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ABSTRACT

The Iterative Performance Assessment (IPA) activity is playing an increasingly important role in the
Nuclear Regulatory Commission (NRC) High-Level Waste (HLW) program. In accordance with the NRC
Overall Review Strategy, the primary technical role of IPA is to provide a systematic, quantitative
evaluation of the overall safety of the proposed geologic repository. Through this systematic process, IPA
is identifying and prioritizing the important phenomena and processes which provide the technical basis
for the pre-licensing reviews and comments. As part of its regulatory role, IPA is focused on providing
the basis for the evaluation of the U.S. Department of Energy (DOE) waste isolation strategy, the DOE
High-Level Findings supporting the Technical Site Suitability, and the DOE Total-System Performance
Assessment for Yucca Mountain. In addition, this technical basis is being used to develop
recommendations for directing future technical assessment and research activities at the NRC.

This report was prepared for the purpose of enhancing communication and achieving a higher level of
integration of NRC technical assessment and research activities. Toward this purpose, the report explains
the regulatory focus of IPA, delineates its relationship to other HLW program elements, and describes
the current IPA auxiliary analyses and module development activities. The current report focuses on the
describing the progress and conclusions of IPA Phase 3 studies conducted by the staff of the Center for
Nuclear Waste Regulatory Analyses.
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EXECUTIVE SUIMMARY

This report describes the recent progress of the Iterative Performance Assessment (IPA) Phase 3 activity
at the Center for Nuclear Waste Regulatory Analyses (CNWRA). The overall scope, objectives, benefits,
and recent accomplishments of IPA are explained. Also discussed are the primary role of IPA and
important interrelationships to other elements in the Nuclear Regulatory Commission (NRC) High-Level
Waste (HLW) program. In particular, the integrating role that IPA plays in synthesizing the knowledge
base, models, and data from the NRC technical assessment activities and research projects is highlighted.
In addition, the specific interrelationships between IPA and NRC Division of Waste Management (DWM)
activities are delineated and described in detail. Thirteen completed or ongoing IPA subtasks at the
CNWRA are summarized.

Regulatory Focus of [PA

In the NRC Overall Review Strategy (ORS) (Johnson, 1994), IPA is identified as a key component of
the License Application (LA) review strategy. In the pre-LA phase, the [PA technical analysis capabilities
are being developed and iteratively applied to identify and address potentially contentious technical issues
prior to submittal of the LA by the U.S. Department of Energy (DOE). The technical capabilities of IPA
are focused on determining which site and repository components and features most strongly influence
overall system performance. In the LA phase, it is anticipated that NRC will use an audit-based approach
where only select areas of the LA are investigated in detail. Predictive tools and methodologies developed
in IPA will be used to selectively probe the assumptions, models, and data used in the DOE Total-System
Performance Assessment (TSPA) for the Yucca Mountain (YM) site.

Benefits of [PA

By design, IPA is expected to have both direct and indirect benefits to the HLW regulatory program
(Eisenberg et al., 1994a). These benefits include:

* Establishing a broad understanding of the behavior of the repository and the surrounding
geologic medium

* Providing the technical basis for commenting on DOE repository design, site
characterization, and performance assessment (PA) programs

* Providing a basis for raising and addressing technical concerns during the pre-LA period

* Establishing the framework for compliance determination methods (CDMs) and assisting
in development of the NRC License Application Review Plan

* Determining the feasibility of implementing regulatory requirements and identification of
modifications, if necessary

* Developing relevant information needed to identify and prioritize NRC-sponsored
research activities
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* Ensuring collaboration and coordination among the various technical and scientific
disciplines needed for effective PA analyses

In addition, the development of staff expertise is a direct and primary benefit of the IPA activity. This
experience is essential to prelicensing reviews and interactions with DOE, as well as to the effective
review of the LA. By participating in IPA, staff are fully prepared to provide comments to the DOE on
their Technical Site Suitability (TSS) findings (and associated technical basis reports), waste isolation
strategy, topical reports on PA methodology, repository design, and proposed methods for compliance
demonstration. IPA has made positive contributions to proactive activities in the HLW program such as:
(i) developing the basis for staff guidance on conceptual model uncertainty (Eisenberg et al., 1994b) and
model validation (Eisenberg et al., 1994c); (ii) contributing to the development of the LA Review Plan
(LARP) (Nuclear Regulatory Commission, 1994); (iii) reviewing and commenting on the DOE TSPAs,
repository design, study plans; and (iv) and probing key technical areas using the tools and techniques
developed in IPA. Specific examples of recent contributions are summarized below.

Progress of IPA Activity To Date

Over the past four years, two major phases of the IPA activity have been completed. The first phase,
conducted solely by the NRC staff, was undertaken to evaluate the adequacy of existing NRC PA
methodology and to develop staff insights regarding the conduct of TSPAs for YM. The central
conclusion of Phase 1 was that, although improvements in the PA methodology were needed, NRC
successfully demonstrated their capability to conduct a full TSPA for YM.

The second phase of EPA was a joint effort of three organizations, two within the NRC [Office of Nuclear
Material Safety and Safeguards (NMSS) and Office of Nuclear Regulatory Research (RES)], and one
within the CNWRA. The Phase 2 activity implemented the major recommendations of the Phase 1 study
with regard to methodology development needs, modeling of additional scenarios, and conduct of new
auxiliary analyses. Some significant conclusions of IPA Phase 2 are:

* Infiltration rate has the highest correlation with overall system performance, that is, with
calculation of the Complementary Cumulative Distribution Function (CCDF) for
cumulative release

* The time of liquid water contact with waste packages has a high correlation with overall
system performance

* Pitting and crevice corrosion potentials, as well as solubility and alteration rates, have
high correlations with overall system performance

* Thermal load has the potential to significantly affect performance, that is, high heat loads
delay the time to wetting of waste packages

* Carbon 14 dominates the calculation of the release-based CCDF, but is relatively
insignificant for a dose-based performance measure

* Both seismicity and v' 'canism can lead to large releases; however, their probabilities are
low enough to not have a significant effect on overall system performance in the context
of a release standard

.M.U.



* Dominant radionuclides for population dose include 94Nb, 210Pb, 243Am, and 237Np

* The subsystem performance measures of Groundwater Travel Time (GWTM)
[10 CFR 60.113(a)(2)] and substantially complete containment [10 CFR 60.113(a)(1)(A)]
show a strong positive correlation with the overall release-based performance measure,
and the fractional release rate performance measure [10 CFR 60.113(a)(1)(ii)(B)] shows
a milder, yet still positive, correlation

* The scenario methodology employed by the NRC is sound and suitable for conducting
and evaluating a TSPA

Plans for IPA Phase 3

The overall scope and objectives for IPA Phase 3 have been established and analyses of major PA topics
are ongoing. Current auxiliary analyses are being directed at evaluating events and processes previously
identified by the NRC (and the DOE) as having dominant effects on overall system performance. For
example, infiltration rate has consistently been identified as a key parameter, hence, activities are directed
at improved modeling of this phenomenon. In the DOE Program Approach (U.S. Department of Energy,
1994), the Technical Site Suitability (TSS) determination will be supported by a series of High Level
Findings (HLFs). Some of the HLFs are explicitly related to impacts on postclosure performance. The
DOE has stated that their TSPA-97 will be directed at supporting the TSS determination, especially for
geological issues such as faulting and seismicity (U.S. Department of Energy, 1994). The schedule and
scope of IPA Phase 3 are designed to parallel the DOE anticipated schedule and activities, especially their
TSPA activities. In anticipation of DOE activities, the CNWRA has been working in a number of specific
areas such as infiltration, tectonics, and geochemistry. All of these areas, as well as others, are expected
to contribute to reviewing and commenting on anticipated DOE products and decisions.

License Application Review Plan

Staff experience gained through IPA has benefitted the preparation of the License Application Review
Plan (LARP). This experience has been applied in the consolidation and integration of the LARP Key
Technical Uncertainties (KTUs). In the area of total-system performance, five KTUs were identified
pertaining to PA: (i) conceptual model uncertainty, (ii) mathematical model uncertainty, (iii) model
validation, (iv) model parameter uncertainty, and (v) future states uncertainty. In the areas conceptual
model uncertainty and model validation, the staff has been working to clarify issues and develop
regulatory guidance.

Conceptual Model Uncertainty

Staff experience gained in IPA has contributed to identifying and understanding conceptual model
uncertainty (Eisenberg et al., 1994c). For regulatory purposes, a conceptual model describes the
conditions or processes believed to exist in the system under consideration, the geometry and
dimensionality of the system, the temporal and spatial scales of the conditions or processes, the
parameters governing the conditions or processes, and the initial or boundary conditions. The main
challenge is to develop an acceptable procedure to evaluate the representativeness and completeness of
conceptual models used by the DOE in their TSPAs. Aside from identifying conceptual model
uncertainty, it has been proposed that when alternative conceptual models arise, independent calculations
be performed using each model. The results of independent calculations are then compared. It is not
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suggested that alternative models be blended into a single model, for the blending process appears
problematic. IPA has been identified as a tool that can be used to evaluate the significance of alternative
models to both total-system and subsystem performance.

Validation of Models

During the LA phase, the NRC staff will need to evaluate the models and codes used by the DOE to
demonstrate compliance of the proposed repository. The staff will need to ascertain whether the models
adequately represent the conditions and processes existing in the system. Due to the extended spatial and
temporal scales, prediction of the systems and subsystems will be made with minimal scientific
observations for the range of predictions. As a result, large uncertainties in model predictions will persist.

Staff experience gained in IPA has contributed to the development of a preliminary model validation
strategy applicable to PA (Eisenberg et al., 1994b). The proposed method has been developed within
international model validation activities (i.e., INTRAVAL), and as a joint effort with the Swedish
Radiation Protection Inspectorate (SKI).

Infiltration

The major TSPAs conducted to date by the NRC, DOE, and the Electric Power Research Institute have
consistently found that infiltration rate is a key parameter that strongly influences postclosure
performance. This finding has motivated a number of subtasks at the CNWRA, including an elicitation
of future climate (DeWispelare et al., 1993), a study of climate-linked infiltration (Gureghian et al.,
1994), shallow near-surface infiltration (Stothoff, 1995), and deep percolation (recently started). Each of
these activities is directed at obtaining better estimates of the water flux through the repository horizon.
All of these efforts are integrated where the climate-linked model used elicitation data for climatic
conditions, such as cloud cover, atmospheric temperature, and precipitation, along with established
models for evapotranspiration. An evaluation of parameter uncertainties was also conducted, and the
evapotranspiration was found to be an important parameter. The results suggest site characterization
include field lysimeter studies to better quantify evapotranspiration at the site.

Following the climate-linked study, more detailed modeling studies were initiated to better quantify the
movement of water in the near-surface (top 10 in). Based on the climate-linked study, only a small
fraction of the precipitation penetrates sufficiently deep (beyond 10 m) to contribute to percolation. This
study has found that seasonal variations penetrate deeper than daily variations, vapor diffusion is an
important mechanism in the top half meter, and in regions where there is shallow cover, the Paintbrush
Tuff (PTn) layer is strongly influenced by atmospheric conditions. This suggests infiltration is spatially
correlated with alluvial conditions which vary with the topography.

In the deep infiltration study, the spatial and temporal focusing of deep infiltration (i.e., percolation
through the repository horizon) is being characterized for YM. This effort utilizes estimates of shallow
infiltration based on alluvium cover. Initially a set of uniform calculations was performed, then more
realistic spatially focused cases were considered. Findings indicate the PTn unit exhibits significant lateral
flow, a juxtaposed geologic strata provides the opportunity for perching of water to occur, and
preferential spatial focusing along the Solitario Canyon fault has a large effect on the deep percolation
through the repository.
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Faulting

In the DOE program approach (U.S. Department of Energy, 1994a), a number of postclosure qualifying
and disqualifying conditions are identified as part of the TSS determination to be made by the Secretary
of Energy. There are seven HLFs scheduled to be completed between July, 1996, and June, 1998, that
will support the TSS determination expected in September, 1998. Three of the seven HLFs are based on
an assessment of postclosure issues. The first postclosure HLF deals with tectonics as a disqualifying
condition of the site. The DOE describes the disqualifying condition as fault movements which are
expected to cause loss of waste isolation (U.S. Department of Energy, 1994a). The purpose of this IPA
study is to design a new FAULTING module for the NRC Total-system Performance Assessment (TPA)
code, in a collaborative effort of NRC/CNWRA geoscientists, for addressing this HLF.

It is assumed that the DOE will take precautionary measures to stand off from known faults, hence, only
undetected faults are expected to pose future risks to waste isolation. For the YM region, the probability
of one (or more) currently undetected fault(s) becoming active (having a large discrete slip event) is being
quantified and used as the probability of the scenario. The new TPA module determines the location,
strike orientation, dip angle, length (assuming negligible width), recurrence interval, slip magnitude (for
a large discrete event), and continuous slip rate. Currently, only direct disruptive effects of fault
movement are modeled, although it is recognized that indirect effects through hydrology are potentially
important. Having described the fault, the magnitude of discrete slip is compared to the threshold
displacement required to induce waste package failure. Currently, the threshold displacement is based on
the structural integrity of the package and the potential mechanical load induced by a fault-degraded drift.
If a disruption occurs, then the module transfers waste package disruption information to the source term
model of the TPA code.

At this time, the technical basis for the module has been established and is being reviewed before
implementation in software (Stirewalt et al., 1995). This module is being developed for use by the NRC
to independently assess the probabilities and consequences of faulting at the YM site, hence, to evaluate
the postclosure tectonics HLF that will support the TSS determination.

Evaluation of Seals KTU

Site characterization activities at YM will result in numerous boreholes being drilled at various locations
and depths to gather data for characterizing the hydrologic, geochemical, structural, and seismic
properties of the underground environment. There are approximately 191 existing and 322 proposed
boreholes within the YM region, varying in depth from very shallow (1.5 m) to very deep (1,830 in),

and having diameters from 0.15 to 0.45 m (Fernandez et al., 1994).

The NRC regulations for seal performance require that "Seals for shafts and boreholes shall be designed
so that following permanent closure they do not become pathways that compromise the geologic
repository's ability to meet the performance objectives" (10 CFR 60.134). In developing its LARP
(Nuclear Regulatory Commission, 1994), two KTUs were identified with seals and seal performance.
Because seals were not explicitly included in IPA Phase 2 (Nuclear Regulatory Commission, 1995), it
was decided that an independent IPA auxiliary analysis would be conducted in Phase 3 to investigate the
importance of degraded seals using the tools and techniques developed in IPA. In doing so, IPA would
provide quantitative input into the LARP development process on this issue. This activity has been
completed and documented (Manteufel and Ahola, 1994).
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The analyses are based on consideration of both gaseous and aqueous phases. It is expected that gas
streamlines will have the characteristics of large-scale buoyant flow, hence the flow will be upward
through the repository and directed towards the ground surface. The liquid streamlines will be dominated
by downward gravity-driven percolation. Hence, aqueous phase flow will be predominately downward
through the repository horizon and directed towards the water table. The fluid particle travel time was
selected as the performance measure used to assess the effects of a degraded seal on the flow system. For
gaseous flow, fluid particle travel time over the distance from the repository horizon to the ground
surface is of relevance. For aqueous flow, the fluid particle travel time over the distance from the
repository horizon to the water table is of importance. It is anticipated that a degraded seal (i.e., more
porous and permeable) will lead to shorter travel times, which results in less effective isolation of the
waste.

