The
transformation from three to two dimensions was accomplished using a combination of element radial
flaring and volumetrically averaging material properties. The element flaring is discussed further here
(Figure 5.1-5). Element flaring is the process of defining one or more subregions in a two-dimensional
mesh where radially symmetric flow is assumed to occur, then evaluating the width of the element
assuming radial coordinates. This process has been used quite successfully ever since 19892 to
approximate flow near a point of interest in a system that is not fully axisymmetric. The distinction
between element flaring and fully axisymmetric modeling is that not all of the elements are automatically
increased in width by the radial distance times the full 2= arc. Rather, several origins may be used and
portions of the study domain with, for example, an approximately uniform flow can have constant widths.
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SAND89-2030. Albuquerque, NM: Sandia National Laboratories.

5-12

b



5.1 Repository Modeling

Rusvet Fm

+ ete, g
A I
o T o
/ E Soal Systom
Y

s\f’\g

6

Lower
el A
Rapanlar; l.ghan ~ Anhydnto Layors a* and " .e’MBm M-;
E o . ey Ry -
_) : . & Z & ’ﬂ\,;\
Disposal Expenmontal 4 ) o2
Regon Rogon q?lqg,g;s RSk
JaAd =

Rustot Fm

Castho Fm

@
3

<_52340
(See §3.2.3) 7.70 2 .. Culebra
100,00 18 k T shats | ) - ]
21942 17 L Halte . -t wjes - .. - Halte
90.00-50,00 16 i [ T
[ ‘ .
10.0052.?: :i 2 g [Shatt Sea — we5s
9'06 B Transtion Zone 396 40
. >
021 12 ' — Anhydite “a* and b Ezees
- —.t DRZ —{ —_ 387.07
262 11 = JU
099 10| - i T Shatts L ot
e s Seals o A
08 9 L8 and mental - 0 a
0% 8| . 9 Backil Fogioni | Halty
099 7 o J_ packial’y
:
3 o - 1749 ! 37911
085 & —l —ti! L — MB139 27826
78
100 4 s
1000 3 5 . e
5000 2 L . Halfe
12016 3 4 : 2L 178.00
TNOTEeree I NNIReN PR NRSRERER X
8888883888~ 888z88238888888888
Q0O ¥ OO0 O «w W WOWWO ~OMNWMWNOG ~—~«~w OO0 0 2T QO
8258 Ny gNN- g = -8 Neg8588
0 W v~ - wun u

EY E2
: Borohola ' Boreholo

IA ]
:
y -::};.,,.‘ x> Elevaton azZ(m)
§rug et 623.40 — azm
Culebra - 18 7.70
17 13600
Halte 16 20312
15 8000
Pug Anhydrne MB138 J /|14 018
Halta 13 906
88835 = b /" / / Anhydnte *a*and b* |2 0.27
| amiainds | oro Paneiof Repossoy no 2e2
.| Ml | OroTancollones iy . 28445 —
\ MB 139 10 099
Potentialy Disturbed Halte 9
Pk 2ot Waste Panel - 0%
oposiory 8 039
380.49 — L. w =a o || O
Isn‘-fomablosﬁoek DRZ 6 1.38
Troundng Bane
[ vopoced € ¥ = 7777 AeymewasZ 7 7 |s  oss
Brrw porshole [y N
(See §3.2.4) ’ Halte e0.0
a0 — I J3 o
NN Castie _ QNN \ 2 040
12800 — bt N Casti'e Brine Resarvour N NN \\\ 1 9.70
- N M T W OND OO ~ND T ND®OO - (226060

————————————

| ¥888838888288888888888
Elee-vdgewvogrgagnegags
- L —Nmr\n_gm.‘n—
o o
(b) TRI-6342-4394-0

Figure 5,1-5. Conceptual and numerical logic grids for applied models used for 1992 PA
simulations of the repository: (a) mesh of undisturbed scenario using a grid with a
portion of the elements "flared" (i.e., elements increased in width to approximate
radial flow), and (b) mesh of disturbed scenario using all axisymmetric elements.
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5.0 Consequence Analysis

5.1.6 Linkage of the BRAGFLO Code

Section 5.1.2. described the interaction of (a) brine flowing into the disposal rooms, (b) gas being

generated as steel corrodes and organic materials degrade, and (c) an assumed intrusion into a disposal
room by a borehole. These events necessitate the use of a two-phase hydrological flow code. BRAGFLO!
was adopted and developed specifically for this purpose.

BRAGFLO! simulates two-phase, three-dimensional, isothermal fluid flow in porous heterogeneous
media using a finite-difference numerical solution scheme. The fully implicit formulation makes
BRAGFLO well suited for simulating convergent flow into a well.” BRAGFLO includes a corrosion
and biodegradation gas-generation submodel that operates on whatever iron and cellulose may be
available in the waste. A BRAGFLO user's/theory manual is in preparation.

The linkage of BRAGFLO to other portions of the consequence model (depicted in Section 3.3.2, The

Component Computational Models) is typical and is described below (see also Figure 5.1-6):

1. The underlying data for BRAGFLO comes from two files; LHS.OUT and PROPERTY.SDB
(described in Section 4.2.3, Executing Latin Hypercube Sampling).

