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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
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sponsibility for any third party's use, or the results of such use, of any information, apparatus.
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.
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1. The NRC Public Document Room, 1717 H Street, N.W.
Washington, DC 20555
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ABSTRACT

The US Environmental Protection Agency has set a standard for the perform-
ance of geologic repositories for the disposal of high-level radioactive
waste. The standard is divided into several sections, including a section on
containment requirements. The containment requirement is probabilistic, in
that it allows certain small amounts of radioactive waste to be released at
high probabilities and larger amounts to be released at lower probabilities.
The US Nuclear Regulatory Commission is responsible for implementing the
standard. Implementation of the standard will probably involve development
and screening of scenarios, assignment of probabilities to the scenarios,
determination of consequences of the scenarios, and analysis of uncertainties.

Scenario development consists of first, identifying events and processes
that could initiate waste releases or affect waste transport, and second,
combining the events and processes in physically reasonable ways. Scenarios
can be screened on the basis of low probabilities or consequences. Conse-
quences of scenarios are estimated using a series of models that simulate the
movement of radionuclides out of the waste package and underground facility
and the transport of the radionuclides by ground water or other means to the
accessible environment. Sensitivity and uncertainty analysis examines the
sources and effects of uncertainties on the calculations. This document uses
a simple example to illustrate techniques for the implementation of the
standard.
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EXECUTIVE SUHMARY

There are almost 100 operating commercial nuclear power plants in the US,
which have generated large volumes of spent fuel and high-level radioactive
waste (HLW) since the late 1950s. A recent projection of spent fuel to be
accumulated through the year 2030 is 140,000 metric tons of heavy metal (MtHK)
(US Department of Energy, 1984). These wastes are intensely radioactive and
will remain so for thousands of years, necessitating a safe and permanent
method of solating the wastes from the biosphere, so that they will not
threaten public health and safety now or in the future. In 1982, Congress
passed the uclear Waste Policy Act (the Act), which requires all HLW to be
permanently isolated in deep geologic repositories. The Act sets a schedule
for repository development, provides a means of financing development, and
assigns responsibilities for standard setting, licensing, and construction and
operation to appropriate government agencies. The Act established a process
for the selection of sites for HLW repositories and assigns to the US Depart-
ment of Energy (DOE) the responsibility for locating, constructing, operating
closing, and decommissioning repositories. Waste disposal will be governed
by the environmental standard of the US Environmental Protection Agency (EPA)
as implemented by the US Nuclear Regulatory Commission (RC).

The EPA has set a standard (the Standard, 40CFRl91) that requires any
repository to protect the public from significant radiation doses for at least
10,000 yr after closure by releasing less than a predetermined amount of each
radionuclide to the biosphere (EPA, 1985). The RC is responsible for
assuring that any DOE repository will meet the Standard, that is, RC is
responsible for implementing the EPA Standard. The NRC has set a regulation
(the Rule, IOCFR60) that requires the Standard to be met and, in addition,
sets specific numerical requirements for the performance of some repository
elements (RC, 1983). In its license application to the NRC for the construc-
tion of a repository, the DOE must demonstrate that the repository will comply
with the Standard and the Rule. The RC will independently evaluate the DOE's
license application by performing a licensing assessment.

The Standard is divided into two subparts. Subpart A sets environmental
standards for management and storage of spent nuclear fuel and high-level and
transuranic radioactive wastes (all will be called HLW in this report), and
Subpart B sets standards for the disposal of the same. "Kanagement" includes
any activity conducted to prepare HLW for storage or disposal and any activity
associated with emplacement of waste in a disposal system, exclusive of trans-
portation. "Storage" is the retention of HLW with the intent and capability
of ready retrieval for subsequent use, processing, or disposal. "Disposal" is
the permanent isolation of HLW with no intent of recovery, when the repository
is backfilled and sealed. The containment requirement is probabilistic, in
that it allows certain small amounts of radioactive waste to be released at
high probabilities and larger amounts to be released at lower probabilities.
Assessing compliance with the containment requirements of Subpart B is the
main focus of this report.

E-1



This document is an overview of techniques that may be used to determine
whether a repository will meet the Standard. It is intended to demonstrate
that the techniques needed to carry out and evaluate a performance assessment
now exist, although it does not comprehensively describe the details of each
technique. After describing a typical procedure for carrying out a perform-
ance assessment, it demonstrates the procedure with a simple but realistic
example. The typical procedure and the example are not intended to offer
guidance on required techniques for performance assessment; rather they
demonstrate existing techniques judged by the authors to be acceptable.
Because the NRC regulation requires additional demonstrations of acceptabil-
ity, demonstrating compliance with the Standard does not necessarily guaran-
tee the licensability of a site. This report also comments on some of the
important judgments that must be made in preparing a performance assessment.

A performance assessment can be divided into four parts:

* Scenario development and screening

* Consequence assessment

* Sensitivity and uncertainty analysis

* Regulatory-compliance assessment.

Scenario development and screening comprehensively examines possible future
occurrences or existing but unrecognized conditions that might affect a
repository, assigns probabilities to them, and determines which possibilities
merit detailed consideration. Consequence assessment estimates the releases
that might arise from the scenarios of Interest. Sensitivity and uncertainty
analyses identify important processes and parameters, illuminate the sources
and extent of uncertainty in the consequence assessment, and enable the
regulator to evaluate the amount of confidence that can be placed in the
results. Finally, regulatory-compliance assessment combines the results of
scenario analysis, consequence assessment, and sensitivity and uncertainty
analysis to determine whether the repository is in compliance with
requirements of the EPA standard.

Scenario Development and Screening

The future of a repository site holds many possibilities, some of which
would degrade the expected performance of a repository. Waste-management
analysts usually use "scenarios" to study these possible futures. As used in
waste management, a "scenario" is a physically possible sequence of events
and processes that could lead to release and transport of radionuclides from
a repository to the accessible environment. Scenarios are site specific, but
a general and systematic procedure can be used to identify the scenarios of
interest at any given site. This procedure consists of first, identifying
the events and processes that could initiate release or affect radionuclide
transport and, second, combining the events and processes in physically
reasonable ways to form scenarios.
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Scenarios are the basis for consequence modeling. Although the Standard
does not use the term "scenario," Sections 191.12 (q) (the definition of
performance assessment) and 191.13 (a) (the containment requirement) clearly
require their development and analysis during performance assessment. The
number of scenarios and the explanation of the scenario-development techniques
used must inspire confidence that all processes and events that significantly
affect the disposal system have been considered. large number of scenarios
can easily be developed for the kinds of sites currently being investigated
by DOE. In general, it is desirable to develop and document as many
physically reasonable scenarios as possible. Conservative preliminary
estimates of scenario probabilities and consequences can be used to screen
scenarios before full-scale consequence modeling. The regulator and the
public, not just the applicant, must see the breadth of scenarios initially
considered and the basis for screening in order to develop confidence that
consequences have been determined for all important scenarios.,

Determining the probabilities of scenarios and of the geologic events and
processes that make up scenarios is essential because the Standard is
probabilistic. Although much work has been done in the development of
techniques for determining such probabilities, only a small part of that work
has been applied in waste management. Under the sponsorship of the RC
Repository Projects Branch, Sandia ational Laboratories Division of Waste
Hanagement has undertaken a major review of probabilistic techniques in eight
fields of geology (Hunter and ann, 1986). These fields are hydrology,
climatology, volcanology, tectonism and seismicity, resource exploration,
mining engineering, thermomechanical effects, and geochemistry.

Section 191.13 (b) of the Standard states that, because proof cannot be
obtained that the assigned probabilities are correct, complete assurance that
the probabilistic requirements will be met is not required. Rather, the
performance assessment must give the regulator a reasonable expectation that
compliance will be achieved. Appendix B of the Standard suggests that in
determining the probabilities, a variety of methods may be used, including
numerical models, analytical theories, and prevalent expert judgment. Tech-
niques are available for the determination of the probability of the various
geologic events and processes of interest (Hunter and ann, 1986; Cranwell
and others, 1982a). Events and processes for which data or theory are
inadequate to numerically determine a probability will require the use of
expert judgment. Techniques such as decision analysis will be useful when
expert judgment is required.

Consequence Assessment

After scenarios have been selected, a sequence of models is used to esti-
mate the consequences of each scenario. Typically, the first suite of models
examines the release of radionuclides from the waste packages, using data
describing waste-package characteristics and the underground facility. After
the radionuclides exit from the waste packages, a second analysis describes
the movement of radionuclides out of the underground facility. After that,
transport of radionuclides by ground water to the accessible environment is
analyzed. Several physical phenomena are considered by the consequence
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assessment. They include the flow of ground water, the movement of radio-
nuclides by ground water, radioactive decay and the production of new radio-
nuclides, and retardation of radionuclides by the host rock. In addition,
because the decay heat generated by HLW and the dissolved waste itself can
affect the rock and ground-water system, models describing waste/host rock
interactions are necessary. These models include geochemical, hydrological,
and thermomechanical phenomena.

Sensitivity and Uncertainty Analysis

Because experimental data cannot be collected over a period of 10,000 yr,
decisions about the acceptability of a facility mist be based largely on its
predicted behavior, as derived from computer models that represent the
salient features and simulate the processes affecting its performance. The
quantity of prime interest to regulatory agencies is the predicted cumulative
release of radioactive waste to the accessible environment over 10,000 yr.
This calculated release is not unique, as the calculation has uncertainties
associated with it. Because regulatory decisions will be based on model
predictions, it is important to investigate the sources of uncertainty that
affect these predictions.

Uncertainty in the analysis of geologic waste disposal has three primary
components: scenario uncertainty, data or parameter uncertainty, and model
uncertainty. Two major types of uncertainty arise from the consideration of
scenarios: uncertainty associated with their "completeness," and uncertainty
associated with their screening. Model uncertainty can arise from several
sources, including problems associated with determination of appropriate
parameters for use in model construction, mathematical formulation of models,
and numerical techniques used in the models. Uncertainties also arise from a
lack of understanding of the processes being modeled, a limited capability to
mathematically represent these processes, or insufficient data describing the
system or the processes acting on it. Data or parameter uncertainty is
caused by (1) random and/or systematic measurement errors in the data used to
make parameter estimates for a model, (2) incomplete data on parameters known
to vary spatially or temporally, (3) heterogeneities within the hydrogeologic
system that have not been detected during data collection, and (4) misuse or
misinterpretation of data.

"Sensitivity analysis" generally refers to a means of quantitatively esti-
mating the amount of variation in model output due to specified variation in
model input parameters. it is a means of identifying important parameters.
An uncertainty analysis uses the results of a sensitivity analysis to help
quantify the uncertainty in model output induced by uncertainty in model input
parameters.