For the assumptions and conceptual model employed, the calculations support the conclusion that
postclosure performance of the seals may not be a significant factor in total-system performance. Based
on this analysis, the current review type for the seals KTU can be re-evaluated and possibly reduced.
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1 REGULATORY FOCUS OF ITERATIVE
PERFORMANCE ASSESSMENT

Under the Nuclear Waste Policy Act (NWPA) of 1982, as amended in 1987, the Nuclear Regulatory
Commission (NRC) has the responsibility of promulgating regulations that implement U.S. Environmental
Protection Agency (EPA) standards for the safe disposal of high-level radioactive waste (HLW). The
NWPA also stipulates that the NRC shall evaluate a license application (LA) prepared and submitted by
the U.S. Department of Energy (DOE) for a HLW repository. Based on this evaluation, the latter will
decide whether or not to grant the DOE authorization to construct the repository. This determination is
to be reached by the NRC within 3 yr from receipt and docketing of the LA.

The NWPA gave the NRC the statutory responsibility to implement the regulatory aspects of the United
States HLW program. More specifically, the NRC is charged with ensuring that HLW are disposed of
in a manner such that the safety and health of the public are protected, and that risks unacceptable at
present are not imposed on future generations (e.g., Bernero, 1991). To discharge its statutory
responsibilities, the NRC established the HLW regulatory program, the overall goal of which is to
conduct: (i) effective pre-LA consultations with the DOE, and (ii) effective review of the LA (Johnson
et al., 1990; Johnson and Linehan, 1991; Coplan et al., 1990; Eisenberg et al., 1994a). To accomplish
this goal, the early phase of the NRC HLW regulatory program has three major objectives (Johnson et
al., 1990; Eisenberg et al., 1994a): (i) to refine the regulatory framework, (ii) to identify and investigate
potential licensing issues, and (iii) to develop the NRC technical capability necessary for the review of
the LA and other pertinent information. Both proactive and reactive activities have been designed and
initiated that will allow the NRC to meet its objectives and comply with its statutory mandate (Johnson
et al., 1990; Coplan et al., 1990; Eisenberg et al., 1994a).

Reactive activities are conducted in response to DOE actions. These include: (i) review of documents,
such as study plans, technical reports, topical reports, etc.; (ii) quality assurance (QA) reviews and audits;
(iii) technical exchanges; and (iv) technical meetings. Proactive activities are aimed at, and conducted to:
(i) refine the regulatory framework, and (ii) provide guidance to DOE and NRC staffs on issues that
should be addressed during the pre-LA consultations and reviews. Among the proactive activities are:
(i) development of rulemakings and staff technical positions, (ii) development of the Format and Content
Regulatory Guide (FCRG) (Nuclear Regulatory Commission, 1990), (iii) development of the LA Review
Plan (LARP) (Nuclear Regulatory Commission, 1994), and (iv) development of technical analysis
methods that are needed to effectively conduct the reviews.

The underpinning for many of the proactive activities in the NRC HLW regulatory program is the
development of the NRC staff's technical expertise to enhance the understanding of those processes,
phenomena, conditions, and technical issues that are relevant to the long-term performance of the
repository and, ultimately, to the determination of compliance with the pertinent regulatory requirements.
Iterative performance assessment (IPA) is key to the development of this necessary technical expertise
at the NRC. This report summarizes the IPA program at the Center for Nuclear Waste Regulatory
Analyses (CNWRA) within the context of the overall NRC HLW program and will demonstrate both its
need and its contribution to the latter. The report also addresses the manner in which the results from IPA
can be used to support the process that leads to a decision on construction authorization for the proposed
HLW repository at Yucca Mountain (YM).
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1.1 PERFORMANCE ASSESSMENT

IPA is a part of a broader set of activities conducted under the NRC HLW Performance
Assessment (PA) program (Park et al., 1994). PA includes both quantitative and qualitative analyses, IPA
being a quantitative component. Thus, to put IPA in its proper context, it is important to first discuss PA
briefly.

PA is a systematic safety analysis structured to address the following issues:

(i) Identification of conditions, processes, and events that could impact the performance of
a HLW repository

(ii) Determination of the likelihood of occurrence of the conditions, processes, and events
over the length of the regulatory period

(iii) Estimation of the consequence(s) of the conditions, processes, and events

PA synthesizes information from a wide range of scientific, technical, and engineering
disciplines necessary to examine all the components of the repository system and their interactions in
order to provide a framework for estimating total-system performance. These disciplines include, but are
not necessarily limited to: hydrology, geology, geochemistry, corrosion, rock mechanics, heat transfer,
fluid dynamics, and risk analysis.

Under the provisions of the NWPA, the DOE and NRC have different responsibilities in the
disposal of HLW in a geologic repository. The DOE is responsible for the siting, design, and
demonstration that the repository complies with the requirements of 10 CFR Part 60 in the LA and, if
authorized, for the construction, operation, decommissioning, and closure of the repository.
Consequently, the role of PA in the DOE program is to address such issues as:

(i) Understanding how the different components of the disposal system affect the overall
performance

(ii) Utilizing long-term PAs to guide the repository design and site characterization programs

(iii) Conducting subsystem and Total-System Performance Assessments (TSPAs) to
demonstrate compliance with the applicable regulations

In contrast, the NRC has statutory responsibility for evaluating the DOE LA, determining the adequacy
of the DOE demonstration of compliance, and making a decision regarding the issuance of a construction
authorization for the proposed repository. Thus, the NRC will use its PA program as one of the vehicles
to develop the independent review capability to evaluate the DOE PAs included in the LA. Therefore,
the DOE PAs should be considerably more thorough in depth and breadth than the NRC PAs. In the
review of the LA, the NRC will conduct a general analysis of the DOE TSPAs, supplemented by in-depth
reviews and independent analyses of selected aspects of the DOE PAs deemed of critical importance to
a determination of compliance.
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The NRC PA program offers both direct and indirect benefits to the HLW regulatory program.
Direct benefits include (Eisenberg et al., 1994a):

(i) Basis for interactions and providing comments regarding the adequacy of the DOE site
characterization program and of the assumptions made by the DOE in its iterative
total-system and subsystem PAs

(ii) Evaluation of the proposed DOE resolution of specific technical issues during the pre-LA
period

(iii) Evaluation of compliance determination methods (CDMs) to assist in the development of
guidance for the DOE

(iv) Determination of feasibility of implementing regulatory requirements and identification
of modifications, if necessary

Indirect benefits include (Eisenberg et al., 1994a):

(i) Improved understanding of the behavior of the repository and the surrounding geologic
medium

(ii) Improved translation of results obtained with mathematical models to support both pre-
LA and LA review reactive activities

(iii) Improved collaboration and coordination among the various technical and scientific
disciplines needed for effective PA analyses

(iv) Development of relevant information needed to identify and prioritize NRC-sponsored
research activities

These and other PA-related activities are important to achieving the basic goals of the HLW regulatory
program.

Many relatively complex technical issues of a multidisciplinary nature are involved in assessing
the future performance of a HLW repository. To meet the NRC mission of protecting public health and
safety, the NRC, during the licensing process, must take positions regarding the behavior of the
repository in the context of the regulatory performance objectives. In addition, the NRC will comment
on and provide guidance to the DOE on the completeness and adequacy of the site characterization
program and engineering design, as well as on the DOE LA to construct, operate, and close the proposed
YM repository. The PA will provide a sound technical basis for the NRC positions and comments on the
DOE repository program within the framework of regulatory performance objectives in the regulations.

1.2 ITERATIVE PERFORMANCE ASSESSMENT IN HIGH-LEVEL
RADIOACTIVE WASTE PROGRAM

As practical and plausible as the construction of a deep geologic repository may seem, such a
facility is an extremely complex system. The generic prevalent repository design is based on a
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multiple-barrier concept consisting of: (i) the packaging of the wastes in containers, (ii) the engineered
underground facility and its components in which the wastes are entombed, and (iii) the geologic medium
surrounding the engineered facility. Each of these systems provides a barrier for the isolation of the
wastes. The basic tenet of the multiple-barrier concept is that the redundancy of the system will decrease
the likelihood that the wastes will escape and reach the biosphere if one of the barriers were to fail.
Therefore, estimating the long-term behavior of the disposal system and its ability to effectively isolate
the wastes requires, in principle, a thorough and in-depth understanding of all the components of the
system and the interactions between them. This is a task that cannot be accomplished in the strictest
scientific sense, for the repository is a poorly understood system.

Because HLW can remain hazardous for hundreds to thousands of years, regulatory time frames
are very long, typically on the order of 10,000 yr in the United States, and even longer in other countries
(Gallegos and Bonano, 1993). Such long time frames, coupled with the complexity of the system,
preclude the unequivocal forecast of the system's performance and behavior (Johnson et al., 1990;
Bernero, 1991; Fehringer and Coplan, 1992). The complexity and the temporal and spatial scales of the
system are such that a myriad of technical uncertainties will affect the estimation of the system's
performance. In addition, uncertainties of a regulatory nature, such as possible multiple interpretations
of a given requirement or ambiguity in what steps need to be taken to demonstrate compliance, will make
it difficult to demonstrate (DOE) or determine (NRC) compliance with regulatory requirements (Johnson
et al., 1990; Fehringer and Coplan, 1992; Eisenberg et al., 1994a).

The waste management community generally accepts that it is not possible to acquire the
necessary understanding all at once; rather, this understanding will be developed in a progressive manner,
where past lessons underpin the design of new analyses and investigations (Gallegos and Bonano, 1993).
Therefore, inherently, the development of this understanding will be iterative. Such an iterative approach
has even been proposed for use in the basic sciences by the science philosopher Feyerabend (1978). He
has suggested that even in the basic sciences the choice of paradigm and of theory initially relies heavily
on subjective judgments, and that using iterative approaches allows one to keep an open mind and to
propose alternatives or counter-theories. These, in turn, form the basis for discussions and exchanges
among scientists which eventually, in principle, results in improved theories.

However, unlike science, which strives to precisely bound a given problem, determining the
performance of a repository system is characterized by undefined boundaries. Therefore, PA, while
founded on scientific principles, needs to accommodate factors and interactions that are not well
characterized a priori. PA analyses are fundamental to establishing what is relevant with respect to
repository system performance and demonstration of compliance with the attendant regulatory
requirements. Perhaps more importantly, these analyses also provide a means for analysts to ascertain
what is known and what is not about the system (i.e., the nature and extent of the uncertainties). It is the
combination of these two types of information (what is relevant and the uncertainties) that provides input
to the identification and prioritization of data collection and other research needs.

Early on, the prevalent view in the DOE HLW regulatory program was that PA was a
quantitative exercise to be performed at or near the end of site characterization, the latter being the source
of information used as input for PA. However, this view has gradually changed, based primarily on NRC
comments on the DOE Site Characterization Plan (SCP) for YM (Coplan et al., 1990), to the point that
today PA is universally viewed as a tool which needs to be used concurrently and iteratively with site
characterization. This view is not only accepted in the United States, but also in many of the countries
with major radioactive waste management programs (Nuclear Energy Agency, 1990; Gallegos and
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Bonano, 1993). The iteration between site characterization and PA has lead to the concept of IPA. In the
United States, EPA analyses are being conducted for the proposed HLW repository at YM independently
by both the DOE (Barnard et al., 1992; Doctor et al., 1992; Wilson et al., 1994) and the NRC (Nuclear
Regulatory Commission, 1992, 1995; Eisenberg et al., 1994a), and for the Waste Isolation Pilot Plant
(WIPP) by the DOE [Sandia National Laboratories (SNL), 1992, 1993). The NRC is also advocating IPA
for low-level waste disposal systems (Campbell et al., 1993).

IPA is now considered as the means to provide critical guidance for research and data collection.
IPA can also be used to assess design specifications for engineered features that are proposed to enhance
the isolation capabilities of the repository.

1.3 ROLE OF ITERATIVE PERFORMANCE ASSESSMENT IN
THE NUCLEAR REGULATORY COMMISSION HIGH-LEVEL
RADIOACTIVE WASTE PROGRAM

The options available to the NRC after evaluating the DOE LA are clear: (i) granting or denial
of the construction authorization, or (ii) determination that more information is needed for it (NRC) to
make a defensible decision (Nuclear Regulatory Commission, 1994; Johnson, 1994). However, the
complexity and scales of an HLW repository system, coupled with an incomplete state of knowledge
about the system, preclude the NRC from making a sound decision regarding construction authorization
if the LA review were to rely exclusively on DOE analysis and results. The temporal and spatial scales
over which the behavior of the system needs to be ascertained and the difficulty of collecting needed data
and information are some of the reasons for the incompleteness of the state of knowledge about the
system. It is also recognized that, due to practical considerations, after every reasonable effort has been
made to reduce uncertainties, some will still remain (Fehringer and Coplan, 1992). These remaining
uncertainties, better known as "residual uncertainties," and the manner in which they are addressed in
the LA will be one of the areas that the NRC will need to evaluate before making a decision on
construction authorization (Fehringer and Coplan, 1992).

While the responsibility to develop the understanding of the repository system and to collect data
aimed at reducing uncertainties critical to repository performance lies on the shoulders of the DOE, the
NRC nonetheless needs to develop its own insights and understanding about the system for it to be able
to discharge its regulatory duties in an informed manner. It is widely accepted within the international
community that regulatory agencies need to develop and exercise independent PA capabilities. Besides
the NRC, other regulatory agencies that are either developing or have developed these capabilities include
the EPA in the United States (for the WIPP), the Department of Environment/Her Majesty's Inspectorate
of Pollution in the United Kingdom, and the Nuclear Power Inspectorate in Sweden, to name a few.

The evaluation of the long-term performance of a HLW repository system is an
under-determined problem. That is, it is a problem that, due to an incomplete state of knowledge, lends
itself to multiple interpretations of the available information. For these reasons, the NRC needs to conduct
technical analyses to generate a basic understanding of the system. The technical analyses about repository
behavior allow the NRC to explore alternative interpretations, which is particularly important in light of
the suite of uncertainties that will have to be addressed. The NRC needs to be in a position to evaluate
not only the interpretations but also the logic and assumptions supporting those interpretations. The
analysis of multiple, and possibly conflicting, interpretations based on subjectivejudgments will be carried
out using two complementary approaches (Fehringer and Coplan, 1992): (i) examination of the technical
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basis, logic, and assumptions for each interpretation; and (ii) evaluation of the potential impact of each
interpretation on the behavior of the repository. By conducting the technical analyses, the NRC will be
in a position to: (i) evaluate the merits of each interpretation of the system; (ii) provide guidance to the
DOE about data that ought to be collected to discriminate among apparently equally acceptable, but
conflicting interpretations; and (iii) possibly develop its own interpretations.

The NRC IPA program also offers a framework in which to cast many of the pre-LA
consultations with the DOE. It gives the NRC staff a basis for: (i) reviewing the DOE TSPAs for YM,
(ii) identifying key technical and site characterization issues that can be used as guidance to the DOE on
site characterization, (iii) comparisons between approaches used by the DOE and the NRC, and
(iv) developing a script for discussions at technical exchanges and technical meetings. IPA also helps the
NRC in (i) the identification and prioritization of research and other HLW program activities, and (ii)
the coordination of work across many different technical and scientific disciplines and across several
organizations [e.g., Office of Nuclear Material Safety and Safeguards (NMSS), Office of Nuclear
Regulatory Research (RES), and CNWRA]. This enhances the likelihood that the NRC is (i) focusing
limited resources on the truly important issues, and (ii) acquiring and using effectively the necessary suite
of technical and scientific disciplines it needs to carry out its mission successfully.