2. The borehole diameter is sampled. Therefore, grid spacing near the borehole must be adjusted
accordingly. GEN_INP is a program written specifically for each year's calculational grid. It
adjusts the GENMESH input file using mesh parameters from LHS.OUT.**

3. GENMESH? defines a finite-difference mesh from the Castile to the Culebra, from the borehole
to the accessible environment, and creates a .CDB file for BRAGFLO.

4. MATSET? assigns a constant, usually median value for each parameter required by the model. It
uses values from the PROPERTY.SDB file (depicted in Section 4.2.3).

5. POSTLHS""* overwrites the .CBD file using sampled parameters from LHS. This step results in
the production of nK.CDB files, one for each sampled data set.

6. BRAGFLO requires several parameters that are derived from other parameters stored in the
.CDB file. For example, compressibility divided by porosity. This manipulative step is
accomplished with ALGEBRACDB.2

7. ICSET is used to set initial liquid and gas saturations and pressures.

8. The two-phase flow simulations are run using BRAGFLO, which includes a pre- and a post-
processing code to prepare inputs for BRAGFLO and for the downstream codes. They are named
PREBRAG and POSTBRAG.

9. ALGEBRACDB is usually applied at this point to strip the POSTBRAG output .CBD file of data
that is not needed for the next step in the process. This step is not absolutely required, but it
shortens run times and facilitates troubleshooting.

The dissolution of radionuclides into the brine filling the disposal room is decoupled from BRAGFLO. A
specialized code has been written specifically for that purpose. It is described in Section 5.1.8.

References
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The 1990 performance assessment (PA) calculations used the two-phase flow code BOAST.? However, its implicit/explicit (IMPES)
formulation could not adequately solve convergent flow into an intrusion borehole.

If a mesh-dependent parameter is sampled, the following two steps must be run 7K times where 7K is the number of sample sets.

*** Pre- and post-processor codes of the Waste Isolation Pilot Plant's (WIPP's) analytical codes are usually omitted in this report. They

are ancillary codes used solely to manipulate data in a preparatory fashion. They do not solve equations or embody physical laws.
POSTLHS, however, is an exception. It plays a critical role in WIPP PA sampling and is therefore included here and elsewhere.
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Figure 5.1-6. Linkage of software to model two-phase (brine and gas) flow in and around the WIPP
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5.0 Consequence Analysis

5.1.7 Modeling of Source-Term

The source-term model estimates the radionuclide discharge rates leaving the repository resulting
from one or more boreholes penetrating the repository and a possible pressurized brine reservoir in the
Castile formation below the Salado Formation (see Sections 3.2.4 and 3.3.2). Specifically, the source-
term model evaluates the concentration of the ith chemical element (e.g., radionuclide) leaving from a
specified portion (“cell”) of the repository (usually an entire panel) as a function of time as follows."
A cell within the Waste Isolation Pilot Plant (WIPP) repository is idealized as a single connected cavity
with contaminants within the waste uniformly distributed throughout the cavity. It assumes dissolution
equilibrium at all times (infinitely efficient mixing in the cell, and negligible kinetic effects of dissolution
for the time scales used). If sufficient inventory of the element is present at time ¢ (7;(z)), the model
determines concentrations of the ith element (C;(#)) entirely by solubility limit (suspended radionuclides
[colloids] are ignored), that is, Cyt) = S; if I)/V(t) = S; otherwise Cyt) = [;)/V(r) if L/VE) <S,
where V(1) is the volume of brine present in the cell at time ¢ (concentrations of radionuclides within the
gas phase are negligible and concentrations of hazardous volatile compounds are simply set equal to
measured concentrations). The volume of fluid flowing through a panel, 3y, was determined by the
repository model BRAGFLO in the 1991 and 1992 performance assessment (PA) calculations (see Section
5.1.5). A simple single-phase, anal}'tic model of the repository, the Salado Formation, and the brine
reservoir was used in the 1990 PA." The time dependence of the inventory of an element, I;(%), is
determined using the Bateman equations4 to account for radioactive decay and growth of daughter
products. Furthermore, when a chemical element has several isotopes, the relative amount of each isotope
in solution is set equal to the relative amount present in the total inventory of the element in the cell.

The calculational procedure at each discrete time step (4¢) is as follows:

1. A volume of fluid (5g;, 4f), constrained to be no more than 10% of the volume of a cell, displaces
an equal volume of fluid leaving the panel, (2g;, 4t = g, 4¢ ), (hence, V() is constant throughout
the calculation; furthermore, the cell volume is set equal to the entire panel volume).

2. The concentration of chemical elements, C;(?), within the panel are updated by
a. mixing the remaining panel pore fluid with the introduced fluid

b. evaluating the inventory of an element from radioactive decay at the end of the time step,
I;i(t+VH)=1; (t)eW’ , plus contributions of parents, grandparents, and great-grandparents as
defined by Bateman equations plus inventory of other isotopes of the element

c. calculating the concentration of an element C;(t+4¢) as the minimum of S; and I (f+A40)/V

d. Calculating the concentration of jth isotopes of an element, C;(f+Af) by proportioning the
isotopes according to the relative abundance in the inventory of each isotope at r+A4f
[i.e.,C;(t+Af) = C(t+4f) (M 2ZM})]

3. The concentration C; (t+At) is assumed to flow up the borehole and discharge directly into the brine
aquifer in the Culebra Dolomite Member of the Rustler Formation. This procedure neglects decay
or sorption of radionuclides while transported through the upper portion of the borehole because of
the short travel time due to the high permeabilities of the borehole fill material.