Rexulatory-Compliance Assessment

Section 191.13 of the Standard requires that cumulative releases of indi-
vidual radionuclides to the accessible environment from all significant
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processes and events that may affect the disposal system for 10,000 yr after
disposal shall (1) have a likelihood of less than one chance in 10 of
exceeding the quantities calculated according to Table 1, Appendix A of the
Standard; and (2) have a likelihood of less than one chance in 1,000 of
exceeding ten times the quantities calculated according to Table 1, Appendix
A. For projected releases of several radionuclides, there is the additional
requirement that

1QA + QB + .. + U < I (or 10) (1)

RLA RLB RLU

where Qi is the projected release of radionuclide i, and RLi is the
release limit of radionuclide i. This sum will be referred to here as the
"EPA sum" or "summed normalized releases."

The Standard also states that, whenever practicable, assessing compliance
with Section 191.13 will be accomplished by assembling all results of a
performance assessment into a "complementary cumulative distribution function"
(CCDF). In the context of the containment requirements of Section 191.13, a
CCDF indicates the probability of exceeding particular values of the EPA sum.
Stated differently, for a given value of the EPA sum, say R, a CCDE accumu-
lates all of the probabilities of EPA sums greater than R. A graph of the
CCDF can therefore be obtained by plotting EPA sums vs. accumulated probabili-
ties (Figure E-1).

The graph illustrated in Figure E-1 can be used as the basis for
assessing compliance with the containment requirements of Section 191.13. A
step function added to Figure F-l llustrates the containment requirements of
191.13 (a) and 191.13 (b) (Figure E-2). A CCDF that falls below the envelope
in Figure E-2 indicates that the disposal system has satisfied the
containment requirements of Section 191.13, whereas any portion of a curve
that falls outside the envelope may signify noncompliance with the
requirement.
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1. ITRODUCTION

There are almost 100 operating commercial nuclear power plants in the US,
which have generated large volumes of spent fuel and high-level radioactive
waste (HLW) since the late 1950s. recent projection of spent fuel to be
accumulated through the year 2030 is 140,000 metric tons of heavy metal (THH)
(US Department of Energy, 1984). These wastes are intensely radioactive and
will remain so for thousands of years, necessitating a safe and permanent
method of isolating the wastes from the biosphere, so that they will not
threaten public health and safety now or in the future. In 1982, Congress
passed the Nuclear Waste Policy Act (the Act), which requires all H to be
permanently isolated in deep geologic repositories. The Act sets a schedule
for repository development, provides a means of financing development, and
assigns responsibilities for standard setting, licensing, and construction and
operation to appropriate government agencies. The ct established a process
for the selection of sites for H repositories and assigns to the US Depart-
ment of Energy (DOE) the responsibility for locating, constructing, operating,
closing, and deco issioning the repository. Waste disposal will be governed
by the environmental standard of the US Environmental Protection Agency (EPA)
as implemented by the US Nuclear Regulatory Commission (RC).

The EPA has set a standard (the Standard, 4OCFRI91) that requires any
repository to protect the public from significant radiation doses for at least
10,000 yr by releasing less than a predetermined amount of each radionuclide
to the biosphere (EPA, 1985). The NRC is responsible for assuring that any
DOE repository will meet the Standard, that is, RC is responsible for imple-
menting the EPA Standard. The NRC has set a regulation (the Rule, lOCFR60)
that requires that the Standard be met and, in addition, sets specific
numerical requirements for the performance of some repository elements (RC,
1983). In its license application to the RC for the construction of a
repository, the DOE must demonstrate that the repository will comply with the
Standard and the Rule. The RC will independently evaluate the DOE's license
application by performing a licensing assessment.

Purpose

This document is an overview of the techniques that the RC may use in
performing a licensing assessment to determine whether a repository will meet
the Standard. It is intended to demonstrate, simply but convincingly, that
the techniques needed to carry out and evaluate a performance assessment now
exist. Chapter 2 describes a typical procedure for carrying out a performance
assessment. Chapter 3 demonstrates the procedure with a simple example. The
example is simple enough to follow without an extensive background in perform-
ance assessment or recourse to the references, but complex enough to be a
realistic demonstration of the techniques. The typical procedure and the
example are not intended to offer guidance on required techniques for perform-
ance assessment; rather they demonstrate existing techniques judged to be
acceptable by the authors. Because the MRC regulation requires additional
demonstrations of acceptability, demonstrating compliance with the Standard



does not necessarily guarantee the licensability of a site. This report also
comments on some of the important judgments that the analyst must make in
using these or alternative techniques.

EPA Standard: Content and Intent

The Standard itself is brief, less than five pages long in the Federal
Resister; the EPA's accompanying introduction and explanation are close to
20 pages long. Documentation of a performance assessment is likely to be
hundreds or even thousands of pages in length. This report briefly outlines
each section of Subpart B of the Standard per se, in order to provide a common
basis for understanding the techniques for evaluating a performance assess-
ment, which are the primary focus of this paper.

The Standard is divided into two subparts. Subpart sets environmental
standards for management and storage of spent nuclear fuel and high-level and
transuranic radioactive wastes (all will be called HLW in this report), and
Subpart B sets standards for the disposal of the same. "Management" includes
any activity conducted to prepare LW for storage or disposal and any activity
associated with emplacement of waste in a disposal system, exclusive of trans-
portation. "Storage" is the retention of LW with the intent and capability
of ready retrieval for subsequent use, processing, or disposal. "Disposal" is
the permanent isolation of LW with no intent of recovery, when the repository
is backfilled and sealed. ssessing compliance with the containment require-
ment of Subpart B is the main focus of this report. Sections 191.01 through
191.05 are in Subpart A. Sections 191.11 through 191.18 are in Subpart B.

Subpart B

191.11 Applicability. Subpart B applies to releases of radioactive
materials into the accessible environment, radiation doses to members of the
public, and radioactive contamination of certain sources of ground water as a
result of disposal of LW, but not to disposal into the oceans or to disposal
that took place before September 19, 1985.

191.12 Definitions. The important terms of Subpart B are defined in
Section 191.12. In addition to those defined above, several are of particular
interest here. "Disposal system" means any combination of engineered and
natural barriers that isolate HLW after disposal. "Barrier" means anything
that prevents or substantially delays movement of water or radionuclides
toward the accessible environment. "Accessible environment" means the
atmosphere, land surfaces, surface water, oceans, and all of the Lithosphere
that is beyond the controlled area. "Performance assessment" means an
analysis that identifies processes and events that might affect the disposal
system; examines the effects of these processes and events on the performance
of the disposal system; estimates the cumulative releases of radionuclides,
considering the associated uncertainties, caused by all significant processes
and events; and incorporates these estimates into an overall probability
distribution of cumulative release to the extent practicable.
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191.13 Containment 1 Requirements. The containment requirements are the
heart of the Standard and the focus of this report. In essence, this section
states that disposal systems shall be designed to provide a reasonable expec-
tation that the cumulative releases of HLW to -the accessible environment for
10,000 yr from all significant processes and events shall have

* less than one chance in 1.0 of exceeding the quantities calculated
according to Table 1, and,,

* less than one chance in 1000 of exceeding ten times those quantities.

This section states explicitly that performance assessments need not provide
complete assurance that these requirements will be met. It states that
because there will be substantial uncertainties in projecting disposal-system
performance, proof of the future performance cannot be had in the ordinary
sense of the word. Instead, the Standard requires a reasonable expectation,
on the basis of the record before the implementing agency, that compliance
will be achieved.

Sections 191.14 through 191.18. The assurance requirements set forth in
Section 191.14 will be incorporated into the RC regulation, but will not be
discussed here. Section 191.15 protects individuals in the population from
large releases during the first 1000 yr after disposal by limiting the annual
dose that any member of the public may receive. Section 191.16 provides
specific protection to certain community supplies of ground water near the
repository. Although Sections 191.15 and 191.16 may well affect repository
location or design in important ways, they are not within the major concern
of this report, i.e., the containment requirements. Section 191.17 allows the
EPA Administrator to change Subpart B under certain circumstances. Section
191.18 made Subpart B effective on September 19, 1985.

Appendix A

Appendix A consists of Table I and instructions for its use (see p. 20).

Appendix B

Appendix B offers guidance for implementing Subpart B. Although the RC
and DOE are not required to follow the guidance in Appendix B, the task of
implementing the Standard becomes more clear, and in some cases, easier, if
the guidance is followed. The typical procedure and the example that make up
the bulk of this report assume that the guidance will be followed.

The EPA believes that DOE and RC must determine compliance with the con-
tainment requirements by evaluating long-term predictions of the performance
of disposal systems and by predicting the likelihood of events and processes
that may disturb those systems. The EPA believes that various techniques for
making the predictions are appropriate, including complex computational
models, analytical theories, and prevalent expert judgment. Because of the
uncertainties that are likely to exist, sole reliance on the numerical
calculations may not be appropriate; Appendix B states explicitly that
supplementary qualitative judgments may be used.

-3-



Table 1. Release limits for containment requirements (cumulative releases to
the accessible environment for 10,000 yr after disposal) (after
EPA, 1985, Table 1)

Release Limit per 1000 THK or
Radionuclide other unit of waste (curies)

Americium-241 or -243 - - - - - - - - - - - - - - - - - - - 100
Carbon-14 - - - - - - - - - - - - - - - - - - - - - - - - - 100
Cesium-135 or -137 - - - - - - - - - - - - - - - - - - - - 1000
Iodine-129 - - - - - - - - - - - - - - - - - - - - - - - - 100
Neptunium-237 - - - - - - - - - - - - - - - - - - - - - - - 100
Plutonium-238, -239, -240, or -242 - - - - - - - - - - - - 100
Radium-226 - - - - - - - - - - - - - - - - - - - - - - - - 100
Strontium-90 - - - - - - - - - - - - - - - - - - - - - - - 1000
Technetium-99 - - - - - - - - - - - - - - - - - - - - - - - 10000
Thorium-230 or -232 - - - - - - - - - - - - - - - - - - - - 10
Tin-126 - - - - - - - - - - - - - - - - - - - - - - - - - - 1000
Uranium-233, -234, -235, -236, or -238 - - - - - - - - - - 100
Any other alpha-emitting radionuclide with a half-life
greater than 20 years - - - - - - - - - - - - - - - - - - 100

Any other radionuclide with a half-life reater than 20
years that does not emit alpha particles - - - - - - - - 1000



The EPA assumes that credit will be taken for all barriers that
contribute to isolation, even if their performance is uncertain.

The EPA assumes that categories of events or processes estimated to have
less than one chance in 10,000 of occurring over 10,000 yr need not be con-
sidered in performance assessments. ot all releases from more likely events
need be evaluated in detail: some may be omitted from the performance assess-
ment if there is a reasonable expectation that the remaining probability
distribution of cumulative releases would not be significantly changed.

The EPA assumes that, whenever practicable, DOE or URC will summarize the
results of the performance assessment into a complementary cumulative distri-
bution function (CCDF) indicating the probability of exceeding various levels
of cumulative release. The effects of the uncertainties will be incorporated
into a single CCDF for each disposal system. If this CCDF meets the require-
ments of Section 191.13, the disposal system complies with that Section.