Finally, the IPA program allows the NRC to examine the implementability of regulatory
requirements. This use of IPA is critical to the development of rulemakings, as stated above, and of staff
technical position papers (Johnson et al., 1990; Johnson and Linehan, 1991). The Energy Policy Act
(EnPA) of 1992 mandates the EPA to seek the advice of the National Academy of Sciences (NAS) in the
revision of 40 CFR Part 191 as a result of the court action regarding that regulation. The EnPA raises
three issues on which the NAS is expected to comment: (i) whether a health-based standard, based on
doses to individual members of the public, would be reasonable; (ii) whether post-closure oversight of
a repository, based on active institutional controls, could prevent an unreasonable risk of breaching the
repository's barriers or of causing unacceptable radiation doses to the public; and (iii) whether it is
possible to make scientifically supportable predictions of the probability of human intrusion for 10,000 yr.
The NRC has engaged in significant interactions with both the NAS and the EPA on the development of
recommendations by the former, and on the review and adoption of those recommendations by the latter.
The NRC will conduct PA analyses on specific options being considered by the NAS to support the NRC
interactions with the latter. PA analyses will also be used to evaluate the impact of proposed EPA
modifications of 40 CFR Part 191 on 10 CFR Part 60, and to make recommendations for revisions to
the latter, as appropriate, for those requirements relevant to PA.

1.4 RELATIONSHIP OF ITERATIVE PERFORMANCE ASSESSMENT
TO OTHER HIGH-LEVEL RADIOACTIVE WASTE PROGRAM
ACTIVITIES

The NRC is implementing the Systematic Regulatory Analysis (SRA) as part of a systems
engineering approach to carry out its HLW regulatory program (Nuclear Regulatory Commission, 1994).
Through the SRA, Compliance Determination Strategies (CDSs) and CDMs are being systematically
developed to guide the staff's review of the DOE LA and to provide criteria to judge the acceptability
of the DOE demonstration of compliance with the regulatory requirements. The SRA has allowed the
NRC to identify Key Technical Uncertainties (KTUs) that are deemed significant to repository
performance and that the DOE should be addressing during site characterization. IPA complements the
SRA by assisting in the identification, evaluation, and prioritization of KTUs, and in this manner ensures
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that the limited resources of the NRC are focused on those issues of considerable relevance to the
determination of compliance. This use of IPA provides a basis for the design of the NRC confirmatory
research activities on the truly critical KTUs. Jointly, the SRA and IPA are two of the tools that will help
the NRC develop guidance to the DOE during the pre-LA phase, review plans and other technical
documents prepared by the DOE, and develop rulemakings and staff technical positions. There is a
synergistic effect between SRA and IPA. SRA helps ensure that IPA activities are appropriately focused
on issues relevant to the regulatory program. That is, SRA ensures that IPA contributes positively to the
development of needed regulatory products and eventually to the review of the LA, as will be discussed
below. In turn, IPA evaluates KTUs originally identified in the SRA as well as new ones that could not
have been anticipated. IPA evaluates the significance and likely impact of each of the KTUs, both existing
and new ones, and prioritizes them relative to repository performance. The updated KTUs are then input
to the SRA. This iterative process is repeated until it is determined that all potentially important KTUs
have been identified and resolved.

The NRC has developed a hierarchy of regulatory documents to guide and plan the suite of
reactive and proactive activities in the HLW regulatory program. At the top of that hierarchy is the
Overall Review Strategy (ORS) (Johnson, 1994). The ORS outlines the general approach that will guide
the NRC staff in the conduct of the pre-LA consultations and reviews and in the review of the LA. The
LARP presents the approach that the NRC will employ in the review of the various aspects of the LA,
including the application of CDMs developed through the SRA. Finally, the FCRG provides guidance
on the type of information and order of presentation of this information, that the NRC believes should
be included by the DOE in the LA. A strategic plan for the HLW PA program is currently under
development; besides describing the suite of activities under the PA program (including IPA), it describes
the manner in which PA supports the ORS, LARP, and the FCRG.

As stated in the ORS (Johnson, 1994), the top-level goals of the NRC HLW regulatory program
are to conduct effective pre-LA consultation and LA review to support a decision, within the mandated
3-yr time frame, regarding construction authorization for a HLW repository. Consistent with these two
top-level goals, the PA program goals are to: (i) conduct PA-related activities (e.g., IPA, subsystem PAs,
evaluations of KTUs); (ii) develop regulatory products (e.g., technical guidance and positions, CDMs,
and reviews of DOE study plans and TSPA reports); and (iii) train and maintain the staff in areas related
to TSPA and subsystem PAs necessary to carry out the NRC statutory responsibilities. The goals of the
PA program essentially entail establishing, maintaining, refining, and applying a suitable capability in PA
for the conduct of all prelicensing and licensing activities.

The HLW regulatory program has four major program objectives: (i) develop regulatory
requirements and technical guidance, (ii) develop technical assessment capability for conducting repository
licensing and prelicensing reviews, (iii) conduct pre-LA reviews and QA audits, and (iv) conduct
research. The general objectives of the PA program parallel the overall objectives of the HLW Program,
but the former are focused only on PA aspects. Thus, the four PA program objectives are: (i) maintain
and refine the regulatory structure pertaining to PA; (ii) develop a technical assessment capability in
total-system and subsystem PAs for conducting pre-LA and LA reviews; (iii) conduct pre-LA reviews
and support QA audits; and (iv) identify and prioritize user needs in PA (i.e., basis for research projects),
and monitor progress towards meeting those needs.
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1.5 PROGRESS OF ITERATIVE PERFORMANCE ASSESSMENT
ACTIVITIES

1.5.1 Iterative Performance Assessment Phase 1

IPA Phase 1 was undertaken primarily to demonstrate the ability of the NRC to conduct a PA
(Nuclear Regulatory Commission, 1992). The NRC staff (NMSS and RES) conducted this IPA exercise
without the assistance of contractors. The analysis depended on the availability of limited YM site-related
data, numerous simplifying assumptions, and a small number of scenarios. The analysis had two
components:

(i) Quantitative estimation of total-system performance using available mathematical models
and computer codes

(ii) Documentation of the rationale and auxiliary analyses to support and evaluate the
assumptions invoked in the total-system calculations

The focus of the calculations was on the total-system performance measure stipulated in the
containment requirements in §191.13 of the 1985 version of the EPA standards. The calculations
exercised practically all aspects of the HLW PA methodology developed for the NRC at SNL (Cranwell
et al., 1987; Bonano et al., 1989; Gallegos, 1991), including uncertainty analysis and sensitivity analysis.
Uncertainty analysis was used to quantify the uncertainty in the performance measure due to uncertainty
in the input parameters and in the future states that the disposal system could attain. The results from the
uncertainty analyses were used to construct the complementary cumulative distribution function (CCDF)
of total radionuclide discharges to the accessible environment over the 10,000-yr regulatory period, as
prescribed in 40 CFR 191.13. Sensitivity analysis was performed to identify the uncertain input
parameters with the largest relative influence on the uncertainty of the estimated performance measure.
The sensitivity analysis provided some insights regarding data needs and the associated priorities.

Other objectives satisfied in Phase 1 include:

* Evaluation of the adequacy of existing tools, both in terms of methodologies and approaches
and of calculational tools (e.g., computer codes)

* Development of insights regarding the need to further enhance these tools

* Limited evaluation of data needs for the DOE site characterization program, and the
associated priorities

The main conclusion of IPA Phase 1 was that NRC successfully demonstrated its capability to conduct
a TSPA for YM.

1.5.2 Iterative Performance Assessment Phase 2

IPA Phase 2 used the same basic approach as Phase 1. IPA Phase 2 was a joint effort of three
organizations; two within the NRC (NMSS and RES) in addition to the CNWRA. IPA Phase 2 included
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significant enhancements over IPA Phase 1. These enhancements were the result of implementing many
of the recommendations from Phase 1, and included (Nuclear Regulatory Commission, 1995):

* Creation of a largely automated total-system computer code

* Addition of a dose assessment capability

* Evaluation of the SNL scenario-selection methodology

* Addition of two disruptive processes (volcanism and seismicity, in addition to climate change
and human intrusion)

* Refinement of modeling of groundwater flow and radionuclide transport processes in
unsaturated fractured rock

* Addition of gaseous transport pathway

* Addition of radionuclide transport in the saturated zone

* Improvement of treatment of the radionuclide source term (including mechanistic waste
package failure, improved waste dissolution and transport model, and gaseous-phase source
term)

* Addition of new methods for uncertainty analysis and sensitivity analysis

* Improvement of spatial resolution of the repository layout, source term, and
hydrostratigraphy

The ability to incorporate more scenario classes and other potentially important radionuclide
transport pathways (e.g., gas-phase transport) gives the NRC increased flexibility to explore more
alternative interpretations and formulations of the repository system. Therefore, the NRC is now able to
calculate more meaningful CCDFs than after Phase 1. Specifically, the NRC has the capability to examine
different approaches to construct the CCDF as well as different uncertainty analysis and sensitivity
analysis methods, which enhances the capability to evaluate the DOE PA analyses.

The main conclusions of IPA Phase 2 are:

* Infiltration rate has the highest correlation with overall system performance

* The time of liquid water contact with waste packages has a high correlation with overall
system performance

* Pitting and crevice corrosion potentials, as well as solubilities and alteration rates, have high
correlations with overall system performance

* Repository heat load has the potential to significantly affect performance
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* Carbon 14 dominates a release-based performance measure, but is relatively insignificant for
a dose-based performance measure

* Both seismicity and volcanism can lead to large releases; however, their probabilities are low
enough to not have a significant effect on the overall system performance in the context of
a release standard

* Dominant radionuclides for population dose include 94Nb, 210Pb, 243Am, and 237Np

* The subsystem performance measures of Groundwater Travel Time (GW'T)
[10 CFR 60.113(a)(2)] and substantially complete containment [10 CFR 60.113(a)(1)(A)]
show a strong positive correlation with the overall release-based performance measure, and
the fractional release rate performance measure [10 CFR 60.113(a)(1)(ii)(B)] shows a milder,
yet still positive, correlation

* The scenario methodology employed by the NRC is sound and suitable for conducting and
evaluating a TSPA

1.5.3 Iterative Performance Assessment Phase 2.5

The expert judgment elicitation exercise for future climate scenarios in the YM region conducted
in Phase 2.5 had four basic objectives (DeWispelare et al., 1993):

* Acquire experience in the expert judgments elicitation process that will aid in reviews of the
use of expert judgments and the development of NRC guidance on expert judgment
elicitation

* Examine the formal and informal application of expert judgments, and investigate
aggregation and consensus-building techniques for use with panels of multiple experts

* Form an expert panel and apply techniques to elicit expert judgments on characteristics and
probabilities of future climate scenarios in the YM region

* Provide estimates of future precipitation, cloud cover, and temperature that can be used in
IPA Phase 3

This exercise addressed an issue of high priority to PA: the use of expert judgments in the
regulatory process (Coplan et al., 1990). Both the NRC Advisory Committee on Nuclear Waste and the
Nuclear Waste Technical Review Board have identified this issue as one of critical importance. It has
been suggested that workshops be held between the DOE and the NRC to address this issue.

As a result of Phase 2.5, the NRC now will be able to (i) comment on specific aspects of the
DOE use of expert judgments, (ii) develop guidance on the use of expert judgments, if necessary, and
(iii) better evaluate the effect of climate changes on the performance of the proposed YM repository.
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1.5.4 Iterative Performance Assessment Phase 3

Phases 1, 2, and 2.5 have allowed the NRC staff to develop a sufficient level of understanding
about the attendant open and relevant issues regarding the YM site. That understanding will provide the
basis to begin the detailed review and evaluation of the DOE total-system approaches, including
assumptions, logic, and methods used to estimate performance, and this will be one of the aspects of IPA
Phase 3. More specifically, IPA Phase 3 will enhance the NRC capability to evaluate the DOE Technical
Site Suitability (TSS) Determination for YM, expected in FY98. IPA Phase 3 will also support staff
guidance to the DOE, participation in DOE/NRC Technical Exchanges and Technical Meetings, and the
evaluation of KTUs.

IPA Phase 3 is expected to contribute to the evaluation of the TSS in the following areas:

(i) Evaluation of the DOE waste isolation strategy

(ii) Evaluation of DOE High-Level Findings (HLFs) supporting the TSS determination

(iii) Review of DOE TSPAs expected in FY96 and FY98

A detailed plan for Phase 3 is currently under preparation to identify specific DOE KTUs or
HLFs that IPA will address. The DOE is expected to issue a number of topical reports between now and
FY99, and IPA Phase 3 results will be used to provide insights that will allow the staff to review and
evaluate these reports. Specific topical reports expected include:

* GWTT (FY96)
* Third Seismic Hazards Methodology (FY96)
* Process Models (FY97)
* Postclosure Tectonics Hazard Assessment (FY98)
* Subsystem Models (FY98)
* Dose Assessment/Radiological Release Methodologies (FY99)
* TSPA Model (FY99)

IPA Phase 3 is also expected to provide the staff with the requisite insights to review and
evaluate HLFs in the DOE TSS; some of these HLFs include:

* Postclosure Erosion qualifying and disqualifying conditions (FY95)
* Postclosure Surface Characteristics qualifying condition (FY95)
* Postclosure Tectonics disqualifying condition (FY97)
* Postclosure Human Interference disqualifying condition (FY97)
* Postclosure Geohydrology qualifying condition (FY98)
* Postclosure Geochemistry qualifying condition (FY98)
* Postclosure Rock Characteristics qualifying condition (FY98)
* Postclosure Climate qualifying condition (FY98)
* Postclosure Human Interference qualifying condition (FY98)
* Postclosure Tectonics qualifying condition (FY98)
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IPA Phase 3 will support the SRA by permitting the evaluation of selected NRC KTUs with
respect to their likely impact on repository performance and their ranking based on relative importance.
This will help focus NRC technical assessment and research activities on those areas of greatest
significance. It will also provide a fundamental basis for the development of CDMs. IPA Phase 3, like
its predecessors, will support NRC HLW reactive activities and the participation of the staff in NAS
deliberations on the development of new EPA standards for the YM site. Finally, because the DOE has
yet to finalize its repository design (including thermal loading and waste emplacement options), IPA will
explore different design alternatives and assumptions, and their potential impact on performance. This
exploration will assist in the identification of important processes, phenomena, and parameters and will
aid in the model abstraction process. Specific interrelationships between IPA and other NRC and
CNWRA activities are described in more detail in Chapter 2, as well as in specific technical activities
outlined in Chapter 3.
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2 INTERRELATIONSHIP WITH OTHER
PROGRAM ELEMENTS

An independent capability to conduct PA is a key component in the HLW program that will allow the
NRC to carry out effective pre-LA and LA reviews. PA is comprised of: (i) synthesis of data and
information, (ii) modeling and computation to estimate total-system and subsystem performance of the
repository, and (iii) auxiliary analyses which are often conducted on a finer level of detail and on
narrower topics. PA is conducted iteratively as additional or new site data are obtained and synthesized.
The primary purpose of IPA is to develop and maintain: (i) the requisite technical capability; (ii) the
necessary array of quantitative tools; (iii) state-of-the-art scientific expertise; and (iv) the staff, support,
and management infrastructure required to conduct these assessments. EPA helps determine the level of
modeling detail necessary to simulate processes and phenomena (and their respective interactions). Often,
the level of detail is explored by auxiliary analyses which: (i) evaluate assumptions used in obtaining the
estimates of performance, (ii) synthesize data into parameter sets used as input to numerical codes for
estimating performance, and (iii) consider alternative conceptual models.