References

1 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.
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SAND91-0893/2. Albuquerque, NM: Sandia National Laboratories.
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Isolation Pilot Plant, December 1992, Volume 2: Technical Basis. Volume 3: Model Parameters. SAND92-
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Addison Wesley.
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Figure 5.1-7. Idealization of the WIPP repository for evaluating concentration (or mass discharge)
of radionuclides leaving a panel: a) conceptual model and b) mathematical model.
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5.0 Consequence Analysis

5.1.8 Linkage of PANEL Code

The source-term modeling portion of the repository submodel calculates the amounts of radionuclides
that are dissolved from an assumed repository inventory into brines that pass through all or part of the
repository. The contaminated brine is then usually transported immediately to the Culebra Dolomite
aquifer. The output flow rate to the aquifer is set equal to the rate of brine flow into the repository, as
described in Section 5.1.6. These radionuclide concentrations represent the first introduction of
radionuclides into the groundwater flow. Thus, they are "source-terms" in the mathematical sense, which
explains the name of this subsection, "source-term modeling."

The dissolution of radionuclides from the waste matrix into disposal-room brines is modeled via an
infinitely efficient mixing cell. The code that implements this mathematical model is called PANEL! (see
Section 5.1.7).

PANEL (1) evaluates radionuclide concentrations discharged from a specified portion of the
repository (usually an entire panel) as a function of time. It assumes dissolution equilibrium at all
times (infinitely efficient mixing in the cell, and no kinetic effects of dissolution). (2) If sufficient
inventories are available, PANEL determines concentrations entirely by solubility. (3) When an
element has several isotopes, the relative amount of each isotope in solution is set equal to the relative
amount present in the total inventory. (4) PANEL also monitors the natural decay of the radionuclide
inventory as a function of time using Bateman's equations. The amount of fluid flowing through
PANEL's cell can be input or calculated internally by PANEL assuming simple models of the brine
reservoir and Salado Formation. The internally generated flow rates were used only in parts of the
1990 performance assessment. Thereafter, BRAGFLO was used.

PANEL's code-linkage scheme (see Figure 5.1-8) is less complicated than but similar to the process
described in Section 5.1.6 for Two-Phase Flow Modeling. Specifically, the simulation begins with
GENNET!, which is a mesh-generating code similar to but considerably simpler than GENMESH. As
PANEL's mesh is a single element, GENNET is adequate. GENNET also creates a template ".CDB" file
for PANEL in the CAMDAT data base. MATSET adds constant model parameters such as the inventory
(depicted in Section 2.2.1) to the .CDB file. POSTLHS adds sampled model parameters and replicates the
.CDB file nX times (depicted in Figure 3.3-5 as Run 1, 2, ...), once for each sample. PANEL then uses the
liquid volume present in a panel, outputted in BRAGFLO's output file, to calculate the maximum
radionuclide concentrations that the fluids can carry. An optional step is to use ALGEBRACDB to extract
only the flow through the repository panel to speed up the use of the file by PANEL and thereby the
calculations. The results are outputted in PANEL's final S# R#.CDB file for use in groundwater-transport
calculations for the Culebra aquifer (described in Section 5.3). The results can also be used to calculate
conditional complementary cumulative distribution functions (CCDFs) using the CCDFCALC and
CCDFPLOT codes (described in Section 6.1.6, Software for Calculating Complementary Cumulative
Distribution Functions). This step is often performed to allow for comparisons with the final CCDFs
calculated at the boundaries of the Waste Isolation Pilot Plant (WIPP) disposal system. An example of the
results from PANEL, assuming sufficient water to dissolve all radionuclides at any time, is shown in
Section 2.2.3.

Reference

1 Rechard, RP., ed. 1992. User's Reference Manual for CAMCON: Compliance Assessment Methodology
Controller, Version 3.0. SAND90-1983. Albuquerque, NM: Sandia National Laboratories.
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5.2 Groundwater Flow Modeling

5.2 Groundwater Flow Modeling

Groundwater flow modeling within the Culebra Dolomite Member of the Rustler Formation consists
of two main models and two corresponding groups of software. The first model generates spatially varying
transmissivity” fields over the domain of interest of the Culebra Dolomite. The second model simulates
groundwater flow on both regional and local scales of that spatial domain. Transmissivity fields are
required parameters for groundwater flow, and their generation is therefore a necessary precursor to
groundwater flow modeling. Groundwater-flow simulations modeling software simulates local and
regional fluid-flow conditions within (1) a small region immediately overlying the repository and (2) a
larger region surrounding the disposal system. Only the liquid phase is treated within the aquifer, so the
working fluid is brine. Once a fluid-flow field has been evaluated for each sample set of flow parameters
on the regional and local domains, the transport of radionuclides within each of the flow fields is
predicted in the third portion of the consequence model (see Section 5.3, Radionuclide Transport
Modeling),

Sections 5.2.1 through 5.2.5 discuss groundwater-flow modeling. Sections 5.2.6 and 5.2.7 discuss the
generation of the transmissivity fields. As noted above, this is the reverse order in which the simulations
are actually run, but a general discussion of groundwater-flow modeling was thought to be of interest to a
wider audience and to help the general reader understand the need for the transmissivity fields. Sections
5,2.1 through 5.2.3 present examples of results of groundwater flow modeling. Because the software used
for evaluating results differed substantially in the 1990 and 1992 performance assessment calculations, the
code linkages for both years are described in Sections 5.2.4 and 5.2.5.