The EPA assumes that the possibility of human intrusion into the
repository cannot be eliminated, but that it is not productive to consider
conceivable intrusions that no reasonable siting or design precautions could
alleviate. The EPA suggests that no more than 30 boreholes per km2 per
10,000 yr for repositories in or near sedimentary rock or 3 boreholes per
;m2 per 10,000 yr for repositories in other rocks be assumed to occur.
Limits on releases that occur as a result of these intrusions are also
suggested.
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2. A TYPICAL PROCEDURE FOR DEMONSTRATING AND
ASSESSING COMPLIANCE WITH THE STANDARD

The Standard requires a performance assessment that culminates to the
extent practicable in the preparation of a CCDF. This chapter describes a
procedure considered acceptable by the authors for carrying out a performance
assessment that will lead to a CCDF. It also comments on some of the
important judgments the analyst will make in preparing a performance
assessment. It is likely that other acceptable procedures could be devised,
but the results of each would be evaluated in the same manner.

A performance assessment can be divided into four parts:

* Scenario development and screening

* Consequence assessment

* Sensitivity and uncertainty analysis

* Regulatory-compliance assessment.

Scenario development and screening comprehensively examines possible future
occurrences that might affect a repository, assigns probabilities to them,
and determines which occurrences merit detailed consideration. Consequence
assessment calculates the releases that might arise from the scenarios of
interest. Sensitivity and uncertainty analyses identify important processes
and parameters and illuminate the sources and extent of uncertainty in the
consequence assessment and enable the regulator to evaluate the amount of
confidence that can be placed in the results. Finally, regulatory-compliance
assessment combines the results of scenario analysis, consequence assessment,
and sensitivity/uncertainty analysis to determine whether the repository is
in compliance with requirements of the EPA standard.

Scenario Development and Screening

The future of a repository site holds many possibilities, some of which
would degrade the expected performance of a repository. Waste-management
analysts usually use "scenarios" to study these possible futures. As used in
waste management, a "scenario" is a physically possible sequence of events and
processes that could lead to release and transport of radionuclides from a
repository to the accessible environment (e.g., Bingham and Barr, 1979; Ortiz
and Cranwell, 1982; Hunter and others, 1982; Hunter, 1983). Scenarios are
site specific, but a general and systematic procedure can be used to identify
the scenarios of interest at any given site. This procedure consists of
first, identifying the events and processes that could initiate release or
affect radionuclide transport, and second, combining the events and processes
in physically reasonable ways to form scenarios.
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Scenarios are the basis for consequence modeling. Although the Standard
does not use the term "scenario," Sections 191.12 (q) (the definition of
performance assessment) and 191.13 (a) (the containment requirement) clearly
require their development and analysis during performance assessment. The
number of scenarios and the explanation of the development techniques used
must inspire confidence that all processes and events that could significant-
ly affect the disposal system have been considered. A large number of
scenarios can easily be developed for the kinds of sites currently being
investigated by DOE (e.g., Bingham and Barr, 1979; Hunter and others, 1982;
Hunter, 1983). In general, it is preferable to develop and document as many
physically reasonable scenarios as possible and then to screen most of them
out than to begin and end with a small number of scenarios that are
considered by the investigator to be the "most important." The regulator,
not just the applicant, must see the breadth of scenarios initially
considered and the basis for screening in order to develop confidence that
consequences have been determined for all important scenarios. For example,
a screening technique that describes a large number of very narrowly defined
scenarios, each of which is highly improbable, in order to eliminate a
significant release phenomenon would probably be unacceptable.

The first step in scenario development is to prepare a checklist of poten-
tial release and transport events and processes that could occur at a site.
In preparing this site-specific checklist, the investigator can be guided by
some of the reasonably comprehensive, site-independent checklists that have
been developed previously (e.g., Table 2). Some events and processes can be
screened out a priori; for example, dissolution of the host rock is
unimportant at hard-rock sites, and volcanism is unimportant at Gulf Coast
sites. The second step is to combine the remaining events and processes into
scenarios that could occur at the site. This procedure is described below.

Development

Methods for the development of waste-release scenarios have been docu-
mented (Bingham and Barr, 1979; Cranwell and others, 1982a; Hunter, 1983).
Scenarios are commonly constructed in the form of diagrams (Figure 1) that
have been called "event trees," "logic diagrams," or "combinations of release
and transport phenomena," hereinafter called "trees." (These combinations of
release and transport phenomena are not fault trees. They are physically
reasonable chains of events and processess that might affect release.) The
first entry in a tree is a brief description of an event or process that
might begin a sequence of phenomena leading to the release of radionuclides
from the repository. This initial event or process can be called a "release
phenomenon." Beside it are written brief descriptions of other phenomena,
called "transport phenomena," that could conceivably be second steps, third
steps, and so forth, in sequences leading to radionuclide release; Figure 
shows two tiers of such steps. The process of adding steps continues until
each sequence has reached a final step in which radionuclides enter the
accessible environment. In Figure 1, the final step is labeled "Release to
biosphere." If the tree has been formed carefully, it contains all the
scenarios that might credibly arise from the release phenomenon. Each path
through the tree, from the release phenomenon along a set of lines to the last
step, is a scenario.
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Table 2. Phenomena potentially relevant to release scenarios (after Inter-
national Atomic Energy Agency, 1981)

Natural Processes and Events
Climate change
Hydrology change
Sea level change
Denudation
Stream erosion
Glacial erosion
Flooding
Sedimentation
Diagenesis
Diapirism
Faulting/Seismicity
Geochemical changes

Magmatic activity
Intrusive
Extrusive

Human Activities
Undetected past intrusion
Undiscovered boreholes
Mine shafts

Improper design
Shaft seal failure
Exploration borehole seal failure

Transport agent introduction
Irrigation
Reservoirs
Intentional artificial groundwater

recharge or withdrawal
Chemical liquid waste disposal

Waste and Repository Effects
Thermal effects
Differential elastic response
Non-elastic response
Fluid pressure, density, viscosity changes
Fluid migration

Chemical effects
Corrosion
Waste package--rock interactions
Gas generation
Geochemical alterations

Uplift/Subsidence
Orogenic
Epeirogenic
Isostatic

Undetected features
Faults, shear zones
Breccia pipes
Lava tubes
Intrusive dykes
Gas or brine pockets

Fluid interactions
Groundwater flow
Dissolution
Brine Pockets

Climate control

Large scale alterations
of hydrology

Improper operation
Improper waste emplacement

Inadvertent future intrusion
Exploratory drilling
Resource mining (mineral,

water, hydrocarbon,
geothermal, salt,
etc.)

Mechanical effects
Canister movement
Local fracturing

Radiological effects
Material property changes
Radiolysis
Decay product gas

generation
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Pairs of scenarios within a tree developed in this fashion may or may not
be mutually exclusive (i.e., cannot both occur). In some cases, a branch in
a tree will give rise to two scenarios that are obviously mutually exclusive,
but usually the relationship between two scenarios is unknown at the time of
scenario development. Whether two scenarios are mutually exclusive may be
considered in developing the set that will be modeled; the modeler may wish
to incorporate two or more closely related scenarios into one. The final set
of scenarios for modeling can be more easily developed after screening.

Screening

It is neither practical nor necessary to model in detail the consequences
of all scenarios that can be developed, because not all scenarios are equally
likely or consequential. In fact, actual repository sites should be carefully
chosen such that no disruptive events are expected to take place during the
10,000-yr lifetime of the repository (DOE, 1983). The probability of disrup-
tive events should be small, and the probability that the site will continue
more-or-less in its present-day condition should approach 1. Scenario proba-
bilities offer a means of screening the scenarios to determine which ones
should be modeled. Some disruptive events are so unlikely that it is not
worthwhile to model their consequences, even if the consequences are likely
to be severe. Appendix B of the Standard suggests that it is unnecessary to
model the consequences of any scenario containing an event or process esti-
mated to have a probability of occurrence of less than I in 10,000 in 10,000
yr. Other disruptive events might have a fairly high probability, say 1
chance in 10 or 100 of occurring within 10,000 yr, and their consequences
must be evaluated. For still other events, the probability and its bounds
are simply unknown. Such events must be retained for consequence modeling,
at least during initial investigations.

A preliminary estimate of consequences can also be used to screen
scenarios before full-scale consequence modeling. Appendix suggests that
scenarios may be omitted from performance assessments if their inclusion
probably would not significantly change the remaining probability distribu-
tion of cumulative releases. Thus, depending on the number of scenarios, a
simple but conservative estimate of consequences showing that a scenario
causes, say, only a 0.1% increase in cumulative release may justifiably be
used to omit that scenario from further consideration. An increase of, say,
1% is probably large enough to prevent omitting the scenario on the basis of
low consequence alone.

Probability Assignment

As discussed in Chapter 1, the Standard is probabilistic. Whether a
release of a certain size is allowable is determined by its probability. For
this reason, the probability of occurrence of each individual process or event
that might cause a significant release must be determined or estimated.
Commonly, the probability that is determined is the conditional probability
of an event or process given that other preceding events or processes in a
scenario have already occurred. For the third branch from the top in Figure
1, the probability of "possible second event or process" is conditional upon
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the "release phenomenon"having occurred, the probability of "possible third
event or process" is conditional upon the second event having occurred, and
the probability of "release to biosphere" is conditional upon the third event
having occurred. The probability of the scenario is determinined by multi-
plying the probabilities of all the events and processes in, it, that is, by
multiplying the probabilities of the first, second, third, and final events or
processes. If an event or process has a conditional probability of occurrence
of less than one chance in 10,000 in 10,000 yr, then any scenario containing
it can probably be omitted from further consideration (EPA, 1985, Appendix B),
because the probability of the scenario as a whole will beat most that of
the event. In order to develop a CCDF as required by the Standard, the sum
of the probabilities of the scenarios must be normalized so that it is less
than or equal to one. Techniques for etermining probabilities of geologic
processes and events are described in more-detail below.

Determining Probabilities

Determining the probabilities of scenarios, and therefore of geologic
events and processes that make up scenarios, is essential to the generation of
a CCDF. Section 191.13 (b) of the Standard states that because proof that the
assigned probabilities are correct cannot be obtained, complete assurance that
the probabilistic requirements will be met is not required. Rather, the
performance assessment must give the regulator a reasonable expectation that
compliance will be achieved. Appendix B of the Standard suggests that In
determining the probabilities, a variety of quantitative and qualitative
methods may be used, including numerical models, analytical theories, and
prevalent expert judgment. Techniques are available for the determination of
the probability of various geologic events and processes of interest to
performance assessments (Hunter and Mann, 1986; Beckman and Johnson, 1980;
Cranwell and others, 1982a; Donath nd Cranwell, 1981). Events and processes
for which data or theory are inadequate to numerically determine a
probability will require the use of expert judgment.