This PA capability is expected to be used during the LA evaluation and, prior to that time, to provide
an independent evaluation of critical parts of the DOE estimates of repository performance. During the
LA evaluation, it is expected that the NRC will adopt an audit-approach review that concentrates
independent calculations on key areas. The ongoing efforts in IPA are expected to contribute significantly
to other regulatory products. These contributions include: (i) technical insights and practical experience
to assist in the development of regulatory guidance, (ii) ongoing evaluation of the DOE site
characterization activities and PA program, and (iii) insights into the definition and resolution of technical
topics and prioritization of NRC and DOE program activities, including HLW research. IPA provides
quantitative information that helps to determine the importance of various topics, activities, data, and
models. Early phases of IPA have focused on developing the technology and analytical teams to execute
PA at the NRC. Subsequent phases of IPA are expected to focus more on evaluation of DOE IPAs and
their implications for site investigations and design.

Development of models and codes for IPA covers the various component disciplines of PA, including
geology, hydrology, geochemistry, climatology, rock mechanics, thermohydraulics, and corrosion
science. These various disciplines will be integrated through a program of TSPA. Often, these various
disciplines reside in other program elements. IPA performs an important function by integrating the
activities of numerous discipline-specific experts. Figure 2-1, for example, shows the initial contributions
of staff to IPA Phase 3 from the following CNWRA program elements: Performance Assessment (PA);
Geohydrology and Geochemistry (GHGC); Repository Design, Construction, and Operations (RDCO);
Engineered Barrier System (EBS); Geology and Geophysics (GLGP); and Waste Systems Engineering
and Integration (WSE&I).

Knowledge gained through IPA contributes to evaluation of the significance of PA-related KTUs and
associated review strategies in the LARP. This knowledge also contributes to model and code
development by identifying key issues, assumptions, and parameters significant to site suitability and
repository performance. In the following sections, some of the key interrelationships between IPA and
other program elements are summarized. These interrelationships are discussed in detail in the 1994 draft
of the PA Strategic Plan (Park et al., 1994).
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Figure 2-1. Initial proposed contribution of Center for Nuclear Waste Regulatory Analyses
program elements to Iterative Performance Assessment Phase 3

To a large extent, the NRC HLW activities, including IPA, are dictated by the statutory
requirements of the NWPA, the EnPA of 1992, and the regulatory requirements of 10 CFR Part 60. The
PA program provides fundamental information for regulatory activities carried out under the auspices of
the HLW program, and IPA, as a component of the overall PA program, contributes significantly to these
regulatory activities as well.

2.1 ENERGY POLICY ACT

Under the provisions of the EnPA of 1992, the EPA commissioned a study by the NAS to
develop the technical bases for standards applicable to the YM site. An NAS panel was formed to provide
findings and recommendations to the EPA for use in formulating the standards. The NRC is an active
participant in the ongoing NAS panel meetings and is currently formulating positions on various aspects
of the proposed EPA standards. A wide variety of PA activities is envisioned to support NRC
participation in these interactions, such as: (i) examining the regulatory history of radiation protection
standards, (ii) searching for references in the 10 CFR Part 60 statements of consideration that relate to
the persistence and effectiveness of institutional controls, (iii) reviewing and evaluating the NAS panel's
consultant reports, and (iv) articulating the NRC positions in formal presentations to the NAS panel.

Because of the possibility of a dose standard being included in standards for the YM site, the
NRC will study the implementability of such a standard as well as the possible use of the reference
biosphere concept. Such studies are part of the IPA exercises. Specifically, results from IPA Phase 2 will
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be utilized to examine the possible implications of the proposed standards in estimating the performance
of the repository. Plans for IPA Phase 3 include examination of the viability of a dose health-based
standard for a HLW repository. Information generated and insights gained from the IPA exercises will
be used by the NRC to formulate positions on proposed standards.

2.2 NUCLEAR WASTE POLICY ACT

In general terms, the NWPA and its amendments outline nine items that define the NRC
responsibilities in the repository program. These items consist of: (i) promulgating regulations;
(ii) reviewing and commenting on the DOE Mission Plan; (iii) providing input to the DOE Project
Decision Schedule; (iv) reviewing and commenting on the DOE SCP; (v) providing preliminary comment
on the sufficiency of the DOE at-depth site characterization analysis and waste form proposal;
(vi) supporting state, local, and tribal participation; (vii) preparing status reports on its LA review to
Congress; (viii) making a licensing decision for Construction Authorization; and (ix) focusing on the YM
site.

IPA contributes to the satisfaction of NWPA mandated items during the prelicensing period by
providing information that allows technical reviews of the following:

* 10 CFR Part 60 to resolve regulatory and technical issues related to its implementation (i.e.,
regulatory uncertainties)

* DOE SCP progress reports, SCP study plans, and the periodic Early Site Suitability
Evaluation (ESSE) reports

* DOE repository and waste package designs, waste-form proposals, and site characterization
analysis

IPA activities in these areas are conducted with the aim of ensuring a sound regulation and providing
early feedback to the DOE on their site characterization and design programs.

2.3 U.S. DEPARTIMENT OF ENERGY

Interactions with the DOE on PA topics and issues is an essential prerequisite to developing
consensus on: (i) PA methodology applicable to the YM site, and (ii) appropriate methods for
demonstration of compliance with the regulations. IPA supports interactions with the DOE in three
general areas:

* Reviews of the DOE total-system and subsystem PAs, related topical reports, and LA
annotated outline

* Participation in PA technical exchange and technical meetings

* Guidance preparation on PA methodology and components thereof

The objective behind staff reviews of the DOE pre-LA activities and documents is to provide
guidance to the DOE on site characterization requirements, ongoing design work, and licensing issues
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important to the DOE development of a complete and high-quality LA. These reviews help to ensure that
the NRC can fulfill its statutory responsibilities requiring comments on: (i) the sufficiency of the DOE
site characterization program and waste form proposal, and (ii) a licensing decision for construction
authorization. This approach is intended to focus on potential licensing issues and to review in detail how
the DOE is addressing these issues in its site characterization and design program. Reviews will be
supported by analyses, such as IPA, conducted during the pre-LA phase and work being completed in
the development of other technical assessment methods. The staff will also use its efforts in reducing the
regulatory uncertainties for performance objectives in 10 CFR Part 60 to develop guidance on how the
rule will be implemented. This will allow the staff to provide comments to the DOE during site
characterization that will be consistent with the manner in which the NRC will conduct its licensing
review.

The PA staff takes part in formal interactions (i.e., technical meetings) with the DOE and its
contractors periodically to: (i) review and consult on interpretations of data, (ii) identify potential
licensing issues, (iii) agree on the sufficiency of available information and data, and (iv) agree on methods
and approaches for the acquisition of additional information and data as needed to facilitate NRC reviews
and evaluations and the resolution of potential licensing issues. PA staff also participate in informal
exchanges (i.e., technical exchanges) conducted to discuss specific technical or regulatory topics within
the area of expertise. IPA results provide background information for the staff to use in these interactions.

One of the outcomes of interactions with the DOE at technical exchanges and technical meetings
is the identification of areas in which the NRC is likely to provide guidance to the DOE regarding
approaches that will be acceptable to the staff. To date, five such areas have been identified in which the
staff is expected to develop guidance: (i) the elicitation and use of expert judgments, (ii) the definition
of scenarios and estimation of their probability of occurrence, (iii) the construction of the CCDF of
radionuclide releases to the accessible environment over 10,000 yr, (iv) model validation, and (v)
biosphere transport. At present, the IPA exercises are the main contributor of information and bases for
the development of such guidance.

2.4 LICENSE APPLICATION REVIEW PLAN AND KEY
TECHNICAL UNCERTAINTIES

Implementation of the SRA process for preparation of the LARP helped focus the staff efforts
on key areas to help optimize resources during the review of the LA. The SRA identified KTUs and
regulatory uncertainties that need be addressed to allow the staff to ensure that it (i) develops the
necessary capabilities to conduct effective pre-LA and LA reviews, and (ii) resolves uncertainties in the
definition and implementability of the performance objectives in 10 CFR Part 60 which will ensure the
DOE submits a complete and acceptable LA.

Within the SRA process, technical uncertainties have been defined to exist where there is a lack
of certitude as to how to demonstrate (by the DOE) or determine (by the NRC) compliance with a
regulatory requirement in 10 CFR Part 60. This includes lack of certitude (even controversy) about
(i) methods for obtaining information, (ii) methods for analyzing information, or (iii) the understanding
of conditions or processes. It also includes staff concerns with the DOE program documented as
objections, comments, or questions.
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KTUs were initially identified through staff judgments in the course of its review of the
applicable regulatory requirements that the DOE will have to demonstrate compliance with in the LA.
The staff's initial judgments are being examined in the IPA effort to assess the significance of these KTUs
with regard to compliance with the appropriate regulations. Additional KTUs may also be identified in
the course of the IPA exercises as well as other analyses on specific issues believed to be important to
repository performance.

The SRA process identified five KTUs pertaining to PA: (i) conceptual model uncertainty,
(ii) mathematical model uncertainty, (iii) model validation, (iv) model parameter uncertainty, and
(v) future states uncertainty. Each of these KTUs and the manner in which IPA is being employed to
assist in their resolution are briefly summarized in the following sections.

2.4.1 Conceptual Model Uncertainty

A conceptual model describes the conditions or processes believed to exist in the system under
consideration (e.g., the total repository system or a specific subsystem thereof), the geometry and
dimensionality of the system, the temporal and spatial scales of the conditions or processes, the
parameters governing the conditions or processes, and the initial or boundary conditions imposed on the
system. There are two sources for conceptual model uncertainty. First, different interpretations of data
may lead to speculations about the particular conditions or processes that exist, or are expected to exist,
in the system and the coupling between them. Second, the paucity of data makes it difficult for analysts
to decide the level of detail necessary to model the behavior of each identified condition or process. There
are three basic issues associated with conceptual model uncertainty. First, there is a need for a systematic
approach on how to formulate conceptual models from the available data. Second, there is a need for a
systematic approach for deciding the type of data that should be collected to allow discrimination between
different conceptual models and eventual elimination of one or more conceptualizations from further
consideration in the PAs. Third, because data collection is not without limit, it is likely that several
alternative conceptual models will remain at the completion of the site characterization program.
Therefore, methods need to be explored for representing this residual uncertainty in the estimate of the
performance measure(s).

Because an acceptable procedure has not been developed for addressing conceptual model
uncertainty, the NRC is identifying an approach to evaluate the representativeness and completeness of
conceptual models used by the DOE in their PAs (Eisenberg et al., 1994b). IPA contributes to the
resolution of conceptual model uncertainty through evaluation of the impact of alternative conceptual
models on total-system and subsystem PAs.

By reviewing the data collected by the DOE to develop, support, and investigate alternative
conceptual models, the staff will be able to determine the adequacy of each of its conceptual models. The
adequacy of a conceptual model depends on two factors: (i) the level of agreement of the assumption(s)
embedded in the model with the available data, and (ii) the impact of the model on the PA results. To
evaluate these factors, the staff will conduct reviews of the DOE total-system and subsystem PAs. Such
reviews will allow the staff to examine, when a set of models is used in PA analyses, if there is
consistency in the assumption(s) for each of the models in the set. Finally, by reviewing the DOE YM
PAs, the staff will be able to determine whether the DOE has adequately addressed the impact of
alternative conceptual models.
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The difficulties associated with the formulation of conceptual models, the inherent uncertainty,
and its potential significant impact on PA results require that the staff undertake independent activities

related to the resolution of this KTU. Thus, development and application of conceptual models are, and
will continue to be, integral parts of the IPA effort. The staff will test selected DOE conceptual models

it deems of potential significance and will explore new or revised conceptual models that, based on
insights gained, could also be significant to PA and the demonstration (DOE) and determination (NRC)
of compliance. These assessments will identify aspects of the DOE or NRC conceptual models that need

to be examined in more detail via the collection of new or additional data. This information will be

converted into guidance to the DOE for its site characterization program. The staff may also decide to
undertake confirmatory research activities needed to examine specific conceptual models or aspects
thereof.

2.4.2 Mathematical Model Uncertainty

In order to predict the performance of the system, conceptual models need to be translated into

mathematical equations. The set of one or more equations that represents a given conceptual model is the
associated mathematical model. The need for solution tractability in general requires that simplifying
assumptions be involved to reduce the qualitative description in the conceptual model to mathematical
equations. Because the validity of the assumptions used in the formulation of the mathematical models

cannot be ascertained a priori, there is uncertainty associated with these models. The models typically
used to simulate the behavior of the repository system, or any of its subsystems, are quite complex and

generally do not allow for analytical solutions. Instead, the solution of these models often requires the
use of numerical techniques (such as finite elements and finite differences) that need to be implemented
in computer codes.

Similar to the treatment of conceptual model uncertainty, there is no unique approach for the
development and application of mathematical models and computer codes in total-system and subsystem
PAs. Therefore, the staff will determine the appropriate approach to establish the representativeness and

adequacy of mathematical models and computer codes used by the DOE in its PAs. Through the conduct
of IPA and other detailed analyses, the staff will be able to examine the effect of assumptions embedded
in the DOE models and codes on the PA results. This will allow the staff to identify those assumptions
having the largest impact on the PA for the YM repository.

2.4.3 Model Validation

Conceptual models, mathematical models, and computer codes used by the DOE in the

demonstrations of compliance with the overall system and subsystem performance objectives in 10 CFR

Part 60 will be based on simplifying assumptions. Therefore, the staff will need to ascertain whether these

models and codes, given their intended use, adequately represent the conditions or processes existing in

the system. Due to the timeframe over which predictions of system or subsystem performance will be
made and to the complexity of the system, it is not possible to completely validate, in the strict scientific
sense, the models (e.g., by comparing the model output to the real world over 10,000 yr). As a result,

uncertainty is present. The NRC activities for addressing model validation have three basic components:
(i) develop, through PA research activities, a strategy for model validation; (ii) continue to participate
in bilateral and multilateral international model validation activities; and (iii) develop guidance to the DOE
regarding the model validation approach. Using the experience and insights gained from IPA, as well as
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other NRC-funded activities, significant progress has been made on the first two items (Eisenberg et al.,
1994c).

2.4.4 Model Parameter Uncertainty

The numerical values of the parameters needed to exercise the models and codes are obtained
through an estimation process involving interpretation or analysis (e.g., parameter fitting, interpolation,
scaling, etc.) of typically sparse field or laboratory data. There are limitations to the ability to fully
characterize a repository system and its inherent temporal and spatial variability, thus leading to
uncertainty in the numerical values of model parameters.

Parameter uncertainty arises from two sources: (i) the inherent uncertainty in the measured data
from which the numerical values of the parameters are inferred, and (ii) the uncertainty introduced by
the interpretation of the data. Quantification of parameter uncertainty is typically in the form of statistical
representations or probability density functions (PDFs). Once quantified, the parameter uncertainty can
be propagated through the PA codes using Monte Carlo simulation.

The NRC advocates the use of IPA to increase the likelihood that data collection is aimed at
generating information most critical to the estimation of performance. The basic tenet behind such
philosophy is that by propagating the uncertainty in input parameters to the uncertainty in the estimate
of the performance measures (i.e., uncertainty analysis), and by identifying those parameters that have
the largest influence on the performance measure (i.e., sensitivity analysis), data collection can be focused
on the most important parameters.

The conduct of the IPA exercises allows the identification of the important parameters, and
through pre-LA reviews of the DOE total-system and subsystem PAs, the PA staff is able to provide
guidance to DOE about those parameters. In this manner, the NRC will provide guidance and
recommendations on site characterization activities. Finally, as part of the IPA effort, the PA staff will
examine different procedures in order to construct the distributions needed to represent the uncertainty
in the numerical values of parameters.