Transmissivity (7) is the rate at which water, driven by a unit hydraulic gradient, is transmitted through a unit width of aquifer. It is
the hydraulic conductivity (K) times the thickness of the aquifer, where hydraulic conductivity measures the ability of a rock or soil
to allow fluid to pass through it. In tum, hydraulic conductivity is a function of the intrinsic permeability (K) of the media and the
viscosity (pt) and density (pﬁ of the fluid.
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5.2.1 Regional and Local Groundwater Flow Modeling

Groundwater flow in the Culebra Dolomite located above the Waste Isolation Pilot Plant (WIPP)
repository is modeled on both regional and local spatial scales (Figure 5.2-1) (see also Chapter 2.0,
Disposal System and Regional Characterization). Climate effects, described in Section 2.1.6, are
incorporated into the regional model via time-varying boundary conditions. Boundary conditions for the
local scale are interpolated from pressures calculated during the regional simulation.

The conceptual model for evaluating groundwater fluid flow in the Culebra Dolomite consists of the
following assumptions: (1) single-porosity Darcian flow (however, dual porosity effects on transport are
considered; see Section 5.3.2), (2) two-dimensional flow through uniform thickness aquifer even though
localized flow in certain cross-sections is known to occur because most hydrologic test wells (see Section
2.1.5) are completed across entire Culebra thickness, (3) axis of Nash Draw treated as a streamline (no-
flow) boundary, (4) hydraulic heads (related to fluid pressure) assumed to be in equilibrium with heads
around the boundary of the regional modeling domain, (5) future changes in flow induced solely by
changes in recharge from climate change on northern boundary of domain, (6) no flow (“leakage”)
through bottom and top planes of the aquifer as indicated by differences in heads between adjacent layers
of the Rustler Formation.

The mathematical model solved in two dimensions (x,y) is®
SS%=V0(I?0Vh)—W,

where h = h(x,,1), the potentiometric head (m), Sg = S¢(x,y,1), the specific storage of the Culebra (m‘l),
K=K(x,y.1), the hydraulic conductivity tensor (m/s), and W = W(x,y,1), a volumetric flux per unit
volume of formation (s'l), (used to simulate wells or recharge).

The specific storage and hydraulic conductivity tensor are obtained from more directly measurable
quantities,

Ss S(Axizy) , E= T(Axé}’),

where S(x,y) = storage coefficient in the Culebra (dimensionless) and AZ(x,y), Culebra thickness (m).

From given initial and boundary conditions, the mathematical model is solved numerically to yield
Darcy velocity (or specific discharge) for use in evaluating radionuclide transport (see Section 5.3):2

q; (x,y,H) ==K e Vh (m/s).

Either of two codes may be used to model groundwater flow. They are as follows: (1) SECOFL2D,!
developed by the Performance Assessment Department, which automates the calculation of and
interaction between the regional and local models, and (2) several other flow codes including STAFF2D,2
SUTRA,? and SWIFT* in concert with various support modules that can be linked in a serial procedure
using the CAMCONexec driver® to calculate regional flow, interpolate properties and pressures onto the
local grid and boundary, and calculate local flow. The first procedure uses a code specifically tailored for
analysis of the WIPP and is more streamlined. The second procedure allows the analyst to use the
capabilities of a greater number of available flow codes. Sections 5.2.2 and 5.2.3 present examples of
results from the groundwater-flow modeling. Sections 5.2.4 and 5.2.5 describe the two procedures for
linking the above codes.

References
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Figure 5.2-1. Regional and local groundwater flow modeling of brine aquifer in the Culebra
Dolomite Member of the Rustler Formation ~300m above the WIPP repository
horizon (see Section 2.2.1): (a) regional and local meshes, (b) contours of equal

hydraulic head (% =F”§+z) for conditions at present and conditions 10,000 yr in the

future from change in climate for one sample in 1992 performance assessment.3

5-23




5.0 Consequence Analysis

5.2.2 Cumulative Travel-Time Distributions

In the CAMCON modeling system, groundwater-flow fields are used directly by the codes of the
groundwater-transport module (see Section 5.3, Radionuclide Transport Modeling) to evaluate
radionuclide transports. However, a distribution of travel times of neutrally buoyant particles from the
projected center of the repository in the Culebra to a boundary 5 km (3 mi) from the disposal system is a
convenient way to summarize the results of the groundwater-modeling step. The resultant distribution of
travel times is presented in Figure 5.2-2. The method of calculating particle paths is shown in
Section 5.2.3. In general, the travel times of neutrally buoyant particles varied over 27,000 yr for the
transmissivity fields generated in the 1992 performance assessment calculations.! (See Section 5.2.3 for
examples of particle paths from which the distribution of travel time was evaluated.)

Reference
1 Sandia WIPP Project. 1992a. "Appendix C: Realizations of Transmissivity Fields in the Culebra Dolomite
Member of Rustler Formation," Preliminary Performance Assessment for the Waste Isolation Pilot Plant,

December 1992. Volume 3: Model Parameters. SAND92-0700/3. Albuquerque, NM: Sandia National
Laboratories. C-1 through C-73.