The theory of probability imposes certain cnstraints on-the probabilities
assigned to scenarios. One such constraint is that the sum of probabilities
assigned to the final set of scenarios remaining after the screening process
must be less than or equal to 1. If the sum exceeds 1, it is necessary to
reexamine the probabilities (Heising and others, 1983). This constraint
tends to restrain the natural tendency to assign overly 'conservative proba-.
bilities to scenarios, particularly to those having a high probability of
occurring.

The techniques used to generate scenario probabilities generally fall-into
one of the following three categories:

* the use of probability models,

* the use of deterministic models to predict event occurrences, or

* expert opinion.-

Probability models can be used if data exist on the frequency of occurrence of
the event and if assumptions can be made as to the randomness' of its

-11-



occurrence, either in space or time. Predictive deterministic models can be
used to estimate event probabilities by generating a distribution of potential
occurrence times, provided data exist to simulate the event. Finally, when
data are sparse or nonexistent, expert opinion can be used to make some
estimate about the event probability. Probabilities determined using expert
opinion may be more variable than those derived from numerical techniques;
sensitivity analysis may indicate whether such increased variability is
important.

Although much work has been done in the development of techniques for
determining such probabilities, only a small part of that work has been
applied in waste management. Under the sponsorship of the NRC Repository
Projects Branch, Sandia National Laboratories Division of Waste Management
has undertaken a major review of probabilistic techniques in eight fields of
geology (Hunter and Mann, 1986). These fields are hydrology, climatology,
volcanology, tectonism and seismicity, resource exploration, mining
engineering, thermomechanical effects, and geochemistry. For the most part,
the techniques described below do not result in the calculation of a
probability. Instead, they allow the calculation of some factor related to
probability, like frequency of occurrence, which in turn allows the assignment
of a probability that can be used in accordance with Appendix B of the
Standard, using one of the three basic procedures described in the previous
paragraph.

Resource Exploration. The probability of human intrusion as a result of
resource exploration will likely be assigned using expert judgment supported
by estimates of the potential of the crust at a repository site to contain
resources; the assigned probabilities may be limited by the guidance contained
in Appendix B of the Standard. Harbaugh (1986) used probability trees in
analyzing the interdependent relationships between human and geological
factors as they affect estimates of the probability of intersection of HLW
repository sites by exploratory boreholes in the future. The trees reveal
that human factors cannot be ignored. Techniques do exist for qualitatively
estimating the potential for endowment of portions of the crust with mineral
resources. Harbaugh (1986) recommended the use of a combination of these
techniques in spite of their associated uncertainty, which arises from their
difficulty in application and lack of adequate data. The assigned probability
of human intrusion should be determined by an area's mineral-resource poten-
tial and by the explicit guidance about the frequency and severity of human
intrusion that should be assumed in a performance assessment in Appendix B of
the Standard, where appropriate.

Mining Engineering. Einstein and Baecher (1986) stated that there is
basic understanding of mechanisms of tunnel performance and of uncertainty in
geotechnical engineering and that a number of engineering methods for predict-
ing tunnel performance exist. Practical methods to determine geotechnical
uncertainties, to propagate them through engineering analyses, and to probabi-
listically assess risks associated with particular designs also exist.
Adaptable design approaches, in which tunnel design is modified to accommodate
encountered conditions, are in widespread use and could be developed for
waste-repository applications.

-12-



Einstein and Baecher (1986) recommended the use of existing validated
performance-assessment methods for tunneling aspects of waste repositories
and further research and development on improved methods of assessing and
combining subjective probabilities, validation of ethods for relating site-
characterization activities to the confidence of performance assessments, and
the extension of existing cost and scheduling models into large-scale
integrated performance assessment techniques.

Thermomechanical Effects. Thermomechanical effects on underground struc-
tures have not been considered probabilistically in the past. Wahi (1986)
indicated that, given the state of the art, these probabilities will likely
be assigned based on expert judgment for repository performance assessments.
Rock as a materical cannot be characterized with great certainty. 1etero-
geneities, local anomalies, joints, and fractures all introduce uncertainties
into models of thermomechanical response in a rock system. State-of-the-art
thermomechanical models include non-linear behavior, discrete discontinuities,
and coupled effects; however, such models have not been adequately validated
and are expensive to use. At this time, therefore, bounding analyses are
preferable to Monte Carlo approaches. The data base on site-specific rock-
properties and their dependence on temperature is just starting to emerge.
Proper site characterization is essential no matter what technique is chosen
to assign probabilities. For example, identification of major structural
discontinuities such as faults, brecciated zones, brine pockets, and so on,
would help in making appropriate design adjustments and performing relevant
scenario analyses. A careful repository design and a reasonable factor of
safety can provide a significant reduction of uncertainties in the expected
thermomechanical response of the repository system.

Hydrolosy. Existing numerical methods in hydrology can be used to
calculate, for example, a probabilistic distribution of travel times or of
parameter-value distributions in space or time. Numerical methods are
available for use in estimating the probabilities of hydrologic processes
applicable to nuclear-waste management. Methods and procedures in ground-
water hydrology for probabilistic predictions (Cutjahr, 1986) fall, into three
major categories: deterministic porous-media models, where the probabilistic
component enters primarily through parameter variations; stochastic porous-
media models, where the probabilistic component enters through the medium
itself as well as through parameter variations; and fractured-media models,
where both stochastic and deterministic features may appear.

Gutjahr (1986) compared and contrasted these methods and discussed the
availability of data, the incorporation of data, the role of site-specific
vs. generic data, and the estimation procedures used by the models. utjahr
indicated that some areas of weakness require both long- and short-term study
but recommended specific procedures that may be implemented by the waste.
management community.

Climatology. The existing numerical methods of predicting climatic
changes must be used in conjunction with expert judgment in order to assign
probabilities to possible changes. Bartlein and Webb (1986) found that the
prediction of climatic variations over 10 to 106 years is still in its
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infancy. Prediction methods are under development, but no study so far has
combined all of the individual models to estimate future climates at the
spatial resolution required for the siting of repositories. Bartlein and Webb
described the major components of the climate system that must be considered
in modeling its long-term variations and models of the "slow" and "fast"
processes of the climate system that can be used for climatic prediction.
Bartlein and Webb suggested that combining existing numerical techniques may
provide a usable method, but they cautioned that such a combination has not
been tested or validated.

Tectonism and Seismicity. Callender (1986) found that many techniques
can be used to support a probabilistic assessment of tectonic activity at a
repository site but that none of the techniques provide a high degree of
certainty about the probabilities, thus requiring the use of some expert
judgment. Earthquake prediction is dependent on the availability of long-
and short-term precursors, a well-established historical seismic record, and
detailed monitoring networks for precursors of all kinds. In both seismic
and aseismic areas, prediction of the magnitude of future events is largely
based on the qualitative perception of the possible extent of rupture; few
quantitative data exist.

A number of high-quality data bases are readily available for the qualita-
tive evaluation of tectonic and seismic phenomena. Four kinds of geologic
data are most useful for predicting potential tectonic activity near a waste
repository: surface ruptures along fault zones; stratigraphic sequences
related to tectonic activity; landforms related to surface rupture and
regional uplift or subsidence; and relationships between seismicity and
tectonic features.

Volcanoloxy. Either analytic techniques or expert judgment may be
appropriately used in assigning probabilities of volcanic activity, depending
on the regional setting. eBirney (1986) found that methods of assessing the
probability of volcanic disruption of a nuclear-waste repository differ
widely, both in rationale and in reliability, depending on the geologic
setting of the site. Quantitative estimates of probabilities are possible
only in regions where Cenozoic volcanism has occurred within the same
structural province as the proposed site and where detailed geological and
geophysical studies have established patterns for the structural and magmatic
evolution of the region. A very stable region, such as the eastern United
States, can be considered a very unlikely site for volcanic activity, but
calculations of a probability for an igneous event at a given site in such a
region are less realistic than expert opinion.

Because volcanism tends to be strongly episodic, events cannot be taken as
random, and because the nature and magnitude of eruptions are governed by fac-
tors such as the previous history of the system and the length of time between
eruptions, events cannot be assumed to be independent of one another. It is
necessary, therefore, to have enough data on the nature and age of previous
activity to define patterns of frequency and trends of distribution in space
and time. Provided these limitations are taken into account, the methods used
to estimate volcanic hazards near recently active volcanic centers can be
adapted to analyses of broader regions with infrequent prehistoric activity.
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A Consequence Assessment

After scenarios have been selected, a sequence of models is used to esti-
mate the consequences of each scenario. Typically, the first suite of models
examines the release of radionuclides from the waste packages, using data
describing -waste-package characteristies and the underground facility. After
the radionuclides exit from the waste packages, a second analysis describes
the movement of radionuclides out of the underground facility. After that,
transport of radionuclides by ground water to the accessible environment is
analyzed. Several physical phenomena are considered by the consequence
assessment. They include the flow of -ground water, the movement of radio--
nuclides by ground water, radioactive decay and the production of new radio-
nuclides, and retardation of radionuclides by the host rock. In addition,
because the decay heat generated by HLW and the dissolved waste itself can'
affect the rock and ground-water system, models describing waste/host rock
interactions are necessary. These models include geochemical, hydrological,-
and thermomechanical phenomena.. Because techniques for consequence assess-
ment are well developed and have often been documented in the waste-management
literature (e.g., Cranwell and others, 1982b; Chu and others, 1983; Pepping
and others, 1983), each of the modeling areas is described only briefly below.

Source odels

Source models analyze the release of radionuclides from waste packages'and
the underground facility. They usually involve the modeling of leaching of
radionuclides from the waste form and their migration from the waste packages
through the repository and finally out of the underground facility. At least
one source model accounts for time-dependent canister failure rate and time-
and temperature-dependent leach rate (Chu and Axness, 1984). A waste-package
performance assessment code developed by DOE, WAPPA (I&TERA, 1983), includes
five distinct,' coupled degradation-process models that are driven internally
by waste decay heat and externally by repository stresses and fluids. The
output of this code quantifies the heat and radionuclide fluxes to the
repository. The source model of 'Chu and Axness uses the concept of a mixing
cell to'calculate the fluxes of radionuclides leaving the engineered facility.
Codes that describe the detailed transport of radionuclides within the under-
ground facility appear to be lacking at this time.

Ground-water Flow and Transport Models

Many ground-water. flow codes exist. They range from simple, 'one
dimensional analytical solutions to complex, three-dimensional numerical
codes. Contaminant-transport codes usually -are dispersive-advective models
that include sorption and decay and production of radionuclides. SWIFT
(Dillon and others, 1978; Reeves and Cranwell, l981) is a three-dimensional,
fully transient code to solve coupled equations for transport n geologic
media. UWFT/DVH (Campbell and others, 1980).is a simple, efficient code used
to calculate transport., This code uses aknown flow field and simplifies the-
velocity field as a net-work of one--dimensional segments through which radio-
nuclides are transported. During transport through fractured rock, diffusion
into the rock matrix can be a significant retardation mechanism and therefore
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is usually included in the modeling. The output of these transport models is
usually expressed as time-dependent discharge rates or concentrations in an
aquifer. These time-dependent discharge rates can then be integrated over
time to ive the cumulative releases of radionuclides required by the
Standard.