2.4.5 Future States Uncertainty

The performance of the proposed repository must be estimated over 10,000 yr. Such estimation
will require consideration of the possible future states of the repository system over that timeframe. The
complexity of the system and the length of the regulatory period preclude forecasting the system's
evolution over 10,000 yr; thus, the source of uncertainty. The current approach taken by the NRC and
the DOE to account for this uncertainty is to develop scenarios. Each scenario is believed to represent
a realization of the possible future state of the system. Each scenario is assigned a probability of
occurrence representing the degree of belief that the scenario will occur. The 1985 version of 40 CFR
Part 191 assumes that PAs need not consider categories of events or processes that are estimated to have
less than one chance in 10,000 of occurring over 10,000 yr; that is, scenarios with a probability of less
than 10-8 /yr need not be included in PAs. Therefore, some accuracy in the estimation of probability of
occurrence is required. Through the IPA effort, the NRC is applying and evaluating different approaches
or methods for the development of scenarios and for estimating their probability of occurrence. The
insights gained from the IPA exercises will be a major source of information for the formulation of
guidance on scenario development and on the estimation of their probability of occurrence.
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2.5 SITE CHARACTERIZATION ACTIVITIES

IPA is concerned with estimating the suitability of the YM site as a repository. The development
of different mathematical models and computer codes is needed to provide tools that can be utilized to
determine site suitability and either the presence or absence of favorable conditions (FACs) and
potentially adverse conditions (PACs), as well as guide site characterization activities. Even though the
development of the necessary models and codes falls outside much of the purview of EPA, the staff works
closely with other program elements where discipline-specific codes and CDM tools are being developed.
In this manner, the IPA programs interact with other HLW program elements to ensure: (i) effective
integration between PA and those program elements, and (ii) the availability of the necessary modeling
tools in a timely manner for use in IPA exercises (e.g., see Figure 2-1)-both are necessary for evaluating
the YM site. On the other hand, the uncertainty and sensitivity analyses conducted in the IPA exercises
assist in the identification and ranking of selected assumptions and parameters for the estimation of
repository performance. These results are used by staff in other program elements as guidance to ensure
that the model and code development activities are focused on those issues most significant to
performance.

EPA is currently providing guidance for development of the following models and codes:

* Geological Model and Code (GLGP Element)

* Geochemical Model and Code (GHGC Element)

* Geotechnical Model and Code (RDCO Element)

* Hydrological Model and Code (GHGC Element)

* EBS Model and Code (EBS Element)

IPA provides a unique juncture where the analysis tools and skills from a spectrum of technical activities
can be combined into a TSPA of anticipated performance and overall site suitability.

It is anticipated that Phase 3 will focus on the DOE HLFs and the anticipated TSS
determinations expected in FY98 (see Section 1.5.4). In particular, Phase 3 is expected to focus the
independent, quantitative assessment capabilities of the NRC on the postclosure HLFs, as outlined in the
Program Approach (U.S. Department of Energy, 1994a). The schedule and scope of IPA Phase 3 is
expected to parallel the DOE TSPA activities which the DOE is planning to support the TSS
determination. In anticipation of Phase 3, the CNWRA has been working in a number of specific areas
(each activity is called a subtask). Ongoing and completed subtasks are listed in Table 2-1. All of the
subtasks have the objective of improving the NRC independent technical assessment capability. In
addition, some tasks have specific objectives of contributing to the evaluation of HLFs which support the
TSS determination, as well as influencing repository design and site characterization activities. Thirteen
of these subtasks are discussed in more detail in Chapter 3.
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Table 2-1. Center for Nuclear Waste Regulatory Analyses Iterative Performance Assessment Phase 3
subtasks

Subtask and Area of Major Contribution Status

Climate Linked Infiltration: See Section 3.1
Evaluate the DOE Waste Isolation Strategy and Site Characterization
Activities

Shallow Infiltration: See Section 3.2
Evaluate the DOE Waste Isolation Strategy and Site Characterization
Activities

Deep Infiltration: See Section 3.3
Evaluate the DOE Waste Isolation Strategy and Site Characterization
Activities

Radionuclide Inventories: See Section 3.4
Improve Technical Assessment Capabilities

3D Hydrostratigraphic Model: See Section 3.5
Improve Technical Assessment Capabilities l

Carbon System Model: See Section 3.6
Evaluate the DOE Waste Isolation Strategy and Site Characterization
Activities

Waste Package Environment: See Section 3.7
Evaluate Thermal Management Strategy and Site Characterization
Activities

Faulting Module: See Section 3.8
Evaluate the DOE HLF on Tectonic Processes to Support TSS

Drift Stability: See Section 3.9
Evaluate the DOE HLF on Rock Characteristics to Support TSS

Site-Specific Dose Parameters: See Section 3.10
Evaluate the DOE Waste Isolation Strategy and Site Characterization
Activities

Key Radionuclides: See Section 3.11
Improve Technical Assessment Capabilities

Total-System Performance Assessment Code: See Section 3.12
Improve Technical Assessment Capabilities l

Evaluation of Seals KTU: See Section 3.13
Assist LARP Development l
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3 PROGRESS OF SPECIFC SUBTASKS

Thirteen ongoing and completed subtasks within IPA Phase 3 at the CNWRA are described in this
chapter. For each subtask, a summary of the objectives, description of the technical approach, and
progress/conclusions are provided.

3.1 CLIMATE LINKED INFILTRATION

3.1.1 Objectives

The TSPAs conducted to-date by the NRC (Nuclear Regulatory Commission, 1995), DOE
(Wilson et al., 1994) and Electric Power Research Institute (EPRI) (1992) have consistently shown
infiltration rate to be a key parameter that strongly influences postclosure performance. This finding
motivated a NRC-sponsored study of the future (e.g., next 104 yr) climate of the YM site (DeWispelare
et al., 1993). That study provided expert elicitation of the future climate in the vicinity of YM in terms
of changes in precipitation, temperature, and cloud cover (Figure 3-la, b, and c). In a first attempt to
translate these climate predictions into estimates of infiltration rates, an auxiliary analysis was performed
using an analytical model of variably saturated flow.

3.1.2 Description

A new one-dimensional (iD) analytical model (Gureghian et al, 1994) was developed and
applied to calculate the infiltration rate or moisture flux. The model accommodated long-term trends in
future climate as well as seasonal variations in precipitation and temperature (Figure 3-la,b). The model
calculations assumed a light vegetative cover at the surface of the site and utilized estimates of
evapotranspiration obtained using the Penman (1956) equation, meteorologic data, surface energy balance,
and aerodynamic theory (Figure 3-id). Sample model results are presented in Figures 3-2 and 3-3 which
show the flux resulting from seasonal and annual variations in the surface flux. It is apparent from these
results that the magnitude of the flux is asymptotic to 6 mm/yr. This value falls in the range of infiltration
rates assumed in the IPA Phase 2 study which were 0.1 to 5 mm/yr for the nominal case and 5 to 10
mm/yr for the pluvial case.

To provide a basis for evaluating parameter uncertainties, the analytical model also included a
first order reliability method (FORM). This method provides estimates of probabilistic sensitivity
measures for the specified performance measure, such as infiltration rate. The application of the FORM
indicated that evapotranspiration was an important parameter in the calculation of the infiltration rate.
This suggests that DOE site characterization activities should be directed toward obtaining adequate
evapotranspiration data, possibly through field lysimeter studies.

3.1.3 Progress/Conclusions

Following completion of this preliminary analysis of the relationship of climate and infiltration,
more detailed modeling studies were pursued. These follow-on studies, which attempted to more
realistically represent the YM site and the current meteorologic conditions, utilized detailed simulation
models. The current status of those studies is described in subsequent sections on Shallow Infiltration and
Deep Infiltration.
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3.2 SHALLOW INFILTRATION

3.2.1 Objectives

Following the climate-linked study, more detailed modeling studies were initiated to better
quantify the movement of water in the near-surface. These studies were based on temporal variations
using available meteorologic data. The spectrum of temporal variation (short and intense thunderstorms,
diurnal changes, seasonal changes) (Figure 3-4), heterogeneities of the unsaturated zone, and the long
time frames of interest make modeling of long-term infiltration at the YM site a challenging task. To
make this modeling problem amenable to computer analysis, the unsaturated zone has been divided into
a near-surface zone (i.e., upper 10 m) and a deep zone. In the near-surface zone, changes in moisture
fluxes occur on a diurnal time frame to meteorologic events. In contrast, the deep zone exhibits primarily
gradual variations in the moisture flux. An auxiliary analysis was initiated to provide a capability of
estimating the moisture flux: (i) across the air-soil interface, and (ii) into the deep zone (beyond 10 in).

A methodology for modeling shallow infiltration as a function of meteorologic conditions was recently
developed (Stothoff, 1995) and is being applied in a parametric modeling study. Ultimately, the model
will be used to develop a probabilistic representation of infiltration rate for use in the TPA code.

3.2.2 Description

A ID finite element model of coupled moisture and energy transport in a porous media,
BREATH (Stothoff, 1994), was used to simulate the response of the near-surface porous media for
varying amounts (10 cm to 10 m) of alluvial cover present over 5 m of nonwelded Paintbrush Tuff (PTn).
Each case used atmospheric forcing at the top and gravity drainage at the bottom. Atmospheric forcings
were based on a 10-yr sequence of hourly weather readings from the National Weather Service at Desert
Rock, Nevada. For each simulation, the 10-yr sequence of atmospheric forcings was repeated several
times.

3.2.3 Progress/Conclusions

Among the conclusions are that seasonal variation penetrates deeper than daily variation; vapor
diffusion is an important transport mechanism in the top half meter; when the underlying PTn is dry,
vapor diffusion downward is the mechanism for redistributing gravity-drained liquid across the
alluvium/PTn interface into the PTn; and the underlying PTn, which has been artificially initialized to
wetter-than-equilibrium conditions, undergoes a slow drying (Figures 3-5 and 3-6). The alluvium cover
has a clear effect on the fluxes through the underlying PTn. The alluvium cover tends to maintain close
equilibrium with atmospheric conditions over time scales on the order of a decade, although this influence
decays with depth. In the deepest cover, gravity drainage is the predominant mechanism by which water
reaches the PTn, and only a small percentage of the incident rainfall makes it all the way through the
alluvium. On the other hand, in the shallowest cover, the PTn layer is strongly influenced by atmospheric
forcing and responds with a larger flux that is found to decay exponentially with depth. Thus, a higher-
permeability (alluvium) layer has acted as a barrier to flow through an underlying lower-permeability
(PTn) layer. Preliminary results indicate that the alluvium layer similarly acts as a barrier to flow through
underlying fractures. These findings will be used to develop an improved model for the infiltration at the
YM repository, which has been found in recent TSPAs to be a key parameter affecting overall
performance.
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3.3 DEEP INFiLTRATION

3.3.1 Objectives

The majority of numerical modeling efforts related to deep infiltration for the YM project
assume that the net infiltration signal is uniformly distributed in space and time. The mean values used
in these types of simulations do not take into account the more extreme rainfall rates that may occur due
to either interannual or interseasonal fluctuations, or even individual storm events. It is hypothesized that
focusing the infiltration signal may have a significant effect on various measures related to performance.
These measures include, but are not limited to: (i) GWTT estimate, (ii) flux of water and its temporal
variation at selected points in space, and (iii) saturation levels at selected points.

3.3.2 Description

This work is examining the effects of focusing infiltration in space and time, so that the net
infiltration rates remain at the 0.1 to 5 mm/yr levels, thus ensuring that the total mass of water entering
the system is preserved, but allowing the infiltration rates to locally become several orders of magnitude
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higher. This effort will attempt to provide answers to the following questions: (i) how does moisture
propagate under conditions of focused recharge in a uniform porous medium? (ii) is the temporal
averaging of infiltration affecting flow patterns? (iii) what is the effect of spatial focusing and temporal
amplification on a travel time related measure? (iv) what is the effect of focused recharge along the
Solitario Canyon fault? and (v) is the juxtaposition of dipping strata along subvertical faults providing
conditions where perching may occur?

A pilot analysis of temporal or spatial averaging of infiltration signals was conducted using
BIGFLOW (Ababou and Bagtzoglou, 1993). A homogeneous block of rock (10x20x25 m) with
hydraulic properties characteristic of the Calico Hills unit was studied for a base infiltration rate of 100
mm/yr, and two and four levels of spatial and temporal averaging, respectively. The different levels of
averaging are classified using two indices: (i) a Spatial Focusing Index (SFI) (defined as the ratio of
wetted area to total area for the same quantity of flow), and (ii) a Temporal Amplification Index (TAI)
(defined as the ratio of maximum to mean infiltration for an approximately sinusoidal variation with a
period of 10 yr). More specifically, the two SFIs were 4 and 17. 1, and the four TAIs were 1, 1.5, 1.56,
and 1.57. The effects of these factors can be seen in Figure 3-7. Preliminary findings of this study are:
(i) the area under the focused percolation (vertical transect right underneath the centroid of the area of
focusing) is substantially wetter for the higher focusing index and, furthermore, it is associated with
extensive lateral flow; (ii) the moisture penetration depth is consistently underestimated in cases when a
temporally averaged infiltration signal is employed; and (iii) at high temporal sampling frequencies for
the infiltration signal, the spatial focusing effect on moisture penetration depth is insignificant.

3.3.3 Progress/Conclusions

Based on lessons learned from the pilot analysis, a second, more realistic, problem was
addressed. A series of several vertical, east-west cross-sections has been extracted from the current
CNWRA hydro-geostratigraphic model of YM. The cross-sections have been selected in a manner such
that they intersect the Solitario Canyon longitudinal axis at right angles. Representative hydraulic property
values were assigned to each of the seven strata comprising the model. Only matrix properties were used
and these were derived from boreholes GU3-3, GU3-7, G4-4, G4-7, GU3-14, GU3-18, and G4-21. The
Solitario Canyon and Ghost Dance faults were modeled only as geometric discontinuities.
Two-dimensional (2D) flow simulations were conducted under the following three cases: (i) a relatively
"wet" initial system which drains under gravity, this case serving as the initial condition for the two other
cases; (ii) a uniform infiltration rate being imposed as the top boundary condition; and (iii) a spatially
focused infiltration rate imposed over the Solitario Canyon fault area corresponding to an SFI of 4.83,
well within the range studied during the pilot analysis. Preliminary findings of this study are: (i) the
Paintbrush Tuff-nonwelded unit exhibits significant lateral flow; (ii) juxtaposed geologic strata provide
the opportunity for perching of water to occur; and (iii) focusing recharge (preferentially) along the
Solitario Canyon fault has a profound effect on the velocity patterns (e.g., Figure 3-8), but no effect on
the extent of the perched zones, at least for the combination of parameters studied so far.

3.4 RADIONUCLIDE INVENTORIES

3.4.1 Objectives

During the execution of a TSPA, it is necessary to repetitively calculate and query the suite of
radionuclide inventories. For example, in the recent NRC IPA Phase 2 effort (Nuclear Regulatory
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Figure 3-7. Spatial focusing and temporal amplification effects on a travel time-related
measure

Commission, 1995), the inventories of 20 distinct radionuclides were tracked from 10 yr out-of-core

(assumed age at emplacement) up to 10,000 yr. It was found that this task was computationally

burdensome and logistically overly complicated as numerous modules in the TPA code accessed this

information. The INVENT module (Lozano et al., 1994) was developed to centralize the calculation of

radionuclide inventories for spent nuclear fuel and create an efficient storage and retrieval interface for
other modules to access this information.