5-24




5.2 Groundwater Flow Modeling

70
—— 1D 15
/(22,000 yrs

o0 /(22000 yrs).
2
5 50 .
S / ,ID62
2 40 e
8 , (7,000 yrs)
S 30
[<)]
Q
3 20 / D 56 ‘ |

10 (2,0C0 yrs)

0
0 10 20 30 40 50
Increase in Travel Time From
Fastest Travel Time (1000's of years)
From Center of Waste Disposal Area
to a Boundary 5 Km away
Field ID 56 Field ID 62 Field ID 15

B Highest Transmissivity [ Lowest Transmissivity

TRI-6342-3489-0

Figure 5.2-2, Cumulative distribution travel time to the maximum S-km (3 mi) boundary of the
Waste Isolation Pilot Plant disposal system, using transmissivity fields calculated for
the 1992 performance assessment simulations (see Section 5.2.7). Travel times change
dramatically if matrix or fraction porosity are used. The relative change (rather than
absolute value) in travel times across the simulated transmissivity fields assuming
contaminated movement through the matrix porosity is presented.
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5.2.3 Neutrally Buoyant Particle Paths

A possible summary measure of the groundwater flow is the envelope of shapes of paths taken by
neutrally buoyant particles through the various fluid-flow fields (see Figure 5.2-3). Particles are released
at an intrusion borehole intersecting the center of the repository. Using the first 20 flow fields generated in
the 1992 performance assessment calculations, a considerable variation in travel pathways to the Waste
Isolation Pilot Plant (WIPP) disposal-system boundary is observed (the WIPP land-withdrawal boundary is
~2.4 km (1.5 mi) from the outer edge of the repository). The method of calculating particle paths is shown
in Sections 5.3.2 and 5.3.3.

Reference

1 Rechard, R.P., ed. 1993. Initial Performance Assessment of the Disposal of Spent Nuclear Fuel and High-Level
Waste Stored at Idaho National Engineering Laboratory. Volume 1: Methodology and Results. SAND93-
2330/1. Albuquerque, NM: Sandia National Laboratories.
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Figure 5.2-3. Paths for neutrally buoyant particles released in the Culebra Dolomite Member of the
Rustler Formation at an intrusion borehole intersecting the center of the repository,
based on the first 20 flow fields generated from the 1992 performance assessment
calculations (after Rechard, ed., 1993, Figure 12-27). 1
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5.2.4 Linkage for 1990 Groundwater-Flow Simulations

In the 1990 and some of the 1991 performance assessment calculations, various general-purpose
groundwater flow codes, including STAFF2D,! SUTRA,2 and SWIFT,? were used to predict the
groundwater-flow regime over both regional and local flow domains of the brine aquifer within the
Culebra Dolomite Member of the Rustler Formation. The three codes are described as follows:

STAFF2D models single- or dual-porosity fluid flow and radionuclide transport using a finite-
element numerical solution technique. Specifically, STAFF2D is a two-dimensional finite-element
code designed to simulate confined and unconfined groundwater flow and single- or multiple-
component solute transport in fractured or granular aquifers. Fractured porous media are represented
using both discrete-fracture and dual-porosity approaches.

SUTRA evaluates saturated or unsaturated density-dependent groundwater flow with either (1) solute
transports subject to equilibrium adsorption and zero- and first-order production or decay or (2)
thermal-energy transports within the groundwater and solid matrix of the aquifer. SUTRA
approximates the governing equations using two-dimensional, finite-element and integrated finite-
difference methods.

SWIFT_I is a general-purpose code for solving transient, three-dimensional, and coupled equations
for fluid flow, heat transport, brine-miscible displacement, and radionuclide-miscible displacement in
porous or fractured media.

In general, several steps were necessary to link these codes to other portions of the consequence
model. First, it was necessary to create regional and local CAMDAT? data bases (groupings of .CDB files)
for groundwater flow modeling. The regional input .CDB files were created from the files containing
transmissivity fields (TFIELDS_R#.CDB) (created in Section 5.2.6). POSTLHS ! was exercised to add
sampled parameters. ALGEBRACDB! was then run to calculate parameters specifically required by the
flow codes (see Section 3.3.3, Support Codes Used in the Modeling System, for a description of
ALGEBRACDB). The groundwater flow codes followed, including any pre- and/or post-processor codes
that were required. Climate changes were modeled as time-dependent boundary conditions (as described
in Section 2.1.6). Using RELATE,! results were interpolated (as boundary conditions) and pertinent
parameters were transferred from the regional model domain onto a local-scale model domain previously
created using GENMESH.! One of the above flow codes, not necessarily the same one used for the
regional flow, was then used to calculate the local groundwater flow regime (see Figure 5.2-4). The local
fluid-velocity fields (LOCAL_FLOW_R#.CDB) were saved for subsequent use in groundwater transport
modeling (described in Section 5.3).

References

1  Huyakom, P.S., H.O. White, Jr., and S.M. Panday. 1991. STAFF2D Solute Transport and Fracture Flow in 2-
Dimensions. Herndon, VA: HydroGeoLogic, Inc. (Copy on file at the Sandia WIPP Central Files, Sandia
National Laboratories, Albuquerque, NM.)

2 Voss, C.I 1984. SUTRA (Saturated-Unsaturated Transport): A Finite-Element Simulation Model for Saturated-
Unsaturated, Fluid-Density-Dependent Ground-Water Flow with Energy Transport or Chemically-Reactive
Single-Species Solute Transport. Water-Resources Investigations Report 84-4369. Reston, VA: U.S. Geological
Survey. (SUTRANUC is a version of SUTRA modified by Department 6342 at Sandia National Laboratories for
transport of multiple nuclide decay chains.)