Sensitivity and Uncertainty Analysis

Because experimental data cannot be collected over a period of 10,000 yr,
decisions about the acceptability of a facility must be based solely on its
predicted behavior, as derived from computer models that simulate the salient
features and processes affecting its performance. The quantity of prime
interest to regulatory agencies is the predicted cumulative release of radio-
active waste to the accessible environment over 10,000 yr. This calculated
release is not unique, as the calculation has uncertainties associated with
it. Because regulatory decisions will be based on model predictions, it is
important to investigate the sources of uncertainty that affect these
predictions.

Sources of Uncertainty

Uncertainty in the analysis of geologic waste disposal has three primary
components: scenario uncertainty, data or parameter uncertainty, and model
uncertainty (Cranwell and Helton, 1981).

Scenario Uncertainty. Two major types of uncertainty arise from the
consideration of scenarios: uncertainty associated with their "completeness,"
and uncertainty associated with their screening.

First, the question of completeness asks whether all possible scenarios
have been considered. A systematic method of compiling scenarios, such as
that described above, can provide confidence about completeness. It is not
possible, however, to prove completeness in the sense of unequivocally
establishing that all possible scenarios have been compiled. Through care in
scenario development and appropriate independent review, assurance can be
sought that a collection of scenarios is acceptably complets.

Next, there is uncertainty associated with the screening of scenarios.
The scenario-generation technique should yield more scenarios than can be
incorporated into the final performance assessment, so a suitable subcollec-
tion of these scenarios must be selected. Assuming that the scenario-
development process disallows physically unreasonable scenarios, two criteria
can be used to screen scenarios for inclusion in the final site analysis:
consequence and probability. Scenarios with very low consequences can be
omitted because of their small potential to affect risk and to cause uncer-
tainty in the analysis of risk. Similarly, scenarios with very low probabili-
ties can also be omitted. Conservatism in the assignment of probabilities and
the preliminary calculation of consequences can reduce the likelihood of
screening out important scenarios.
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Model Uncertainty. Model uncertainty can arise from several sources,
including problems associated with determination of appropriate parameters-for
use in model construction,- mathematical'formulation of models, and numerical
techniques used- in the models. Uncertainties also arise from a lack of
understanding of- the processes being modeled, a- limited capability to
mathematically represent these processes, or insufficient data describing the
system or the processes acting on it.

Another source of model uncertainty is the use of existing models that
may not be suitable for processes taking place in geologic media. For
example, the 'convective/diffusion equation may not accurately describe
dispersion in geologic media.

Finally, model uncertainty can arise from the implementation of a mathe-
matical model as a computer code, including coding errors' and computational
limitations. Because computers have finite word lengths, truncation errors
in calculated values occur. In addition, algorithms used by computers to
perform certain calculations (such as the square root function) have built-in
limitations in accuracy. A subtle error is' the use of data outside the
ranges of validity of previously written algorithms.

The uncertainty associated with the 'incompleteness of a mathematical
description 'of reality can be addressed by comparing model predictions with
experimental data or with the predictions of models previously compared with
experimental data. This is called "model validation." The-model uncertainty
associated with coding errors, solution techniques, and computational limita-
tions can best be addressed through -code verification programs, benchmarking
efforts, and well established software Quality Assurance programs.

Parameter Uncertainty. Data or parameter uncertainty is caused by (1)
random and/or systematic measurement errors in the data used to'make parameter
estimates for a model, (2) incomplete data on parameters known to vary
spatially or temporally, (3) heterogeneities within the hydrogeologic system
that have not been detected during data collection, 'and (4) misuse' or
misinterpretation'of data.a 

There are several possible' sources of measurement error. First, the
measuring technique may be incorrect or misapplied. For example, laboratory
tests to determine distribution coefficients might be conceptually incorrect
or conceptually correct bt'misapplied. Second, measurement error could have
a physical source due to the treatment of the material to be studied. For
example, a specimen may be taken at depth, removed 'to a laboratory, and then
tested. The specimen may be damaged by the release of ambient at-depth
stresses. 'A new stress and thermal state are, then applied and measurements
are taken, resulting in' -measured properties that differ from those' in
existence in the field. Finally, measurement- error could have a statistical
source. For example, commonly used estimators 'for 'the autocovariance of
spatial variability may be statistically biased.

Data often display significant scatter across a site due to spatial varia-
tion of rock'properties. These properties would vary -in space even if it
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were possible to measure them without error. Uncertainty is introduced by
replacing such spatial variability by lumped parameters (i.e., averages) or
by distributed but deterministic parameters (e.g., trend surfaces).
Adequately characterizing spatial variation may be difficult. Better charac-
terization by increased sampling (e.g., more drill holes) may compromise the
integrity of the site. Various techniques are available for spatial inter-
pretation and extrapolation of data, notably, kriging (e.g., Doctor, 1980).

Uncertainty can also arise from misinterpreting data. For example, even
for similar rock and ground-water conditions, measured distribution coeffi-
cients may vary over several orders of magnitude. An overly simplistic inter-
pretation of distribution coefficients and a resultant misinterpretation of
field data may explain this variation. More detailed models for the causes of
radionuclide partitioning may more meaningfully interpret and use the field
data. Approaches to the treatment and reduction of parameter uncertainty are
discussed in the next section.

Approaches to Parameter Uncertainty Analysis

Several procedures exist for handling parameter uncertainty in the
modeling of geologic waste disposal processes. The more common of these are
analytical approaches, Monte Carlo techniques, and differential analysis.
Iman and Helton (1985) compared onte Carlo techniques and differential
analysis with several different models.

Analytical Approaches. n the analytical approach, a simple closed-form
expression relates model input to model output (e.g., Y a). The distribu-
tion of model output (Y) is derived directly from the distribution of model
input (X) using the functional relationship between model input and output.
However, such simple relationships are seldom encountered in waste management
modeling issues.

Monte Carlo Techniques. Most extant computer models accept only a single
input value for each parameter (referred to as "deterministic" models). In
order to accommodate the acknowledged variation in parameter values, model
input parameters are treated as random variables with a distribution of
values. Specific values for model input are then selected using a statistical
sampling procedure. The sampled values are used to generate a distribution
of output values. This procedure is commonly called "Monte Carlo simulation."
Monte Carlo techniques provide a simple and direct method of propagating model
input-parameter uncertainty to model output.

Two advantages of Monte Carlo techniques are that direct estimates of
model output distribution and variance are obtained without the need for
fitting a response surface and that no software modifications are required,
except possibly a Monte Carlo driver to generate random samples. Disadvan-
tages are that repeated runs of the model are required and that computer
costs are potentially high.

Differential Analysis. n a differential analysis approach, the model is
replaced by, say, a second order Taylor series expansion. The mean and
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variance of-model output is approximated using first- and second-order series
terms. The partial derivatives of the Taylor series are evaluated either
directly or using methods such as the "adjoint technique" (Harper, 1983).

Differential analysis approaches are efficient in the required number of
computer runs and can handle a-large number of model input parameters. These
approaches also have disadvantages. An indirect estimate ofI model output
distribution is obtained using onte Carlo simulations with Taylor series
expansion about a "base case" point. Further, the, results can depend
strongly on the choice of the base case" point. The approach can require
major modifications to code, e.g., in nonlinear systems. Implementing a
differential analysis can be very time-consuming and prone to error.

Stochastic Modeling and Geostatistical Approaches to Parameter Uncertain-
tr. An area of recent development in ground-water modeling is the growth of
stochastic models and geostatistical approaches such as kriging and statis-
tical inverse problems. These approaches to addressing parameter uncertainty
primarily involve accounting for- the effects of spatial variability or
heterogeneity in the modeling of ground-water flow. - -

Stochastic models treat varying parameters as spatially random fields and
then solve the appropriate stochastic equations for the mean quantities and
the variance of their fluctuations. This approach has been followed in the
area of transport modeling of dissolved species in ground water (Bakr and
others, 1978; Gelhar and others, 1979; Gutjhar and others, 1978).

Kriging is a statistical technique that can be used to determine a surface
from spatially distributed data (e.t., Hatheron, 1969, 1970; Delhomme, 1976;
Delfiner, 1976; Journel and Huijbregts, 1979). Kriging considers the
observational record as coming from the realization of a random function of
some sort and seeks to construct linear estimators -that have the properties
of unbiasedness and minimum variance; i.e., estimators that will have a
satisfactory average behavior when applied to many realizations of the random
function.

Kriging has several advantages over alternative approaches such as least
squares, polynomial interpolation, and distance weighting' of the data. It
reconstitutes the measured values as estimates at the data points whereas the.
least squares method does not, because it is meant for regression rather than
interpolation. Kriging will not produce the contortions that result from
trying to force a polynomial to fit the data and makes a minimum of assump-
tions for the structure of the field.

Kriging is frequently thought of as a subset of a broader, more general,
statistical parameter-estimation technique called "geostatistics." The
geostatistical approach referred to is a modification of nonlinear regression
techniques combined with kriging and is-associated with the inverse-problem
solution proposed by Clifton and euman (1982). This approach addresses some
of the weaknesses of conventional approaches to parameter estimation. These
weaknesses include the non-use of measured data, overparameterization, physi-
cally implausible solutions, excessive computational effort, and
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overdependence on assumptions about the spatial distribution of the property
of interest.

Sensitivity Analysis

"Sensitivity analysis" generally refers to a means of quantitatively esti-
mating the amount of variation in model output due to specified variation in
model input parameters. It is a means of identifying important parameters.
An uncertainty analysis uses the results of a sensitivity analysis to help
quantify the uncertainty in model output induced by uncertainty in model input
parameters.

For non-stochastic models, two major approaches exist for performing
sensitivity analyses. The first involves the use of statistical sampling of
input parameter values, commonly followed by stepwise regression analysis of
output values as a function of input parameter values to identify key param-
eters (Iman and others, 1978). Statistical methods such as this typically
fit a polynomial to describe the relationship between input and output param-
eters. The second approach, sometimes referred to as the differential or
deterministic approach, uses the explicit relationship between input and
output as described in the computer code. Key parameters are then identified
using either a direct method or the adjoint method (Harper, 1983). This
approach is generally more difficult than statistical methods in that it
requires knowledge of the mathematical relationship used in the code. With
adjoint implementation, this approach may result in savings in computer costs
compared with statistical methods, for which multiple runs are required. Both
approaches are suitable means for performing sensitivity analyses; neither
technique is universally superior to the other.

Rexulatory-Compliance Assessment

The Standard requires that cumulative releases to the accessible environ-
ment for 10,000 yrs after disposal shall have a likelihood of less than one
chance in 10 of exceeding the quantities listed in Table 1 and a likelihood of
less than one chance in 1000 of exceeding ten times the quantities listed in
Table 1. The release limits listed in Table 1 apply only if that particular
radionuclide is released and no other.