3.4.2 Description

The INVENT module was developed by integrating three general computer programs:

(i) GALAXY, a graphical user interface development software package used to select the parameters

which are important in radionuclide generation; (ii) ORIGEN2, a radionuclide inventory program (Croff,
1983; Ludwig and Renier, 1989) used for calculating the creation, buildup, and decay of radionuclides;

and (iii) ORACLE, a relational database program used for sorting and reporting the results. The user

interface is designed to readily change the key parameters which dictate the radionuclide inventory,

without requiring expertise in the ORIGEN2 program. The ORIGEN2 code performs the detailed
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calculations necessary to generate the radionuclide inventories and takes into account Pressurized Water
Reactor (PWR) or Boiling Water Reactor (BWR) mixture of waste, varying degrees of burnup of the fuel,
the presence or absence of cladding material, and the times at which decayed inventories are desired. A
set of standard predefined choices has been implemented in the GALAXY software to facilitate running
INVENT. One important choice is the subset of radionuclides to be tracked, and predefined options
include either the DOE-sponsored TSPA-91 (Barnard et al., 1992), DOE-sponsored TSPA-93 (Wilson
et al., 1994), NRC-sponsored IPA-1 (Nuclear Regulatory Commission, 1992), or NRC-sponsored IPA-2
(Nuclear Regulatory Commission, 1995).

The radionuclide calculations were verified by comparing the results with other published
results, and plotting the inventories for times from 10 to 1,000,000 yr (Figure 3-9). The trends in the
inventories were compared with those published elsewhere (e.g., Roxburgh, 1987). As expected, some
radionuclide inventories continuously decrease with increasing time, some remain relatively constant over
long periods of time (those with long half-lives), and some increase with time (daughters in a decay
chain). For example, 238Pu has an 87.7-yr half-life and its inventory can be observed to continuously
decrease with time. Another example is 34U, which has a 244,500-yr half-life, and remains relatively
constant up to - 100,000 yr. An example of daughter ingrowth can be seen with 23 0 Th, 226Ra, and 210Pb,
which are in the 238U decay series of radionuclides. Hence, the inventories of daughters increases with
increasing time.

3.4.3 Progress/Conclusions

In summary, the INVENT module was developed to facilitate the calculation of radionuclide
inventories in the TPA code. Radionuclide inventories are frequently required in the IPA exercises and
by other modules in the TPA code. It is expected that INVENT will improve the overall effectiveness
of the TPA code in future IPA exercises.

3.5 THREE-DIMENSIONAL HYDROSTRATIGRAPHIC MODEL

3.5.1 Objectives

A fundamental component of flow and transport calculations is the hydrogeologic description
of YM. Recently, the DOE has completed their TSPA-93 using the most recent data from site
characterization activities (Wilson et al., 1994). In addition, the CNWRA has developed a
three-dimensional (3D) framework model for YM (Stirewalt et al., 1994). Thus, it appears timely to
construct a 3D hydrostratigraphic model to provide an updated foundation for flow and transport
calculations in IPA Phase 3.

3.5.2 Description

A 3D hydrostratigraphic model of the proposed YM repository site is being developed,
comprised by the following eight Tertiary volcanic lithostratigraphic units, from youngest to oldest: Tiva
Canyon Formation of the Paintbrush Tuff (moderately to densely welded ashflow tuffs); undifferentiated
formations of the Upper Paintbrush Tuff (nonwelded to partially welded tuffs); Topopah Spring Member
of the Paintbrush Tuff (lithophysae-rich, moderately to densely welded ashflow tuffs); the repository
horizon in the Topopah Spring Member of the Paintbrush Tuff (lithophysae-poor, moderately to densely
welded ashflow tuffs with basal vitrophyre); undifferentiated Calico Hills, Lower Paintbrush Tuff, and

3-10



Cm

03 >\Am

AL \\ < C ~~~~~~~~~~~~~Th

102 0 Cs
l 2->X\Sn

' \ \ \Ni

lo 10=_ b'

LU Pa'

0 PC?22
100 -0-- Ac227

, 1 ~~~~~~~~~~~~~~0 * Npr 7

a % S ETm'
5 1

-h----- 1~129

s 101o- Ag18m

105~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0- ~ ~ ~~~~~~~~~~~~~~ ~~~~Pd'

1l12 1 Mo93

Nb94

L~Zr
93

Se79
-c-- a'36

10 4 ~ ~ ~ ~ ~ ~ ~ ~ ~~-c--C 14

lo, 102 103 i0 io'5 10 6

Time from Reactor (years)

Figure 3-9. Radionuclide inventory as a function of time

3-11



Upper Crater Flat Tuff (zeolitic, nonwelded ashflow tuffs and bedded tuffs); Prow Pass Member of the

Crater Flat Tuff (moderately welded ashflow tuffs); undifferentiated Upper Crater Flat Tuff, including

the Lower Prow Pass and Upper Bullfrog units (zeolitic, nonwelded to partially welded ashflow tuffs and

bedded tuffs); and Bullfrog Member of the Crater Flat Tuff (moderately to densely welded ashflow tuffs).

The water table surface and the Bow Ridge, Ghost Dance, and Solitary Canyon faults are presently

included in the 3D model which encompasses the repository block.

3.5.3 Progress/Conclusions

The lithostratigraphy has been zoned by adding parameters for porosity and saturated hydraulic

conductivity on a unit-by-unit basis. The data for these parameters were drawn from information in

borehole logs. The repository horizon exhibits distinct values for these hydrologic parameters (e.g., a low

14 percent porosity) which make it hydrologically distinctive in the present model (see Figure 3-10). In

addition to the boreholes, three balanced geologic cross sections were used to constrain the surface

geometry of the faults and the stratigraphic horizons. At least three additional cross sections will be

constructed to provide additional subsurface control on stratigraphic horizons and the faults. Other faults

will likely be added to the model at a later date, as will additional hydrologic data as they become

available.

3.6 CARBON SYSTEM MODEL

3.6.1 Objectives

Carbon system geochemistry in the proposed nuclear waste repository at YM would exert

multiple controls on radionuclide migration. A computer model is being developed that couples

nonisothermal equilibrium carbon system reaction chemistry to an independent heat and two-phase fluid

flow simulation for the partially water saturated repository site. The chemical model comprises the

essential reactions that affect the carbon system at YM (Figure 3-1 1).

3.6.2 Description

With increasing temperature in the near field, CO2 exsolves from the aqueous phase, which is

the major carbon reservoir, to the gas phase. Consequently, as solution pH rises with temperature, the

dominant aqueous carbon speciation shifts from HCO3- to C032- and calcite (CaCO3 ) precipitates. As

the liberated CO2 is transported in the gas phase to the far field, local pH diminishes slightly. Bicarbonate

and carbonate are dominant aqueous complexing compounds for many radioactive waste species in the

YM groundwater system. The thermal impact on carbon system chemistry and consequently on pH,

therefore, alters radioelement solubilities and solid-liquid distribution coefficients potentially by orders

of magnitude. The time-dependent model for pH in the geologic system provides a primary constraint for

performance modeling of retardation of radionuclide transport. Depletion of aqueous calcium due to

calcite precipitation destabilizes calcic clinoptilolite, which is a major alteration product of the silicic tuffs

with significant sorption capacity. Increasing pH in the near field, particularly in conjunction with

increasing temperature, causes a transient increase in silica solubility followed by silica precipitation on

cooling.

Radioactive carbon 14 is also a constituent of nuclear waste proposed for disposal at YM.

Carbon 14 released from the engineered barrier system will mix as a trace component in the multiphase

3-12



GhostDanceFault
Flytario Canyon Fault Bow Ridge n

Figure 3-10. Three-dimensional hydrostratigraphic model for Yucca Mountain



ESSENTIAL CARBON SYSTEM CHEMICAL REACTIONS

1. C02 (gas) 4 C02 (aqueous)

2. C0 2(aq) + H2 0(water) 4 H+(aq) + HC03-(aq)

3. HC03- 4 H+ + CO3
2 -

4. CaC0 3(calcite) + H2 0 + C0 2(gas) t Ca2+ + 2HC03-

5. CaC0 3(calcite) + H+ X Ca2+ + HC03-

LOG K (EQUILIBRIUM CONSTANT)

Reaction 0 OC

1.
2.
3.
4.
5.

-1.13
-6.56

-10.62
-5.61

2.07

25 0C

-1.46
-6.37

-10.34
-6.11

1.71

60 0 C

-1.73
-6.33

-10.21
-6.85

1.21

100 OC

-1.95
-6.43

-10.28
-7.70

0.69

Figure 3-11. Essential carbon system chemical reactions and equilibrium constants as a function of temperature



carbon system of the repository environment. Hence, the carbon system model also permits assessment
of carbon 14 migration. Carbon 14 is transported primarily in the gas phase at a retarded velocity
because, in the absence of desiccation, carbon remains predominantly in the aqueous phase.

3.6.3 Progress/Conclusions

Preliminary model results portend major excursions in carbon system chemistry from ambient
conditions due to repository heating and fluid flow. Coupling models for heat and fluid flow with
chemical reactions demonstrate that carbon system chemistry would affect performance of a repository
at YM through controls on solution pH, radioelement solubility, retardation of radionuclide migration by
sorption, stability of sorptive phases, and carbon 14 migration.

3.7 WASTE PACKAGE ENVIRONMENT

3.7.1 Objectives

A fundamental problem in understanding the redistribution of moisture in a HLW repository
emplaced in an unsaturated porous host rock is transport of liquid water and water vapor in the near-field
of the repository. It is proposed to bury HLW at YM in the unsaturated zone several hundred meters
above the water table. The motivation for this location for a HLW repository is the relatively dry
conditions caused by the partially saturated host rock. The present average rainfall is less than 10 mm/yr.
The ambient liquid saturation of the Topopah Spring (TSw) stratigraphic unit, in which it is proposed to
dispose of the waste, is approximately 65 percent. The total porosity of the rock matrix is about
10 percent, however, this still amounts to a large quantity of liquid water. Of major concern is the
mobilization of this water by boiling and evaporation or condensation processes as a consequence of the
large quantity of heat generated by the waste products as they decay with time. Following emplacement
of the heat-generating waste, complex multiphase mass and heat flow processes are expected to take
place. These processes include flow of liquid water, water vapor, and air under pressure gradients; binary
diffusion of air and water vapor; conductive and convective heat transfer; phase changes between liquid
and gaseous states; capillary and adsorption forces; and gravity (Pruess et al., 1990a,b; Buscheck and
Nitao, 1992; Pruess and Tsang, 1993, 1994; Green et al., 1992). Capillary forces give rise to vapor
pressure lowering effects causing the boiling point of water to be raised substantially above its nominal
value at ambient pressure. To further complicate the situation, these processes take place in a highly
fractured, heterogeneous porous medium composed of different stratigraphic units with spatially varying
material properties.

3.7.2 Description

To investigate the assumptions and approximations used in various two-phase flow models of
a HLW repository, a detailed auxiliary analysis was conducted using a repository-scale model (Lichtner
and Walton, 1994). The repository is modeled as a disk with gravity pointing vertically downward,
enabling cylindrical symmetry to be invoked (Figure 3-12). The radius of the disk-shaped heat source,
which provides an average representation of the heat-generating HLW, is related to the areal power
density (APD) used in the repository design. The near-field region, extending vertically from the land
surface to some distance below the water table and laterally well beyond the location of the emplaced
waste containers, can be expected to undergo substantial changes from ambient conditions. Both iD and
2D calculations are carried out, first for a single-layer homogeneous medium using properties of the TSw

3-15



Ground Surface

z
Repository

Water Table

Figure 3-12. Cylindrically symmetric repository-scale model

unit and then for a multilayer medium consisting of four different stratigraphic units characteristic of the
YM site (Figure 3-13). Calculations are based on the equivalent continuum model in which a fractured
porous medium is represented as a single continuum based on properties of the fracture network and rock
matrix. Heat loads of 57 and 114 kW/acre APD were applied using 10-yr-old mixed BWR and PWR fuel.
Computations were carried out using the two-phase fluid flow code CTOUGH, a modified version of
VTOUGH (Nitao, 1989), which has an improved user friendly input/output (I/O), and includes an
enhanced direct solver which reduces both central processing unit (CPU) time and memory by up to
factors of three or more, compared to the original VTOUGH code, when run on a Sun workstation or
equivalent.

Liquid saturation and relative humidity were calculated for 100, 1,000, and 10,000 yr, and are
plotted in Figure 3-13 for the reference thermal load of 57 kw/acre. The saturation and relative humidity
profiles indicate a significant difference between the cases with and without enhanced vapor diffusion.
Much greater dryout occurs with enhanced vapor diffusion. The relative humidity, however, is not as
significantly effected as the saturation.
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3.7.3 Progress/Conclusions

The ID calculations based on a vertical section through the center of the repository disk give
an almost identical description of the heat and moisture redistribution in the porous rock column
compared to the 2D calculations (Lichtner and Walton, 1994). For the single-layer case, vapor transport
is found to be downward across the repository horizon, contrary to what is expected from buoyancy
effects consistent with Tsang and Pruess (1987), and a heat-pipe is formed in the high-thermal loading
case (114 kW/acre). For the multilayer case, enhanced binary diffusion is shown to have a pronounced
effect at low heat loads, but only a minor impact at the high heat load. Relative humidity was found to
provide a more sensitive indicator of the moisture content of the repository than liquid saturation.
Humidity may be an important factor in consideration of the near-field region because corrosion of steel
can take place under humid conditions even if liquid water is not present. Future studies should include
model calculations extended to include the multiple interacting continua model that provides for
disequilibrium between fractures and the rock matrix.

3.8 FAULTING MODULE

3.8.1 Objectives

In the DOE program approach (U.S. Department of Energy, 1994a), a number of postclosure
qualifying and disqualifying conditions are identified as part of the TSS determination made by the
Secretary of the DOE. There are approximately ten postclosure HLFs scheduled to be completed from
July 1996, through June 1998, that will support the TSS determination expected in September, 1998. One
postclosure HLF is tectonics as a disqualifying condition of the site. The DOE describes the disqualifying
condition as fault movements which are expected to cause loss of waste isolation (U.S. Department of
Energy, 1994a). Although many studies will contribute to the evaluation of this HLF, the DOE has
explicitly stated that their TSPA-97 will focus on postclosure qualifying and disqualifying conditions,
including tectonics and faulting. To date, neither the DOE-sponsored TSPAs (Barnard et al., 1992;
Wilson et al., 1994) nor the NRC-sponsored TSPAs (Nuclear Regulatory Commission, 1992, 1995) have
included tectonic processes. Only EPRI (1992) has included direct disruptive effects of fault displacement
in a TSPA. The purpose of this effort is to design a new FAULTING module for the TPA code (Sagar
and Janetzke, 1993). The new design will be based on the results and experience gained through NRC-
funded research on tectonic processes and the available literature. This module is being developed for use
by the NRC to independently assess the probabilities and consequences of faulting at the YM site, hence,
to evaluate the HLF and the TSS determination.

3.8.2 Description

The new FAULTING module is designed to be compatible with the TPA code. The approach
is similar to other disruptive modules for volcanism (Lin et al., 1993), seismicity (Freitas et al., 1994a),
and drilling (Freitas et al., 1994b). A large simulation area (50x50 km) is selected for the YM region.
It is assumed that the DOE will take precautionary measures to stand off from known faults. Hence, only
undetected faults are assumed to pose future direct-disruption risks to waste isolation. For the YM region,
the probability of one (or more) currently undetected fault(s) becoming active (having a large discrete slip
event) is quantified and used as the probability of the scenario class (see Nuclear Regulatory Commission,
1995, for a discussion of scenario classes). The FAULTING module will only be used for the case where
one or more large discrete events occur within 10,000 yr. The probability of more than one undetected
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fault in the YM region becoming active within 10,000 yr is sufficiently small [given a minimum
recurrence interval of 60,000 yr (Electric Power Research Institute, 1992)], so that only one discrete
event is simulated. The logic of the module is as shown in Figure 3-14. The module determines the
location, strike orientation, dip angle, length (assuming negligible width), recurrence interval, slip
magnitude (for a large discrete event), and continuous slip rate. Each of the fault parameters are randomly
sampled from predefined probability distributions. The distributions are based on the experience of
geologists and the available data (e.g., Electric Power Research Institute, 1992). Currently, only direct
disruptive effects of fault movement are modeled, although it is recognized that indirect effects through
hydrology are potentially important. A separate IPA subtask is considering indirect effects, however, it
is not discussed here.