3 Reeves, M., D.S. Ward, N.D. Johns, and R.M. Cranwell. 1986a. Data Input Guide for SWIFT II, The Sandia
Waste-Isolation Flow and Transport Model for Fractured Media, Release 4.84. SAND83-0242, NUREG/CR-
3162. Albuquerque, NM: Sandia National Laboratories.

4 Rechard, RP., ed. 1992. User's Reference Manual for CAMCON: Compliance Assessment Methodology
Controller, Version 3.0. SAND90-1983. Albuquerque, NM: Sandia National Laboratories.
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Formation in the 1990 and 1991 performance assessment calculations.
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5.2.5 Linkage of the SECOFL2D Flow Code

In the 1991" and 1992 performance assessment calculations, SECOFL2D was used to predict the
groundwater-flow regime on a regional and local model domain for the brine aquifer in the Culebra
Dolomite Member of the Rustler Formation, which overlies the Waste Isolation Pilot Plant. SECOFL2D is
described as follows:

SECOFL2D simulates groundwater flow by solving a partial differential equation with head (water
elevation) as the solution variable. It uses a fully implicit, finite-difference numerical solution
technique. Problems may be run on regional and local model domains in which the local grid is
decoupled from the regional mesh in space and time. The code is designed so that the numerical
computational meshes are decoupled from the grid-defining material properties. A user's and theory
manual is in preparation.

In general, several steps are necessary to link SECOFL2D to other portions of the consequence model
(see Figure 5.2-5) using the CAMCON modeling system, but the steps are similar to those required for
linking other general-purpose groundwater-flow codes described in Section 5.2.4. First, it is necessary to
create regional and local CAMDAT! data base files (".CDB files") for groundwater flow modeling using
GENMESH! and MATSET (see Section 3.3.3, Support Codes Used in the Modeling System, for a
description of GENMESH, MATSET, and ALGEBRACDB used here). POSTLHS,! a postprocessing code
for LHS! is then used to add sampled parameters to the regional .CDB file. The transmissivity fields
(TFIELDS_R#.CDB), one for each sample set, are then merged with the regional files
(REGIONAL_R#.CDB). The analyst can use ALGEBRACDB to evaluate specific parameters needed by
SECOFL2D, but it is not usually necessary at this point. The regional files (REGIONAL_R#.CDB) and
one file for the local model domain (LOCAL_R#.CDB) are used by the preprocessor to SECOFL2D to
create input files for SECOFL2D, which calculates both the regional and local groundwater flow regime,
and most importantly the fluid-flow velocities. The flow velocities on the local-scale domain are used (in
double precision) in subsequent groundwater-transport simulations (described in Section 5.3,
Radionuclide Transport Modeling).

Reference

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

Other groundwater flow codes were also used in 1991. See Section 5.2.4.
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Figure 5.2-5. Linkage of SECOFL2D in the modeling system to calculate velocity of brine moving
through the Culecbra Dolomite in the 1991 and 1992 performance assessment
calculations.
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5.2.6 Generating Transmissivity Fields

Efforts to incorporate uncertainty into numerical representations of the Culebra's transmissivity”* field
have been evolutionary. In the 1990 performance assessment (PA), the Culebra was divided into seven
zones or regions. A mean transmissivity value and an associated standard deviation were assigned to each
zone. By sampling from the distributions associated with each zone, multiple realizations of zonal
transmissivity values were created and subsequently used as input to flow and transport calculations.
Although computationally simple, this specification of transmissivity zones significantly reduced the
spatial variability within a given realization because each zone was characterized by a constant value.
Moreover, in a given realization, large differences in the values assigned to neighboring zones could
occur, leading to artificial internal boundaries over which abrupt changes in transmissivity occurred.

In an effort to improve the accuracy and representativeness of the transmissivity fields used in the
1991 PA calculations, simulations of Culebra transmissivity fields were produced that agreed with
observed transmissivity values at all tested wells.! This work resulted in 60 transmissivity fields that were
also in acceptable agreement with steady-state, freshwater heads calculated from observed water elevations
in the region around the Waste Isolation Pilot Plant (see Section 2.1.5 for location of observation wells).

The transmissivity fields of the Culebra Dolomite aquifer were evaluated, in the 1991 PA
calculations, using GARFIELD, GENOBS, FITBND, and the groundwater-flow code SWIFT I1.23 The
procedure consisted of exercising GARFIELD, which randomly generated hundreds of transmissivity
fields from tests at scattered wells (see Section 2.1.5) (see Figure 5.2-6). The estimated mean
transmissivity and estimated error were determined for each block of the regional grid previously
generated by GENMESH using generalized kriging, which is a type of interpolation that takes account of
known or assumed statistical properties of the field that is being interpolated. GARFIELD rapidly created
the transmissivity fields using Cholesky decomposition™” of the matrix consisting of covariances of
transmissivities measured at the wells. Using GENOBS, a set of linear impulse functions for selected
segments of the mesh was generated. The number and shape of the perturbations were controlled
independently of the mesh. The steady-state response of modeled pressures (using the hundreds of Culebra
transmissivity fields, taken one at a time) to the generated impulse functions was evaluated using the
hydrologic code SWIFT II. Finally, FITBND was used to select a weighting of the boundary-condition
perturbations, based on minimizing errors with respect to the known, steady-state, freshwater heads at the
wells. In the 1991 PA calculations, 45 parameters were assumed uncertain. The number of samples, 7K,
was usually taken approximately equal to 4/3 of the number of uncertain (varied) parameters, nV. Hence,
60 samples were taken for propagating uncertainty (see Section 1.3.1). The first 7K (60) transmissivity
fields that had (1) good agreement (i.e., small error) with the freshwater heads and (2) good subjective
agreement with known flow directions and magnitudes in the area were retained.*