For projected releases of several radionuclides, there is the additional
requirement that

QA + QB + + Q < I (orl) (1)
RLA RLB RLM

where Qi is the projected release of radionuclide i, and RLi is the
release limit of radionuclide i. This sum will be referred to here as the
"EPA sum" or "summed normalized releases." Its calculation is described in
detail in Appendix A of the Standard.
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Comparison with the Standard requires the calculation of a probability vs.
consequence curve, with emphasis n cumulative releases of radionuclides of a
magnitude equal to or ten tinres the releases specified in Table 1. Such
curves are generally in the form of complementary cumulative distribution
functions (CCDFs). . -

A CCDF is, as its name implies, the complement of a "cumulative distribu-
tion function" (CDF). For a given value of x of a random variable I, the CDF
of at x is the function that lives the probability that I is less than or
equal to x, written P < x) (see, e.s., Hoel and others, 1971). That is,
the CDF accumulates probabilities of all values of less than or equal to x
(Figure 2). Thus, the CCDF of x is one minus the accumulation of probabili-
ties of all values of I less than or equal to x, written P(X > x) (Figure 3).

In a onte Carlo simulation using "deterministic" models, the following
approach can be used to generate a CCDF. (If a stochastic model is used,
such as the one-4imensional transport model discussed in the section on
uncertainty, other techniques would be used to generate a CCDF.)

Let us assume that for a given repository system, K scenarios have been
identified as being important. These scenarios are analyzed by choosing
appropriate ranges and distributions for model input parameters and then
statistically sampling from these ranges to obtain sets of input values
(referred to as "input vectors") for each scenario. Assume that sets of
input vectors are generated and analyzed for each scenario. The came set of
m input vectors is used for all scenarios. This is done to insure that any
observed variation in results is due to scenario differences and not to
sampling differences. For a iven scenario, this procedure is illustrated in
Figures 4 through 6 for a sequence of three models, here, for example, Model
A ight be a waste-package model, Model a near-field (engineered facility)
transport model, and Hodel C a far-field (engineered facility to accessible
environment) model. Output from Model A would be releases from the waste
package; output from Model B would be releases from the engineered facility;
and output from Model C would be cumulative releases of radionuclides to the
accessible environment.

For each of the input vectors analyzed for the iven scenario, the
resulting cumulative releases are normalized by dividing by the appropriate
release limits listed in Table I and then umming according to Eq. 1. Thus,
each input vector k, k 1, 2, ... , m, has associated with it a sum, k, of
normalized releases iven by

Qk k

Ak g _ + _ + ........ +.

NAk I.%k ... 

where

Qi projected release of radionuclide i, and
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Figure 6a. Generation of output values for a three-model system.
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Figure 6b. Distribution of summed normalized releases for a given scenario.
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= release limit of radionuclide it.

Consequently, each scenario has associated with it m. of the summed normalized
releases. R, k = 1, 2, ... , m.

The procedure illustrated above is carried out for each of the K scenarios
being analyzed, yielding mK summed normalized releases to the accessible
environment. These releases, and the associated scenario probabilities, are
used to generate a CCDF in the following manner.

A CCDF can be generated using the relationship (Cranwell and others,
1982b)-

K
P(Re > ) - £ P(Rel > RISP) P(SS) (2)

where

P(Rel>R) probability of summed normalized release > R,

P(Rel>RISj) . probability of summed normalized release > , for
Scenario Sj, and

P(Sj) = probability of Scenario j occurring over 10,000 yr.

The quantity (Rel>RlSj) can be estimated by observing the frequency of
input vectors for Scenario S producing a summed normalized release reater
than R. That is,

P(Rel>RISj) = 9 of vectors producing releases >. R for Scenario Sj

total of input vector ()

This relationship holds if input vectors for each scenario are sampled with
equal probability (such as is the case with Latin hypercube sampling).

As escribe4 on p. 20, the probabilities of the scenarios Sj, i -= 1, 2,
K satisfy the relationship

K
E P(S) < 1

j =1:

A CCDF generated in this manner is actually a step function (empirical
function) consisting of K steps. The height of each step is 1dm * PS )
where P(Sj) is the probability of the scenario producing the- particular
summed normalized release on the horizontal axis corresponding to the step in
the curve (Figure 7).
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To summarize, a CCDF can be constructed in the following way:

1. Choose probabilities for each of the scenarios.

2. Choose appropriate ranges and distributions for model input parameters to
analyze scenarios.

3. Statistically sample from these ranges to obtain a input vectors.

4. Generate m cumulative releases of radionuclides to accessible environment.

5. Normalize and add to obtain m summed normalized releases for each of the
K scenarios.

6. Plot the m summed normalized releases vs. the complementary cumulative
values of the scenario probabilities using Equation 2.

To account for uncertainty in scenario probabilities or frequency, multi-
ple CCDF's similar to those in-Figure 8 could be generated by assigning ranges
and distributions to scenario frequencies and statistically sampling from
these ranges to obtain specific values of scenario probabilities. A CCDF
would be generated for each set of scenario probabilities obtained. Figure 8
shows three empirical CCDF's for three different sets of scenario probabili-
ties. The three empirical CCDF's could be collapsed into one CCDF represen-
ting the mean (or median) of the three separate curves.
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Figure 8. Family of empirical CCDF
curves showing effects
of uncertainty in
scenario probability.
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Figure 7. Empirical CCDF.
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3. EXAMPLE

This section contains a simple example (the Example) illustrating the
principles of performance assessment described above. It is intended to show
that the techniques necessary to implement the Standard for a real site now
exist. As mentioned above, scenario development,- probability assignment, and
consequence analysis must be site specific in order to have any meaning.
Because much RC-sponsored work has dealt with a hypothetical' repository in
the basalts of the Columbia Plateau, the Example is placed in that setting for
convenience. Although the repository is hypothetical, the site is real: real
data have been used to the extent possible, although this discussion has been
greatly simplified for illustration, 'and for' that reason some distortion is
inevitable. The Example is not intended to reflect in any way upon the Basalt
Waste Isolation Project or any real repository being planned by that
organization..

It is assumed throughout the Example that the techniques described in
Chapter 2 have been used to assign probabilities. Some of the probabilities
in the Example have, in fact, been chosen arbitrarily in order to keep the
Example simple. Some of the probabilities in the Example have two or three
significant figures, solely to make the subsequent calculations easier to
follow. The significant figures do not imply anything about the precision
obtainable or necessary in a real analysis.

Scenario Development. Screening. and Probabilities'

A reasonably comprehensive scenario-development excerciselgave rise to 318
long-term, far-field scenarios for the release of radioactive waste from a
hypothetical repository in basalt of the Columbia Plateau (Hunter, 1983).
Relative probabilities were assigned to the scenarios. A limited'number of
those scenarios are used in the Example, but the probabilities used here do
not in every case correspond to those assigned by Hunter. Since that time,
other work, both published and unpublished, has made it possible to screen
some of the scenarios from further investigation. any other scenarios have
been omitted for the sake of simplicity.

Hunter (1983) screened, the IAKEA list (Table 2) 'and determined that nine
release phenomena were important- to a basalt repository.' . For simplicity in
the Example, only five -of 'these phenomena are considered to be capable. of
initiating the release of waste. These five represent a broad spectrum of
probabilities and potential consequences. They are the-normal flow of-'ground
water through. the repository to the Columbia River'- climatic'-change that
alters the flow of ground water; failure -of shaft seals that increases the
flow of ground water through the repository;4drilling; and faulting through
the repository. (Other releasel points than the Columbia River were
considered by Hunter.) Only, the event trees arising from; two of these
release phenomena will be described in detail here:- one tree is very simple
and the other is complex. The remaining three initiating events would be
treated similarly in a performance assessment. Important combinations of the
initial scenarios are also discussed below.
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Normal Flow of Ground Water

Figure 9 shows scenarios that might begin with the flow of water that
normally exists in a host rock whether a repository is built there or not.
The tree assumes that water is carried to an aquifer that eventually
discharges into the Columbia River. The release phenomenon, "Normal flow of
water continues through pores and fractures," is assigned a probability of
-1, because there is no reason to believe that the presence of a repository
will stop the flow of ground water. The normal flow might continue more-or-
less unaltered after the emplacement of a repository, that is, the gross
direction of flow might continue unchanged except for slight changes induced
by thermal gradients. on the other hand, heat from the waste might alter the
hydraulic gradient so profoundly that thermally induced recirculation of
fluids (somewhat like a convective cell) may occur in the vicinity of the
repository. Unpublished thermohydrologic modeling by the Waste Management
Systems Division of Sandia National Laboratories suggests that such thermally
induced recirculation is unlikely to occur. For this reason, this event
(labeled 2 in Figure 9) is assigned here a low probability of 10-6 and the
other transport event (labeled 4) is assigned a probability of -1 (Table
3). Thus the upper branch of the tree, with a probability of 10-6, is
screened out, and the lower branch, with an assigned probability of -1, is
retained.

Climatic Chanxe

The Columbia Plateau was repeatedly and profoundly affected by
continental and alpine glaciation during Pleistocene time. Climatic change,
catastrophic flooding, and changes in the erosional regime on the Plateau as
a result of glaciation to the north have all been documented. Hunter (1983)
developed a complex event tree with 162 scenarios arising from glaciation of
the Columbia Plateau. Only the small portion of that tree, beginning with the
entry of an ice sheet into the Columbia River drainage, is considered here
(Figure 10). Even this portion illustrates the complexity of event trees that
can easily arise during a comprehensive scenario development. Hunter con-
sidered the probabilities of events 55, "Continental ice sheets readvance,"
and 61, "Ice sheet enters Columbia River drainage," to be -1 during the next
10,000 yr. Two of the following events, "Outwash plain effects occur," and
"Hissoula floods occur," illustrate the possibility that in developing the
initial trees, scenarios may not be mutually exclusive. In fact, both these
events would be certain to occur if event 61 occurred, so both are assigned
conditional probabilities of -1. (If neither scenario were screened out,
they would be combined in some manner in the development of the final set of
scenarios.) Hunter assigned event 65, "Fracture network is altered by loading
and unloading," a probability of -1 in the absence of data. Preliminary
mechanical modeling (Wahi and Hunter, 1985) of fracture alteration by glacial
loading suggests that scenarios including this event will have very small
consequences; all scenarios in this branch are screened out for the purposes
of this example. Hunter assigned event 66, "Permafrost affects repository,"
a probability of 0.1. Because permafrost would be likely to stop or greatly
retard the flow of ground water at some point along the flow path to the
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'Figure 3).

Table 3. Relative probabilities of the gcenarios
arising from normal ground-water flow
and illustrated in Fure 9. (Scenarios
are numbered from top to bottom.)