Having described the fault, the magnitude of discrete slip is compared to the threshold
displacement required to induce waste package failure. Currently, the threshold displacement is based on
the structural integrity of the package and the potential mechanical load induced by a fault-degraded drift.
As such, the threshold displacement may be a function of the corroded wall-thickness of the package and
may vary with time. In addition to a large discrete event (slip from about 5 to 45 cm), cumulative slip
is allowed and the time at which the cumulative slip exceeds the threshold slip is calculated. The
minimum time to exceed the threshold slip is then selected. If the discrete event has a slip magnitude
below the threshold and the cumulative slip is sufficiently small such that it never exceeds the threshold
in 10,000 yr, then the module predicts no disruptive consequences. If disruption occurs, then the module
communicates waste package disruption information to the source term model (Sagar et al., 1992).

3.8.3 Progress/Conclusions

At this time, the technical basis for the module has been established and is being reviewed
before implementation in software (Stirewalt et al., 1995). It is important to build a consensus on the
technical description before writing software with its required documentation and QA procedures.

3.9 DRIFT STABILITY

3.9.1 Objectives

Geomechanical conditions at the YM site are characterized by a highly fractured rock mass with
prominent vertical and subvertical faults and joints (U.S. Department of Energy, 1988a). An important
phenomenon that could affect the preclosure and postclosure performance of a proposed repository at YM
is repeated ground motions due to seismic activities. One of the concerns regarding repository
performance is the cumulative effect of repetitive seismic loads on the stability of drifts for the
emplacement of waste packages. The potential effects of drift instability on waste package performance
due to impingement of falling rocks include: (i) breach of corrosion-weakened waste packages, a likely
scenario at the later stage of design life of waste packages; and (ii) contributing to local acceleration of
waste package degradation, which may lead to a reduction in containment lifetime. These effects are
expected to be more pronounced if the emplacement drifts are not backfilled after permanent closure-a
viable option that is under consideration by the DOE (U.S. Department of Energy, 1994b; TRW
Environmental Safety Systems Inc., 1994).

In order to assess these potential effects with reasonable confidence, a reasonable model for
predicting drift instability needs to be developed. This work is intended to develop such a capability
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through numerical modeling using the UDEC distinct element computer code which considers more
realistic geological information at the emplacement horizon. This analysis consists of three tasks: (i) to
determine potential earthquake characteristics at the YM site using the SEISM 1.1 code that is currently
under evaluation, (ii) to collect rock mass mechanical property data at the emplacement horizon, and (iii)
to perform numerical modeling and develop an abstracted model to predict drift stand-up time.

3.9.2 Description

Disaggregation is the process of identifying the magnitude and distance of earthquakes that are
principal contributors to seismic hazards. Disaggregation of a probabilistic seismic hazard (PSHA) was
performed for YM using the SEISM 1.1 computer code to determine the characteristics of earthquakes
to be used in numerical analyses of drift stability. Separate computations were made for each fault seismic
source zone at YM. Three hazard levels were used for the disaggregation analysis; they are the
accelerations that, statistically, will occur 10-2, 10-3, and 10-4 times in a year. Hazard is defined as
the inverse of the return period for a given acceleration, for example, a 10-2 /yr hazard is the 100-yr
return period for the associated acceleration calculated by the PSHA. The resulting earthquake time
function characteristics are listed in Table 3-1.

The distance listed in the table denotes the distance to the repository horizon from the
earthquake which is contributing most to the hazard for each seismic source zone. The time function
(strong motion accelerograin) characteristics listed in Table 3-1 are for the 50th constant percentile
hazards developed with the average of attenuation functions used in the PSHA for YM with published
expert opinions. The 50th constant percentile acceleration will be exceeded as often as it is not exceeded
in the PSHA calculation. These values are preliminary and will need to be re-evaluated as site
characterization proceeds. It should be noted that directly recorded time functions are not likely to be
available which match the specifications listed in Table 3-1. Therefore, several time functions that bound
these specifications are being acquired for use in the numerical modeling.

The planned emplacement horizon for the proposed repository is currently located in the TSw2
thermomechanical unit. Only limited data are presently available regarding the rock mass mechanical
properties of the TSw2 unit-in particular, the joint properties that are necessary for the numerical
analysis. Table 3-2 lists some data for the rock properties of the TSw2 unit and associated standard
deviations. These data were collected primarily from a report prepared by Lin and Hardy (1992) and the
ESF Package 2C Design document (U.S. Department of Energy, 1994b) and will be updated when
additional information becomes available. Based on the available data, the uniaxial compressive strength,
Poisson's ratio, and modulus of elasticity were found to satisfy the Gamma and Weibull distribution. Note
that the joint properties listed in Table 3-2 are for the Mohr-Coulomb joint model. The joint pattern and
spacing for the TSw2 unit are not currently available.

The 50th constant percentile acceleration determined from faulting in the vicinity of YM, with
probability distributions, defines the seismic hazard at YM. Structural failure predicted by dynamic
analyses using digital strong motion records (time functions), which have the 50th constant percentile
accelerations, predict the 50th constant percentile of failure. The accelerations provide a probabilistic
estimate of the time of failure of engineered barriers and consequent initiations of a higher rate of
radionuclides released caused by seismic activity anticipated at YM.
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Table 3-1. Summary of time function characteristics

Peak Acceleration
Hazard Per Year Magnitude (Richter) Distance (kn) Predicted (g)

10-2 4.8 7 0.07

5.7 30 0.07

10-3 6.9 15 0.31

5.8 3 0.31

0-4 6.9 6.5 0.61

Table 3-2. Rock mass mechanical properties for the TSw2 thermomechanical unit

Properties Description Values ]
Intact Rock Uniaxial Compressive Strength 159+81 MPa

Poisson's Ratio 0.19+0.05

Modulus of Elasticity 30+0.5 GPa

Density 2,257 kg/m3

Joint Cohesion 0.08 MPa

Angle of Friction 470

3.9.3 Progress/Conclusions

It is anticipated that models for seismic activity at YM, as well as rock mass characterization,
will allow the assessment of drift stability. This will allow IPA to assess the impact of rock characteristics

on postclosure performance, one of the HLFs in the DOE TSS determination expected in FY98.

3.10 SITE-SPECIFIC DOSE PARAMETERS

3.10.1 Objectives

Based on the Energy Policy Act of 1992, the NAS committee is currently reviewing the EPA

standards applicable to licensing a HLW repository. While the committee has not yet provided guidance

to the EPA on this matter, there is a strong indication they will recommend the application of an

individual dose standard. As a result, compliance demonstration by the DOE and compliance review by
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the NRC will likely involve use of computer codes to calculate doses for potentially affected populations
or individuals. IPA Phase 2 included dose calculations and it is expected that Phase 3 will improve these
calculations.

Results from dose calculations will be influenced by assumed pathways and model parameter
values. The NRC has documented acceptable values for generic dose assessment parameters and
procedures (Nuclear Regulatory Commission, 1977; Kennedy and Strenge, 1992); however, site-specific
conditions and parameters should be used if available. Figure 3-15 demonstrates the complexity of a dose
calculation with a large number of radionuclides, pathways, and factors. Anticipating more emphasis on
a dose-based performance measure, this activity was undertaken to identify or develop acceptable values
for site-specific dose parameters for the predominant pathways, and then identify which parameters have
the largest impact on dose.

3.10.2 Description

Dominant pathways for dose at YM are expected to be groundwater contamination, groundwater
pumping for drinking and irrigation, crop and livestock uptake (from irrigation), human ingestion, and
conversion to dose. The factors affecting dose include: population distributions, groundwater
concentrations, irrigation practices, agriculture activity, and human consumption. Site-specific estimates
of population from 1990 census data were obtained from TGEMS, a new test version of EPA Graphical
Exposure Modeling System (GEMS) (Hunt et al., 1989) and from the U.S. Department of Commerce
(1990). These improved estimates of local population will be useful if population dose estimates need to
be conducted in future dose assessments.

Agricultural information was collected for southwestern Nevada (e.g., U.S. Department of
Commerce, 1989; Nevada Agricultural Statistics Service, 1988). Sources used in Phase 2 are considered
the most current as they have not been updated since that time. South of YM (i.e., the general flow path
of groundwater), no farms exist which sell food crops, but some farms raise livestock using both pasture
land and feed crops. The predominant livestock in Nye county is beef cattle, yet hogs, chickens, and milk
cows are also present. Feed crops are predominantly hay (e.g., alfalfa) with limited amounts of grain.
Pasture land is also used for livestock. Livestock, as well as humans, consume well water. Local water
permit information was obtained from the Nevada Division of Water Resources (1995) confirming water
use assumptions used in Phase 2 and adding detail to our current understanding of water use in the area.
Soil characteristics information for selected farms in the Amargosa Desert area was obtained from local
and national offices of the Soil Conservation Service (unpublished data). Resuspension information
applicable to the Nevada Test Site provided information for modeling doses from contaminated soil
resuspension (Anspaugh, 1975; Otis, 1983; Breshears et al., 1989). Crop interception research conducted
on the Nevada Test Site was also identified (Anspaugh, 1987). Food transfer factors were obtained from
recent international efforts (International Atomic Energy Agency, 1994) as well as earlier studies (Nuclear
Regulatory Commission, 1977; Baes et al., 1982; Hoffman et al., 1982; Snyder et al., 1994). Dose
conversion factors were selected from EPA Federal Guidance Report Nos. 11 and 12 (Eckerman et al.,
1988; Eckerman and Ryman, 1993).

A sensitivity analysis was conducted for twenty radionuclides (those used in Phase 2 inventory)
based on unit concentrations of one picoCurie per liter of groundwater. The GENII-S code (Napier et
al., 1988; Leigh et al., 1993) was used for the analyses. The individual annual Total Effective Dose
Equivalent (lEDE) was calculated for a resident farmer scenario using a Monte Carlo technique. TEDE
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Figure 3-15. Human exposure pathways and parameters applicable to a groundwater release scenario
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ranges for each radionuclide were compared (Figure 3-16). The analyses show that the uncertainty spans
over 2 orders of magnitude for each radionuclide while the spread between nuclides was over 10 orders
of magnitude. The scaling from groundwater concentration to dose is linear, which will allow results to
be used to determine TEDE values from new initial concentration estimates when they are known. Using
this approach, one can identify which radionuclides yield large doses based on a fixed concentration in
the groundwater.

In addition, scatter plots were generated to identify which parameters had the strongest
correlation with dose. In Figure 3-17, scatter plots show a strong correlation for both the crop
interception fraction and grain consumption rate with the TEDE at one picoCurie of U238 per liter of
groundwater. The crop resuspension factor and fruit consumption rate show discernable yet weaker
correlations. Hence, an accurate assessment of crop interception fraction is considered important. Scatter
plots are being used to identify which parameters should be scrutinized to improve the accuracy of dose
calculations. The results such as these will provide a basis for efficiently focusing resources on those
parameters which have the greatest influence on results.
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3.10.3 Progress/Conclusions

Conclusions from this work are that the crop interception fraction, irrigation rate, and grain
consumption rate are found to be highly correlated with doses of certain nuclides, and should be
scrutinized in future work if significant groundwater concentrations of these nuclides are expected.
Similar analyses by Whicker (1990) for the air pathway at the Nevada Test Site also show a consistently
high correlation with crop interception. Other parameters in our study which show moderate (and more
uncertain) correlations with dose include the crop resuspension factor, animal uptake scale factor, and
consumption rates. Analysis of results for specific nuclides show the more influential parameters to
correspond with expected behavior (e.g., those nuclides which more readily transfer to plants show crop
ingestion pathway parameters to be more highly correlated with dose, whereas nuclides which transfer
more readily to milk or beef show an emphasis on the animal ingestion pathway parameters). Such
relationships provide added confidence in results.

While the correlation-based results provide insight into potentially important factors, they are
only able to characterize the certainty with which a linear association exists and the relative influence of
parameters on the magnitude of the calculated dose. The true importance of parameters, pathways, and
nuclides must be viewed in light of the actual magnitude of dose estimates. A highly correlated parameter
may not be important in the final analysis if the nuclide to which it is associated is present only in very
small quantities. Unit concentrations were used because estimates of groundwater concentration were not
yet available (thus accentuating the importance of other work related to release and transport). The results
of our work, however, will enable staff to quickly estimate doses from new concentration estimates so
actual dose (magnitude) based comparisons can be efficiently conducted.

This task provides site specific information and documentation for estimates of dose parameter
values. This information, combined with the added insights from the sensitivity analysis, will provide a
basis for improved dose calculations in Phase 3

3.11 KEY RADIONUCLIDES

3.11.1 Objectives

An assessment of the importance of key radionuclides in HLW disposal is being conducted. The
updated assessment will be based on results from recently completed TSPAs, and specific DOE- and
NRC-funded research projects. This assessment is considered useful because more information is
becoming available to understand radionuclide inventories, release mechanisms, transport characteristics,
and dose conversion mechanisms and factors. In addition, the time period of regulatory interest may be
extended to 1,000,000 yr and the primary performance measure may be shifted from release to dose. This
assessment will help to identify the most important radionuclides so modeling efforts can be focused on
the most important radionuclides.

3.11.2 Description

In order to estimate which radionuclides, expected to be present in spent nuclear fuel, are the
most important in PA calculations for YM, it is useful to estimate the ability of each of the radionuclides
to deliver radiation doses to humans residing in the accessible environment. This estimate can be made
by considering, for the proposed repository, the radionuclide inventory, liquid flux past the waste
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packages, dissolution release rate of radionuclides, radionuclide retarded travel time to the accessible
environment, dilution of radionuclides with uncontaminated groundwater, consumption of contaminated
water by humans, and subsequent conversion to dose. The estimate of the dose incurred by humans is
given by:

Fi =I*DRi*exp(- Rt) V *DF*DCF1 *L (3-1)

where:

F, = importance index

IxaMx = maximum repository inventory for radionuclide i (picocuries) (Lozano et al., 1994)

DRi = fractional dissolution rate of radionuclide i into the water flowing through the
repository (inverse yr) (Duguid et al., 1994; Kerrisk, 1985)

tv24 = radionuclide half-life (yr) (Duguid et al., 1994)

Rf = radionuclide retardation factor (dimensionless) (Duguid et al., 1994; Kerrisk, 1985;

Wilson et al., 1994)
= GWT7 from the repository to the accessible environment = 1,000 yr for these

calculations (assumed minimum value)

V. = volumetric flow rate of water through the repository = 9.4 x 104 (Iiters/yr) (Duguid

et al., 1994)
DF = dilution factor describing the mixing of the water flowing through the repository with

the yearly recharge in the area = 3.4 x 10-5 (Duguid et al., 1994)

DCFg,,i = dose conversion factor for ingestion of radionuclide i (millirem/picocurie) (U.S.