References

1 LaVenue, AM., T.L. Cauffman, and J.F. Pickens. 1990. Ground-Water Flow Modeling of the Culebra Dolomite.
Volume I: Model Calibration. SAND89-7068/1. Albuquerque, NM: Sandia National Laboratories.

2 Reeves, M., D.S. Ward, N.D. Johns, and R.M. Cranwell. 1986a. Data Input Guide for SWIFT II, The Sandia
Waste-Isolation Flow and Transport Model for Fractured Media, Release 4.84. SAND383-0242, NUREG/CR-
3162. Albuquerque, NM: Sandia National Laboratories.

3 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.

4  Rechard, R.P. 1991b. "Introduction," Preliminary Comparison with 40 CFR Part 191, Subpart B for the Waste
Isolation Pilot Plant, December 1991. Volume 2: Probability and Consequence Modeling. WIPP Performance
Assessment Division. SAND91-0893/2. Albuquerque, NM: Sandia National Laboratories. 1-1 through 1-22.

Transmissivity (7) is the rate at which water, driven by a unit hydraulic gradient, is transmitted through a unit width of aquifer. It is
the hydraulic conductivity (K) times the thickness of the aquifer, where hydraulic conductivity measures the ability of a rock or soil
to allow fluid to pass through it. In turn, hydraulic conductivity is a function intrinsic permeability (X) of the media and the viscosity
and density (pf) of the fluid.

* ¥* . . m .
Cholesky decomposition is a type of matrix inversion.
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Figure 5.2-6. Linkage of software to generate fields of the Culebra Dolomite transmissivity
(hydraulic conductivity times aquifer thickness) in the 1991 performance assessment
calculations.
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5.2.7 Transmissivity Fields by Pilot Points

In 1992 performance assessment (PA) calculations, pilot-point methods were used to generate
transmissivity fields over the calculational grid. ! The method involves generation of a large number of
random transmissivity fields, each of which is in close agreement with all the measured data at the Waste
Isolation Pilot Plant (WIPP) site, namely (1) hydraulic conductivity measurements of samples and
(2) steady-state pressure measurements for in-situ well tests, and (3) transient pressure measurements (see
Section 2.1.5, Hydrological Characterization of the Culebra). Agreement between generated transmissivity
fields and the measured data was achieved by taking the following steps:

1. First, statistically conditioned simulations of the WIPP transmissivity fields were generated.
These were random fields that had the same statistical moments (the mean and the variance) and
the same spatial correlation structure as the WIPP site's field, based on transmissivity
measurements. The generated fields did not generally match the measured transmissivities at
every location. However, the two fields were statistically similar.

2. These transmissivity fields were further conditioned so that they agreed with measured
transmissivities at every location where hydraulic conductivity measurements were available. The
resulting fields are called conditional simulations of the transmissivity field.

3. The conditional simulations of the transmissivity field were still further conditioned, such that
the steady and transient pressures computed by the groundwater-flow model agreed closely with
measured pressures in a least-squares sense. This step is known as calibration and involves
solution of the inverse problem. It accounted for a large part of the time and effort devoted to
transmissivity-field generation in the 1992 PA calculations. When the calibration was completed,
a random transmissivity field was obtained that conforms with all the data. It is therefore
regarded as a plausible representation of the transmissivity field of the Culebra aquifer at the
WIPP site.

Calibration is an indirect process. An objective function is defined as the weighted sum of the squared
deviations between the model-computed pressures and the observed pressures, the summation being
extended in the spatial and temporal domain where pressure measurements were taken. The calibration
process endeavors to minimize the objective function by iteratively adjusting the transmissivity field,
recalculating pressures using the time-varying groundwater equations, recalculating the objective
function, and continuing iteratively until the objective function is reduced to a prescribed minimum value.

Iterative adjustment of the transmissivity fields is accomplished through pilot points, which are
artificial transmissivity data points that are intentionally added to the observed transmissivity data set
during the course of calibration. A pilot point is characterized by its spatial location and the transmissivity
value assigned to it. Addition of a pilot point thus increases or decreases the transmissivity in the
neighborhood of the point, which increases or decreases the flow locally and adjusts the local pressure
distributions correspondingly. After a pilot point is added to the transmissivity data set, the augmented
data set is kriged to generate an adjusted transmissivity field for subsequent solution and calibration.
Usually, the kriged transmissivity field is modified most in the neighborhood of the pilot point.
Modifications in the different grid blocks are determined by kriging weights, which are not necessarily
uniform over the field as a whole.

A coupled kriging-and-adjoint sensitivity analysis was used in 1992 to determine best locations for
pilot points. Optimization algorithms were used to assign pilot-point transmissivities. In that way, the
pilot-point approach to calibration was more objective, a feature considered desirable for assessing the
performance of the WIPP disposal system.