Scenario Probability in 10,000 yr
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2 -1
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Figure 10. Event tree showing scenarios arising from renewed continental
glaciation that entails an ice sheet entering the Columbia River
drainage basin (after Hunter, 1983, Figure 8). "Erosion subtree"
means that this tree incorporates the subtree shown in Figure 11.
"Hydraulic subtree" means that this tree incorporates the subtree
shown in Figure 12. Each of the five branches of this tree thus
contain several scenarios. The scenario numbers in Table 4
contain two digits, the first referring to a branch in this tree,
and the second refering to a branch in the subtree, numbered in
each case from top to bottom.
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accessible environment, this branch and all its scenarios are also screened
out on the basis of low consequence.

Three branches in Figure 10 lead to complex subtrees (Figures 11 and 12).
Table 4 presents the probabilities of all the scenarios in the tree, including
those in the subtrees. Table 4 shows that many of the scenarios in the first
three branches have probabilities of 0.1 or 1. In a performance assess-
ment, fairly complex investigations might be required to screen them out, or
they might all have to be retained. For the purposes of this Example, one
scenario, glaciation and climatic change that profoundly alter the ground-
water flow regime, will be retained and assigned a probability of 0.1.

Human Intrusion

Drilling is of interest for' two reasons: the repository may be directly
compromised, or water withdrawals from boreholes may alter ground-water flow.
Hunter (1983) arbitrarily assigned a probability of 0.1 to the penetration of
the repository by a borehole within 10,000 yr. Hunter developed a tree
beginning with drilling and leading to releases to the Columbia River that
contained 20 scenarios. In this exercise, a higher probability is assigned
based on Appendix B of the Standard. The Standard states that no more than 3
boreholes per km2 of repository per 10,000 yr should be assumed. Essentially,
this recommends the assumption of penetration by boreholes, a probability of
-1. This provides an example of two release phenomena (normal flow and
human intrusion) that are not mutually exclusive and that will be combined
during the development of the final set of scenarios. Claiborne and Gera
(1974) estimated that, if drilling penetrates a repository, the probability
of disturbing a canister is 0.01 and of missing a canister is 1. If a
canister is disturbed, releases to the surface occur.

In the Columbia Plateau, pumpage of ground water for irrigation has
altered the configuration of the water table substantially in some areas
(e.g., Garrett, 1968; Luzier and Burt, 1974), although such chances may or may
not change flow at the repository. For this reason, the alteration of flow
by pumpage is assigned a moderate probability, 0.001. Several scenarios in
this tree can be screened out on the basis of low probability.

Seal Failure

Shafts and boreholes drilled in connection with repository construction
will be carefully sealed. The exploration boreholes mentioned above cannot be
assumed to be so well sealed; indeed, such holes may not be sealed at all. It
is therefore possible, even likely, that seal failure will occur and ground
water will flow through the borehole into the repository. Hunter's tree
(1983) contained three scenarios that began with seal failure and led to
releases to the Columbia River. If holes are drilled, it seems that seal
failure over 10,000 yr has a high probability, approaching 1. One seal-
failure scenario is that seal failure directs water into the repository,
ground-water flow continues out of the repository along more-or-less the same
paths that it would follow under the normal-flow scenario, and that the
increased volume of fluids carries waste to the Columbia River. This scenario
is assigned a probability of 0.05 for this Example.
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Figure 12. Hydraulic subtree (Hunter, 1983, Figure 22). "Flow recirculates"
means "Fluids recirculate in response to thermal gradients."
"Flow does not recirculate" mans "Fluids do not recirculate in
response to thermal gradients." "Openings reseal" means "Flow
channels close and reopen later."
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Table 4. Relative probabilities of the scenarios arising from
renewed continental glaciation and illustrated in
Figure 10 (after Hunter, 1983, Table 8). (Scenarios
are numbered from top to bottom.)

Scenario Probability in 10,000 yr

First branch,
hydraulic subtree

Second branch,
erosion subtree

Third branch,
erosion subtree

Fourth branch,
hydraulic subtree

Fifth branch,
hydraulic ubtree

1-1
1-2
1-3
1-4
1-5
1-6
1-7
1-8
1-9

10-7
.1

10-7

-1
.01

10-7
-1

.01

.01

2-1
2-2
2-3

.1

.1

.1

3-1
3-2
3-3

4-1
4-2
4-3
4-4
4-5
4-6
4-7
4-8
4-9

5-1
5-2
5-3
5-4
5-5
5-6
5-7
5-8
5-9

.1

.1

.1

10-7

-1

-1

.01

.01

10-8
.1
10-8
.1
.001
10-8
.1
.001
.001
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New Fault

The final release phenomenon considered here is the occurrence of a new
fault that intersects the repository. Hunter assigned the occurrence of such
a new fault a probability of 10-4 within 10,000 yr in the Columbia Plateau.
The event tree arising from a new fault contained 13 scenarios. Ten can be
screened out on the basis of low probability. Three have probabilities just
barely above the screening cut-off. For this example, one scenario is
retained and assigned a probability of 0.0001. In this scenario, a new fault
intersects the repository and allows water from a confined aquifer to enter
the repository along the fault. Fluids leave along the new fault and
eventually enter the Columbia River.

Final Set of Scenarios for Modelinx

The scenarios developed and screened above are not necessarily appropriate
as the final set of scenarios to be modeled and included in the performance
assessment. Some of the scenarios are obviously mutually exclusive and can
be modeled independently, but there may be important combinations of scenarios
whose effects are synergistic. Other combinations may be physically possible,
but so improbable that they are not of concern. For this reason, simultaneous
or sequential occurrences of scenarios must be examined to determine whether
such occurrences are probable enough to be considered in the final performance
assessment. Because this type of examination has not often been described in
the waste-management literature, this part of the scenario analysis is
described in detail below.

Normal Flow with Thermal Effects. Normal flow with thermal effects has
been assigned a probability of 1. (If there is a nonzero probability that
any other event or process will occur, the probability of this scenario is
not in fact 1. Because the probability is unknown but high, the preliminary
assignment of 1 is the usual procedure.) For this reason, the effect of
combining this scenario with each of the other scenarios must be examined.

Only one other preliminary scenario, drilling through the repository
without hitting a canister, has an assigned probability of 1. Thus in the
final set of scenarios, the so-called normal flow or expected performance of
the repository actually is not ground-water flow with thermal perturbations,
but instead is ground-water flow with thermal perturbations and human intru-
sion. At this point a new scenario comes into existance and the two prelimi-
nary scenarios are dropped. In practice, the two aspects of this new scenario
would probably be modeled separately, and their consequences combined.

The remaining four combinations of normal flow and another scenario are
physically impossible and need not be considered. The effects of climatic
change on the ground-water flow regime could be profound. The scenarios
beginning with glaciation have been assigned a probability of 0.1. Note that
0.1 is the probability that glaciation changes the ground-water flow regime.
The normal-flow scenario does not involve any unlikely change in flow;
therefore it is impossible for both scenarios to occur simultaneously. They
must both be retained for independent modeling.
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The same argument rules out the existence of scenarios that combine
normal flow with shaft-seal failure that changes the normal flow profoundly
enough to be considered a scenario on 'its own; normal flow with pumpage that
changes the ground-water flow boundary conditions; and normal flow with
faulting that changes the grond-water flow. Either normal flow or changed
flow may occur, but they may not both occur simultaneously. In fact, climatic
change, shaft seal failure, ppage, and faulting would probably all change
the flow regime in different ways. Each must be retained for independent
modeling.

Climatic' Change. The scenario for climatic change that profoundly alters
the ground-water flow regime has been assigned a probability of 0.1. This is
not so high that it must necessarily be combined with any other scenario, nor
so low that the simultaneous occurrence of-this and some other moderate-
probability scenario can be ignored. The probability that climatic change and
shaft-seal failure will both alter ground-water flow during the next 10,000 yr
is 0.1 x 0.05 or 0.005. This combination of scenarios should be incorporated
into the final set in addition to (not instead of) the two initial scenarios.

The occurrence of both climatic change and pumpage that profoundly alter
ground-water flow is 0.1 x 0.001 or 0.0001. This is equal to the cutoff
probability of 0.0001 in 10,000 yr. The new scenario should be retained for
modeling.

The occurrence of both climatic change and faulting has a probability of
only 0.1 x 0.0001 or 0.00001. This is below the cutoff of 0.0001 and need
not be considered.

Shaft-seal Failure. The combination of shaft-seal failure with normal
flow and with climatic change has been considered above. The combination of
shaft-seal failure with pumpage has a probability of 0.05 x 0.001 or 0.00005.
The combination of shaft-seal failure and faulting is even lower, 0.05 x
0.0001 or 5 x 10-6. The probabilities of these scenarios are below the
cutoff, and they need not be considered.

Pumpage. Two scenarios involving pumpage--pumpage that alters ground-
water flow boundary conditions and the combination of pumpage with climatic
change--are retained because of their probabilities. The combination of
pumpage and shaft-seal failure is screened out, as discussed above. The
combination of pumpage and faulting has a probability of 0.001 x 0.0001 or
10-7 and is screened out.

Faulting. The probability that faulting will alter ground-water flow is
0.0001, just above the cutoff. This scenario is retained, but no combina-
tions of faulting with other scenarios are retained, as discussed above.

Scenarios to be Retained for odeling. Seven scenarios thus make up the
final set to be modeled (Table ). In a performance assessment, all these
scenarios would be retained for modeling; however, for simplicity in this
Example, and so that the reader can'more easily follow the discussion below,
scenarios 6 and 7 will be omitted at this point.
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Tablvi '. InsrdbobI iltin *t the scenarios used in the Example

Scenario
Probability
in 104 Yrs

1. Normal Flow (with thermal effects and drilling) -1

2. Climatic change that alters ground-water flow 0.1

3. Shaft seal failure that alters ground-water flow 0.05

4. Pumpage that alters ground-water flow boundary conditions 0.001

5. Faulting that alters ground-water flow 0.0001

6. Climatic change plus shaft-seal failure 0.005

7. Climatic change plus pumpage 0.0001

Normalizinx the Probabilities

The probabilities in Table 5 do not reflect the fact that the scenarios
in the final set are mutually exclusive; thus the sum of these probabilities
is larger than 1. As discussed above, probability theory requires that the
probability estimates for all scenarios be normalized so that their sum is
less than or equal to 1 (Heising and others, 1983). The sum of the assigned
probabilities of the five scenarios to be used in the remainder of the
Example is 1.1511. This sum is normalized to I before the CCDF is
developed. Each probability P is normalized by multiplying it by the inverse
of the sum, that is

assigned P x 1 normalized P.Zassigned P 

The normalized probabilities of the five scenarios considered here are given
in Table 8 (p. 39). These normalized probabilities are used in developing
the CCDF. (The normalized probabilities of the five scenarios sum to
1.000957 because of roundoff error.)

Consequence Assessment

The Example repository contains 50,000 THM of spent fuel. The corre-
sponding release limits are therefore adjusted for 50,000 THK (Table 6).