Department of Energy, 1988b)
L = yearly ingestion rate of the contaminated water = 730 liters/yr (assumes a drinking

rate of 2 liters per day)

The importance index, F,, is a measure of the anticipated hazard and can be calculated for each

radionuclide. Values for each of the parameters were determined from the literature. It should be noted
that the importance index is very sensitive to the retardation factor for the nuclides in question.
Retardation factors are the subject of much debate in current PA modeling. For example, in IPA Phase 2,
a portion of groundwater was modeled to flow in fractures with no retardation of the associated
radionuclides. Due to these types of uncertainties in the physical processes of groundwater flow, it was
decided that two lists of the importance indices for the radionuclides would be made, one in which
retardation was taken into account using the best available data (corresponding to the case of groundwater
flow in the rock matrix), and one in which no retardation was taken into account (corresponding to the
case of groundwater flow in the rock fractures). The radionuclides considered in this study are: (i)
"heavy" elements Cm (isotopes 245 and 246), Am (isotopes 241 and 243), Pu (isotopes 238, 239, 240,
and 242), U (isotopes 233, 234, 235, 236, and 238), 237Np, Th (isotopes 229 and 230), 226Ra, and
210Pb; and (ii) fission and activation products Cs (isotopes 135 and 137), 129I, 99Tc, 79Se, 59 Ni, and 14C.
These radionuclides were chosen based on the results of other PAs and reports (Wilson et al., 1994;
Nuclear Regulatory Commission, 1995; Eslinger et al., 1993; Andrews et al., 1994; Duguid et al., 1994).
It should also be noted that the radiation dose portion of the importance index calculation assumes that
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the only pathway for delivering radiation doses to humans is drinking contaminated water. While this
approach may be nonconservative, it is acceptable for the "order of magnitude" type calculations
presented here. Also, this approach to radiation dose calculations obviates the extensive speculations about
water use and human activity scenarios that are beyond the scope of this project.

For the case of retarded radionuclide transport in the rock matrix, the importance index for the
various isotopes is calculated and displayed, along with the earliest time that this estimate could occur,
in Table 3-3. A cutoff of 1 millirem/yr for the radionuclide list in Table 3-3 is proposed due to the
conservative nature of the input data used to calculate the importance indices. Data for retardation factors,
dissolution rates, radionuclide inventories, etc., were taken from a number of sources (Duguid et al.,
1994; Wilson et al., 1994; Kerrisk, 1985; U.S. Department of Energy, 1988b; Lozano et al., 1994).
Generally, the most conservative values for the input data were used unless there was sufficient evidence
to use a nonconservative value. In any case, only the data for the dissolution rates differed greatly from
reference to reference and, for this value, conservative numbers were used. It should also be noted that
the method would work equally well with a lower cutoff-perhaps 0.1 millirem/yr.

For the case of nonretarded radionuclide transport in the rock fractures, three points should be
noted: (i) the radionuclide retardation factor used for the importance index calculation is set equal to one;
(ii) the radionuclide inventory used for the importance index calculation is no longer the maximum
inventory, but is the inventory at tw (i.e., 1,000 yr), before the time of interest after repository closure;
and (iii) since all of the released radionuclides will be arriving at the accessible environment at the same
time it is possible to interpret the importance index in a relative manner. The reasons for considering a
time varying inventory is that since the importance of the nuclides is interpreted in a relative manner,
relative changes in radionuclide inventory will tend to "re-shuffle" the relative importance in time. This
was not necessary for the matrix flow case, where the maximum inventory was used, since the standard
there was absolute (i.e., 1 millirem/yr). The reason for this dual (matrix, fracture) type importance
determination is due to uncertainty about the groundwater flow mechanisms. Figure 3-18 depicts the
importance index for the radionuclides in their proportion of the whole at 11,000 yr after disposal. It must
be noted that, due to the changing nature of the radionuclide inventories in the waste packages, the
relative importance of the radionuclides can change with time. It is, therefore, recommended that plots
such as that displayed in Figure 3-18 be generated at various times of interest.

3.11.3 Progress/Conclusions

In conclusion, any radionuclide that is deemed important in either Table 3-3 or Figure 3-18,
or in figures generated for other selected times after closure, should be considered important for PAs of
a potential repository located at YM. If only Table 3-3 and Figure 3-18 were used to determine which
radionuclides are important for PA, then the following list would result: Cm (isotopes 245 and 246),
243Am, Pu (isotopes 239 and 240), 237Np, U (isotopes 233, 234, and 236), Th (isotopes 229 and 230),
226Ra, 21&Pb, 135Cs, 1291, 99Tc, 79Se, and 14C. This list includes nuclides that lead to doses of at least
1 millirem/yr (see Table 3-3) and nuclides whose sum total of importance factors comprise 99 percent
of the total at 11,000 yr after repository closure for the case of fracture flow (Figure 3-18). It should also
be noted that this list may increase in size as figures similar to Figure 3-18 are considered for different
times after repository closure.
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Table 3-3. Importance index (F1) for radionuclides for the case of matrix flow

Importance Index (F.) Time of Delivery of Fi in Years
Isotope in millirem/yr

237 Np 7,209 1.7 x 104

229Tn,* 6,468 5.2x105

233u* 499 5.Ox105

129j 156 1.0x10 3

14c 52 1.Ox103

135cs 42 1.5x10 5

9Tc 29 5.0x105

226Ra* 24 2.5 x 105

230rh* 12 2.4 x 105

210Pb* 12 2.5 x 105

234u 6 4.0x104

79 Se 5 2.5 x 104

236u 1.3 5.0X104

238u 0.9 4.0x104

242p, 0.8 1.8x106

59Ni 0.3 2.0 x 104

235U 0.1 4.0x104

245Cm 3.1 X 10- 14 N/A

239Pu 7.1 x 10- 2 1 N/A

246Cm 4.6 x 10-2 6 N/A

243Amn 1.3 x 10-4 5 N/A

240pU 1.3 x10-81 N/A

241Arn < 10-100 N/A

238PU <10-1- N/A

137Cs <10-1O N/A

* Indicates that the importance index for this isotope has been exaggerated because secular equilibrium of the radionuclide

with its more mobile parent was assumed in the accessible environment.
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Cm

Figure 3-18. Relative importance of radioisotopes at 10,000 yr after disposal for a
groundwater travel time of 1,000 yr for the case of fracture flow

3.12 TOTAL-SYSTEM PERFORMANCE ASSESSMENT CODE

3.12.1 Objectives

The TSPA executive code (Sagar and Janetzke, 1993) is being modified to investigate the
feasibility of converting it to a coarse grain parallel system. This effort is motivated by the exceedingly
long run times for the Phase 2 TPA code, for which run times were between 1.5 and 2.0 min/vector on
the Idaho National Engineering Laboratory (INEL) Cray, depending on the scenario. For a full
complement of 16 scenarios of 400 vectors each, run times range from 6.6 to 8.8 days. Long run times
like these greatly reduce the iterative nature of the PA process and impede its investigative activity. It
may also be necessary to provide many more vectors per scenario for proper analysis of the probabilistic
nature of the consequence modules. It is the intent of the parallelizing process to reduce the run times
to permit more frequent iterations of the system with more vectors in each scenario.

3.12.2 Description

There are several approaches to parallelizing computer codes, and they can be categorized by
the level at which the parallelization is invoked. The granularity of a parallel process refers to the time
required for a task to complete. Coarse grain processes are greater than a few seconds, medium grain are
less than this but greater than 1 millisecond, and tasks smaller than 1 millisecond are fine grain. The task
of completing all TPA consequence modules for a given vector requires 2 min of the INEL Cray CPU
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and is a very coarse grain approach. One of the unique features of a coarse grain approach is that the use

of a heterogeneous collection of computing platforms becomes feasible. All other approaches require that

algorithms be restructured in a way that can accommodate the particular parallelizing compiler of a

particular host machine. The coarse grain approach also increases the available pool of machines for

consideration as host machines since the tasks are not limited to just one host type.

The fine grain approach was rejected because it would require a massive rewrite of all of the

consequence modules to embed the parallel code for each host machine. The medium grain approach was

rejected since it would involve excessive communication between hosts due to the many TPA files

required for a given vector which communicate in a very fine tuned and choreographed scheme. These

considerations led to the selection of a coarse grain approach. The product selected for the coarse grain

approach is the Parallel Virtual Machine (PVM) software available from Oak Ridge National Laboratory.
This software is available at no cost via an Internet addressable distribution site.

3.12.3 Progress/Conclusions

It is anticipated that several SUN platforms at the CNWRA and NRC plus one or two Cray sites

can be used in a heterogenous collection of host machines for the PVM implementation of the TPA code

(Figure 3-19). The figure shows one CRAY and four SUN platforms under the control of the TPA

executive which assigns each machine a single unique vector to process. The executive makes sure that

all machines are busy and that a given host is operating on only one vector at a time. Note that the CRAY

machine would be assigned more vectors to process during the course of a run since it is a faster

machine. This could potentially reduce the run time by a factor of 5 or 6 and produce a complete set of

CCDFs in about one day, greatly increasing the iterative capability and responsiveness of the TPA

system.

3.13 EVALUATION OF SEALS KEY TECHNICAL UNCERTAINTIES

3.13.1 Objectives

Site characterization activities at YM will result in numerous boreholes being drilled at various

locations and depths to gather data for characterizing the hydrologic, geochemical, structural, and seismic
properties of the underground environment. There are approximately 191 existing and 322 proposed

boreholes within the YM region, varying in depth from very shallow (1.5 m) to very deep (1,830 in),

and having diameters from 0.15 to 0.45 in (Fernandez et al., 1994).

The NRC regulations for seal performance require that "Seals for shafts and boreholes shall be

designed so that following permanent closure they do not become pathways that compromise the geologic

repository's ability to meet the performance objectives" (10 CFR 60.134). Evaluation of compliance with

such regulations requires sufficient knowledge of the long-term performance of seals. Analyses of the

long-term performance of seals are needed in order to evaluate their potential impact on meeting the

repository performance objectives [10 CFR 60.112 and 60.113(a)(1)]. There is considerable uncertainty
in long-term seal performance because of the potential for complex coupled thermal-hydrologic-
mechanical-chemical (THMC) processes (Manteufel et al., 1993). Thus, in developing its LARP (Nuclear

Regulatory Commission, 1994), the NRC identified two KTUs with seals and seal performance. As a

result of these KTUs, the NRC staff will likely conduct independent interpretations of DOE data and

descriptions or utilize independent models developed or obtained by the NRC to investigate the effects
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Figure 3-19. The TPA executive controls processes on five heterogeneous host machines
with PVM software
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of seal degradation on repository performance. Because seals were not explicitly included in IPA Phase
2 (Nuclear Regulatory Commission, 1995), it was decided that an independent IPA auxiliary analysis
would be conducted to investigate the importance of degraded seals using the tools and techniques
developed in IPA. In doing so, IPA would provide quantitative input into the LARP development process
on this issue.This activity has been completed and documented (Manteufel and Ahola, 1994) and is only
summarized here.

3.13.2 Description

Figure 3-20 shows a schematic of a seal/host rock system depicting a disturbed zone, due to
creation of the borehole or shaft, and a degraded seal. Seals can degrade over time as a result of a
number of factors which are not discussed here (see Manteufel and Ahola, 1994). The analyses are based
on consideration of both gaseous and aqueous phase flow, as shown in Figure 3-21. After a few hundred
years, it is expected that gas streamlines will have the characteristics of large-scale buoyant flow, hence
the flow will be upward through the repository and directed towards the ground surface (Manteufel,
1994). The liquid streamlines will be dominated by downward gravity-driven percolation. Hence, aqueous
phase flow will be predominately downward through the repository horizon and directed towards the
water table. The fluid particle travel time was selected as the performance measure used to assess the
effects of a degraded seal on the flow system. For gaseous flow, fluid particle travel time over the
distance from the repository horizon to the ground surface is of relevance. For aqueous flow, the fluid
particle travel time over the distance from the repository horizon to the water table is of importance. It
is anticipated that a degraded seal (i.e., more porous and permeable) will lead to shorter travel times,
which results in less effective isolation of the waste. The details of the analyses are summarized by
Manteufel and Ahola (1994) and only the gaseous phase travel time results are discussed here.

In Figure 3-22, a hypothetical borehole begins at the ground surface and extends some unknown
distance which may be as far down as the water table. A gas streamline is assumed to go through the
borehole, thereby maximizing the distance traveled in the borehole and minimizing the distance traveled
in the geologic medium. The gaseous conductivity of the degraded seal was assumed to be higher than
the host rock, thus reducing the travel time from the repository horizon to the ground surface.

A mathematical model was developed for the gaseous flow travel time from the repository
horizon to the ground surface, Trrg. PDFs were established for model parameters, and numerical
calculations were performed in Monte Carlo fashion where values were selected from their respective
PDFs. In total, 100 simulations were performed, and TT g was observed to range over four orders of
magnitude (from 1 to 10,000 yr). Scatter plots of the results are shown in Figure 3-23. The scatter plots
show the correlation between four of the input parameters and the gaseous travel time, TTrg. The
parameter with the strongest correlation was the bulk gaseous conductivity of the host rock. The
performance of the seal (measured by its degraded gaseous conductivity) does have an impact on TTrg,
however, the correlation is not very strong. The length of travel in the host rock and the depth of the
borehole both have negligible correlations.
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4* Seal Zone

Undisturbed Zone:
Permeability of host
rock is unaffected
by borehole or shaft.

- Disturbed Zone:
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rock is increased due
to creation of borehole
or shaft (schematic shows
increased fracturing).

- Hypothesized degradation
of seal leading to
increased fracturing
of seal material.

- Hypothesized degradation
of seal leading to gap
between seal and host
rock interface.

Figure 3-20. Seal/host rock system with typical forms of degradation
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Figure 3-21. Anticipated gaseous and aqueous phase streamlines through the geologic
medium
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Figure 3-22. Gas streamline passing through a borehole which has a degraded seal
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3.13.3 Progress/Conclusions

For the assumptions and conceptual model employed, the calculations support the conclusion

that postclosure performance of the seals may not be a significant factor in total-system performance.

These analyses may influence the decision to change the review type for the seals KTU during the
ongoing KTU integration activity.
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4 CONCLUSIONS

The NRC IPA activities are being conducted as a collaborative effort between NMSS, RES, and the
CNWRA. These broad ranging technical activities are aimed at establishing the tools and expertise
necessary for conducting a probing review of DOE TSPAs for the proposed YM repository. IPAs are
being conducted in a cycle in order to provide the basis for review and comment of the DOE TSPAs.
This document was prepared to highlight the status of current IPA Phase 3 activities being conducted at
the CNWRA.

Brief descriptions of the thirteen ongoing EPA Phase 3 auxiliary analyses and methodology development
efforts are presented along with a summary of progress achieved. The objectives and regulatory role of
IPA activities in the NRC HLW program are explained. Specific objectives of IPA Phase 3 are to:

* Evaluate the DOE waste isolation strategy

* Evaluate DOE HLFs supporting the TSS determination

* Review DOE TSPAs expected in FY96 and FY98

* Improve NRC technical assessment capabilities

In addition to providing a quantitative basis for judging the acceptability of the proposed repository, EPA
has the added role of integrating many of the NRC DWM technical assessment activities into a
quantitative TSPA. With this in mind, the major interrelationships between IPA and other program
elements are also outlined.

One of the important benefits of IPA has been the enhancement of staff experience which has been
applied in various prelicensing review activities (e.g., DOE study plan reviews, TSPA reviews, Technical
Exchange Meetings), as well as in the identification of KTUs for the LARP development process. With
regard to its relationship to LARP, the IPA activity has resulted in clarification of issues and development
of guidance on two of the KTUs (conceptual model uncertainty and model validation), as well as an
auxiliary assessment of the seals KTU.
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