The software for this task was assembled from many codes already developed and frequently used in
groundwater-flow simulations (Figure 5.2-7). The codes are listed below. Interested readers will find
details of the theory and application of these codes in the references cited below.

TUBA, unconditional simulation of transmissivity field (Zimmerman and Wilson, 1990) 2
AKRIP, generalized kriging (Kafritsas and Bras, 1981) 3
SWIFT 11, modeling pressures (steady and transient state) (Reeves et al., 1986a,b,c) 43-6

GRASP 11, adjoint sensitivity analysis (steady and transient state) (Wilson et al., 1986 7, RamaRao
and Reeves, 1990 8)

5-34



Ids

e

issivity F,

Transm

CONSIM!10

AKRIP3

PAREST10

5.2 Groundwater Flow Modeling

TUBAZ

1

CONSIM1:10

AKRIP3

...............

PILOTLS

GRASP 1178

...............

[
P

HASWIFT 11456

STLINE®

SWIFT_R#FRG ﬁ_

Data Preparation

ORDER.TT"10

—

SAP1.10
,\:—i“

UNSWIFT

$\
w

RELATE!
e
ALGEBRA™ |

ORDER_
SMPL

( TFIELD_R#.CDB )

Transmissivity

fields

CAMCON
Modules

.
s

Property

Assignmeént

5.2.5

TRI-6342-3476-0

Figure 5.2-7. Linkage of software to generate transmissivity fields by the pilot-point method in the
1992 performance assessment calculations (see Section 5.2.2 for example of results).
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STLINE, groundwater travel time and travel paths (Intera, 1989) °
MAIN, drives the different modules (WIPP PA Dept., 1992; LaVenue and RamaRao, 1992) 1:10

CONSIM, generates conditional simulations of transmissivity from the unconditional simulations of

transmissivity (WIPP PA Dept., 1992; LaVenue and RamaRao, 1992) 110

PILOTL, locates the pilot points based on sensitivity analysis (Kafritsas and Bras, 1981) 3

PAREST, assigns the pilot point transmissivities by minimization of a least-square objective function

(LaVenue and RamaRao, 1992) !
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5.3 Radionuclide Transport Modeling

The third principal part of consequence modeling is devoted to radionuclide transport to the
accessible environment. Radionuclides were introduced by PANEL. In the E1 scenario, they are released
to the borehole directly above the breached room of the Waste Isolation Pilot Plant (WIPP) repository
(evaluated in Section 5.1). From there, they are transported immediately up the borehole to the
groundwater-flow regime of the Culebra Dolomite Member of the Rustler Formation (discussed in Section
5.2). In WIPP performance-assessment (PA) calculations to date, radionuclide transport has been modeled
only on the local model domain of the Culebra Dolomite (see Section 5.2.1, Regional and Local
Groundwater Flow Modeling).

Important potential aspects of the groundwater transport of radionuclides include the following:
(1) the fluid velocity fields in the aquifer (discussed in Section 5.2), (2) the ability of the porous dolomite
matrix to communicate readily with fluid flowing through secondary porosity postulated to exist within
the dolomite, (3) the ability of material within the dolomite to adsorb radionuclides from the contaminated
brine, and (4) the ability of clay minerals that may line the secondary porosity surfaces to adsorb
radionuclides from the contaminated brine.

The latter three aspects were used to define alternative conceptual models (i.e., alternative sets of
assumptions that describe the same process for the same purpose, where each set of assumptions is
consistent with existing data and cannot be fully refuted) were considered. The alternative conceptual
models were defined on the basis of (1) presence or absence of matrix porosity, (2) presence or absence of
chemical retardation in the Culebra matrix, and (3) presence or absence of clay linings in secondary
porosity (modeled as fractures) to provide chemical retardation in the secondary porosity. Although one
of the conceptual models (the combination of item 1 and 2) was felt to provide the most realistic
representation of radionuclide transport, the other alternatives could not be refuted at the time of the
1990-1992 performance assessments (PAs).

Using concentration contours of transmitted radionuclides, analysts calculate (1) the total cumulative
release of radionuclides past the disposal-system boundary over 10,000 yr and (2) the maximum
concentrations beyond the disposal-system boundary. When salt concentrations in the brine drop low,
aquifer waters become suitable for consumption by cattle. Result (1) above becomes an input for the
regulatory step of the performance assessment (PA), which is based on complementary cumulative
distribution functions (see Section 6.1, Environmental Protection Agency 40 CFR 191 Simulations).
Result (2) is necessary for evaluating individual doses (see Section 5.4, Biosphere Transport Modeling).

Section 5.3.1 provides an example of the concentration contours for one transmissivity field used in
the 1991 PA calculations. Section 5.3.2 describes the underlying conceptual model for radionuclide
transport. Sections 5.3.3 and 5.3.4 provide a discussion of the flow of information through the software
used in the 1991 and 1992 PA calculations.
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5.3.1 Example of Radionuclide Transport

Contours of radionuclide concentration ("plumes") as a function of time are the direct output of
radionuclide-transport models of the Culebra Dolomite Member of the Rustler Formation. Results suggest
various long-lived radionuclides—such as americium (241Am), plutonium (33°Pu, 240Pu, 238Pu), and
uranium (333U, 234U)—can, under some circumstances, be released at the disposal-system boundary. *

Because they are biologically more harmful, the maximum concentration of short-lived daughter
radionuclides at the land-withdrawal bounda<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>