The derivation of the EPA sum values for the normal-flow scenario is
described in more detail below. For illustration, it is assumed that five
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Table 6. Adjusted release limits for the Example repository

Adjusted Release Limit
(curies)Radionuclide

Americium-241 or -243
Carbon-14 -
Cesium-135 or -137 -
Iodine-129 - - - - -
Ueptunium-237 - - - -
Plutonium-238, -239, -

Radium-226 - - - - -
Strontium-90 - - - -
Technetium-99 - - - -

Thorium-230 or -232 -

Tin-126 - - - - - - -

_ _

_ _

_ _

_ _

_ _

-240,
_ _

_ _

_ _

_ _

_ _

- - - - -
- - - - -

- - - - -

- - - - -

- - - - -

,or -242
- - - - -

- - - - -

- - - - -

- - - - -

- - - - -

_ _ _ _ _ _ _ 

_ _ _ _ _ _ _ 

_ _ _ _ _ _ _ 

_ _ _ _ _. _ _ 

_ _ _ _ _ _ _ 

_ _ _ _ _ _ _ 

_ _ _ _ _ _ _ 

_ _ _ _ _ _ _ 

_ _ _ _ _ _ _ 

_ _ _ _ _ _ _ 

_ _ _ _ _ _ _ 

238 - - - - - - - - - - -
le with a half-life

_ _ _ _ _ _ _ 

5000
5000

50,000
5000
5000

* 5000
5000

50,000
50,000

500
50,000

5000

5000

Uranium-233, -234, -235, -236, or -2
Any other alpha-emitting radionuclid

greater than 20 years - - - - - -
Any other radionuclide with a half-I

years that does not emit alpha pat
Life greater than 20
!ticles - - - - - - - - - 50,000

Table 7. Cumulative releases over 10,000 yr for radionuclides in
the normal-flow scenario of the Example

Cumulative releases over 10.000 r (in Curies)
Radionuclide Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

C-14 350 400 500 700 - 800

Tc-99 5000 5000 10,000 10,000 15,000

U-234 0 100 150 200 250

U-236 0 100 200 250 300

U-238 75 85 125 125 150

Pu-240 25 15 75 75 100
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vectors (sampled inputs) are generated as illustrated in Figure 5. For each
set of sampled input data, source-term, ground-water flow, and radionuclide-
transport models are used to calculate the time-dependent discharges of
radionuclides. These time-dependent discharges are integrated over 10,000 yr
to give the cumulative release over 10,000 yr for each radionuclide.

For simplicity, only six radionuclides are assumed to be released to the
accessible environment in the normal-flow scenario of the Example; their
cumulative releases are listed in Table 7. The EPA sum for each sampled
calculation for this scenario is calculated according to Eq. 1:

Sample #1: ~350 5000 75 25
Sample #1: EPA Sum 5000 500,000 + 5000 00 01

400 5000 100 100 85 15
Sample #2: EPA Sum - ++ + =0.155000 500,000 5000 + 5000 5000 5000

500 10000 150 200 125 75Sample #3: EPA Sum-- + + -++=02
5000 500,000 5000 _000 5000 5_000

700 10.000 200 250 125 75
Sample 4: EPA Sum 5000 + 500,000 5000 + 5000 + 5000 + 5000 = 0.29

Sample #5: EPA Sum -L00 + 5 300 + 5000 + 00 = 0.35
5000 500,000 500 50-053000

These EPA sums are the five values that appear in Table 8 for the normal-flow
scenario. Similar analyses are carried out for the other scenarios, producing
the results displayed in Table 8.

The next step calculates the probability of releases that lead to a conse-
quence greater than a given EPA Sum (Eq. 2). For example, the probability of
having releases greater than an EPA sum of 158.40 is equal to 1/5 (0.000087),
where 1/5 is the fraction of samples in the faulting scenario that result in
an EPA sum greater than 158.40 and 0.000087 is the probability of the faulting
scenario. The calculation of the probability of releases greater than each
EPA sum value is detailed in Table 9.

In the construction of a CCDF, the EPA sums and the probabilities from
Table 9 are plotted on the x and y axes respectively. The final CCDF is
shown in Figure 13. The area that is outside the EPA containment requirement
envelope indicates possible violation of the EPA standard. This area includes
the following three EPA sums and their probabilities:

EPA Sum Probability
23.00 0.000435
15.85 0.009035
7.25 0.009209
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Table 8. Probabilititsi normalized probabilities, and EPA sums for the ' 

scenarios used in the Example

Probability Normalized Proba- -

Scenario in 104 Yr bility in 104 Yrs EPA Sum

1. Normal Flow (with
thermal effects and
drilling)

2. Climatic change
that alters round-
water flow

3. Shaft seal failure
that alters round-
water flow

-l

0.1

0.05

0.87

0.087

0.043

0.15 ..
0.23
0.29

.0.35'

0.75 
0.83
0.99
1.58

0.003
I../. - 1.87-.

2.95
3.75

23.00
. I , .

4. Pumpage that
alters ground-watec
flow boundary
conditions

0.001 0 .00087 0.20
1.75

42.00
49.20

37.00 ..
79.20 '

lOS .60,
158.46'
252.302'

5. Faulting that alters
ground-water flow

0 .0001 0.000087 -

. I .. I -- ? ) !

-',.i
, , ,, - ',, , ttB,<3~~~~"'7.

'a-t
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Table 9. VaLues of EPA sum and probabilities used in Figure 13

EPA sum Probability of releases greater than the EPA sum

252.30

158.40

105.60

79.20

49. 20

42.00

37.00

0

1/5

1/5

1/5

1/5

1/5

1/5

(0.000087) =

(0.000087) 4

(0.000087) 4

(0.000087) 4

(0.00087) +

(0.00087) +

= 0.0000174

* 0.0000174

* 0.0000348

* 0.0000522

0.0000696

0.0002436 

= 0.0000348

= 0.0000522

= 0.0000696

= 0.0002436

= 0.0004176

23.00

15.85

7.25

3.75

2.95

1.87

1.75

1.58

0.99

0.83

0.75

0.35

1/5

1/5

1/5

1/5

1/5

1/5

1/5

1/5

1/5

1/5

1/5

1/5

(0.000087) 0.0004176 = 0.000435

(0.043) + 0.000435 = 0.009035

(0.00087) + 0.009035 = 0.009209

(0.087) + 0.009209 = 0.026609

(0.043) 0.026609 = 0.035209

(0.043) + 0.035209 = 0.043809

(0.043) + 0.043809 = 0.052409

(0.00087) + 0.052409 = 0.052583

(0.087) + 0.052583 = 0.069983

(0.087) + 0.069983 = 0.087383

(0.087) + 0.087383 = 0.104783

(0.087) + 0.104783 = 0.122183

(0.87) + 0.122183 = 0.296183

(0.87) + 0.296183 = 0.470183

(0.87) + 0.470183 = 0.644183

(0.00087) + 0.644183 = 0.644357

(0.87) + 0.644357 = 0.818357

(0.87) + 0.818357 = 0.992357

(0.043) + 0.992357 = 1.000957

0.29

0.23

0.20

0.15

0.10

0.003

0.0

1/5

1/5

1/5

1/5

1/5

1/5

1/5
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Figure 13. CCDF for the Example plotted with EPA containment requirement.

One possible factor contributing to the violation is the probability of
the seal-failure scenario. If the probability of this scenario were 0.001,
for example, instead of 0.043, the probability of exceeding an EPA sum of
15.85 would become 15 (0.001) + 0.000435 - 0.000635. The probability of
exceeding an EPA sum of 7.25 would be 1/5 (0.00087) + 0.000635 - 0.000809.
These changes would bring the CCDF curve inside the EPA containment
requirement envelope, as shown by the dotted line in Figure 13.

Another factor contributing to the violation is the EPA sum values of
23.00 and 15.85. If these two values were 9.5 and 8.2, for example, the CCDF
curve would be inside the EPA envelope if the scenario probabilities were to
remain the same, as shown by the dashed line in Figure 13. Thus, this
procedure for generating a CCDF allows the regulator to examine the effect of
each chosen parameter value on the position of the curve relative to the EPA
containment requirement.
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4. CONCLUSIONS

The analyst must make several important judgments while developing and
screening scenarios for a performance assessment. First, the initial check-
list of events and processes must be comprehensive enough to ensure that all
important events and processes are considered. Second, the initial screening
must remove only those events and processes that offer prima facie evidence of
irrelevance. Third, the initial suite of scenarios must be broad and complex
enough to inspire confidence that it fairly represents all conceivably impor-
tant scenarios. Finally, probabilities and consequences of those scenarios
that are screened out from the performance assessment must be sufficiently
well described and conservative to offer reasonable assurance that the
scenarios' contributions would be insignificant if they were retained.

The technique used in assigning probabilities to events, processes, and
scenarios must be the best available; for example, if technically defensible
numerical and analytical techniques exist, they should be used in preference
to expert judgment. Data employed in determining the probabilities must be
adequate in quality and quantity and must be appropriately used; for example,
their temporal and spatial distribution must be compatible with the
techniques.

In assessing consequences, the analyst must first decide whether the
parameters of the scenarios are adequately represented by the equations in the
code and whether the physical repository system is adequately represented by
the models. Codes must have been adequately verified, and the models, vali-
dated. Data must be of high quality, numerous enough to reflect any spatial
or temporal variations, and used appropriately in the codes and models.

The quality of an uncertainty analysis is particularly important in any
performance assessment. The various techniques for uncertainty analysis have
advantages and disadvantages, depending on the modeling approach used. The
qualitative uncertainties present in scenario analysis are best addressed by
using systematic techniques for development and screening. Although sensitiv-
ity analysis is not equivalent to uncertainty analysis, it is an essential
precursor to a full understanding of overall system uncertainty.

A CCDF generated in the way indicated above allows for flexibility in
assessing the impact that each component of a performance assessment has on
the CCDF. For example, if any portion of the empirical CCDF lies above the
envelope representing compliance with the EPA Standard, exactly which of the
scenarios, model parameters, isotopes, and scenario probabilities are causing
the noncompliance can be determined. If unrealistic parameters resulted in
the noncompliance, that portion of the analysis can be redone without
carrying out additional analyses on the remaining portions of the overall
performance assessment.
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The US Environmental Protection Agency has set a standard for the performance of
geologic repositories for the disposal of high-level radioactive waste. The stan-
dard is divided into several sections, including a section on containment require-
ments. The containment requirement is probabilistic, in that it allows certain
small amounts of radioactive waste to be released at high probabilities and larger
amounts to be released at lower probabilities. The US Nuclear Regulatory Commission
is responsible for implementing the standard. Implementation of the standard will
probably involve development and screening of scenarios, assignment of probabilities
to the scenarios, determination of consequences of the scenarios, and analysis of
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scenarios are calculated using a series of models that describe the movement of
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ties on the calculations. This document uses a simple example to illustrate tech-
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