
0 0

RECOMMENDED NRC ACTIONS TO ADDRESS
KEY TECHNICAL UNCERTAINTIES (KTUs)

Prepared for

Nuclear Regulatory Commission
Contract NRC-02-93-005

Edited by

Robert D. Brient

Center for Nuclear Waste Regulatory Analyses
San Antonio, Texas

April 1995



CONTENTS

Section Page

ABBREVIATIONS .................. vii
ACKNOWLEDGMENTS ................ ix

1 INTRODUCTION .. 1-1
1.1 OVERALL CONSISTENCY/INTEGRATION REVIEWS OF KEY

TECHNICAL UNCERTAINTIES .1-1
1.2 DEVELOPMENT OF RECOMMENDED REVISIONS TO KEY

TECHNICAL UNCERTAINTIES .1-2
1.3 REFERENCES .1-3

2 RECOMMENDED REVISIONS TO KEY TECHNICAL UNCERTAINTIES ... 2-1
2.1 UNCERTAINTY IN DETERMINING THREE-DIMENSIONAL

STRUCTURE AND TECTONIC SETTING OF YUCCA MOUNTAIN .. 2-1
2.1.1 Justification for Recommendations .2-5

2.2 UNCERTAINTY IN DETERMINING SPATIAL AND TEMPORAL
PATTERNS OF SEISMICITY .. 2-5
2.2.1 Justification for Recommendations .2-9

2.3 UNCERTAINTY IN DETERMINING THE SLIP HISTORY OF FAULTS ... 2-10
2.3.1 Justification for Recommendations .2-13

2.4 UNCERTAINTY IN DETERMINING EFFECTS OF STRUCTURAL
DEFORMATION AND TECTONIC PROCESSES ON THE FLOW AND
TRANSPORT OF GROUNDWATER .. 2-13
2.4.1 Justification for Recommendations .2-16

2.5 UNCERTAINTY IN DETERMINING MAGNITUDE OF FAULT SLIP
AND ASSOCIATED SEISMIC SHAKING AT SURFACE AND SHALLOW
SUBSURFACE LOCATIONS ............................... 2-16
2.5.1 Justification for Recommendations .2-19

2.6 UNCERTAINTY IN DETERMINING EFFECTS OF STRUCTURAL
DEFORMATION AND TECTONIC PROCESSES ON ROCK MASS
PROPERTIES .. 2-20
2.6.1 Justification for Recommendations .2-22

2.7 UNCERTAINTY IN DETERMINING THE CONSEQUENCES OF
IGNEOUS ACTIVITY FOR REPOSITORY PERFORMANCE .. 2-22
2.7.1 Justification of Recommendations .2-25

2.8 UNCERTAINTY IN DETERMINING THE PROBABILITY OF IGNEOUS
ACTIVITY AND RESULTING DISRUPTION OF THE CANDIDATE
REPOSITORY .. 2-26
2.8.1 Justification for Recommendations .2-31

2.9 UNCERTAINTY IN IDENTIFYING GEOCHEMICAL PROCESSES AND
CONDITIONS THAT AFFECT RADIONUCLIDE RETARDATION AND
DETERMINING AND PREDICTING THE MAGNITUDE OF THE
EFFECTS AT YUCCA MOUNTAIN .. 2-32
2.9.1 Justification for Recommendations .2-37

iii



CONTENTS (Cont'd)

Section Page

2.10 CHARACTERIZING THE CHEMISTRY OF THE GROUNDWATER IN
THE PARTIALLY SATURATED HYDROLOGIC ZONE OF YUCCA
MOUNTAIN, NEVADA ................ .................. 2-38
2.10.1 Justification for Recomnmendations ........................ 2-41

2.11 UNCERTAINTY IN DEVELOPING A CONCEPTUAL AND
MATHEMATICAL MODEL FOR TRANSPORT OF VAPOR AND LIQUID
PHASES THAT IS REPRESENTATIVE OF THE YUCCA MOUNTAIN
SITE FLOW SYSTEM ....... ............................ 2-41
2.11.1 Justification for Recommendation ........................ 2-52

2.12 UNCERTAINTY IN PREDICTION OF FUTURE CHANGES TO THE
HYDROLOGIC SYSTEM RESULTING FROM A COMBINATION OF
CLIMATIC AND TECTONIC CHANGES AND HUMAN ACTIVITIES
(INCLUDING HEAT EFFECTS FROM WASTE EMPLACEMENT AND
FUTURE GROUNDWATER WITHDRAWALS) ........ ........... 2-53
2.12.1 Justification for Recommendation ........................ 2-57

2.13 UNCERTAINTY IN DETERMINING THE FASTEST PATH OF LIKELY
RADIONUCLIDE TRAVEL FROM THE DISTURBED ZONE TO THE

CESSIBLE ENVIRONMENT ........... .. ................ 2-57
. 3.1 Justification for Recommendation ........................ 2-60

2.14 PREDICTING PRECIPITATION AND TEMPERATURE (CLIMATE) AT
THE YUCCA MOUNTAIN SITE FOR 10,000 YEARS INTO THE FUTURE . 2-60
2.14.1 Justification for Recommendation ........................ 2-63

2.15 PREDICTION OF THERMAL-MECHANICAL (INCLUDING REPETITIVE
SEISMIC LOAD) EFFECTS ON STABILITY OF EMPLACEMENT
DRIFTS AND ENGINEERED BARRIER SYSTEM ....... .......... 2-63
2.15.1 Justification for Recommendations ........................ 2-69

2.16 PREDICTION OF THERMAL-MECHANICAL-HYDROLOGICAL
(INCLUDING REPETITIVE SEISMIC LOAD) EFFECTS ON THE HOST
ROCK SURROUNDING THE ENGINEERED BARRIER SYSTEM ...... 2-70
2.16.1 Justification for Recommendations ........................ 2-75

2.17 PREDICTING THE LONG-TERM PERFORMANCE OF SEALS FOR
SHAFTS, RAMPS, AND SURFACE AND SUBSURFACE BOREHOLES ... 2-75
2.17.1 Justification for Recommendations ..... .................. 2-78

2.18 DEMONSTRATION OF COMPLIANCE WITH THE REQUIREMENT TO
MAINTAIN THE ABILITY TO SAFELY RETRIEVE HIGH-LEVEL
NUCLEAR WASTE ................. .................... 2-79
2.18.1 Justification for Recommendations ........................ 2-81

2.19 UNCERTAINTY IN PREDICTION OF THE ENVIRONMENT NEAR AND
WITHIN THE ENGINEERED BARRIER SYSTEM ....... .......... 2-82
2.19.1 Justification for Recommendations ........................ 2-88

2.20 UNCERTAINTY IN PREDICTION OF EFFECTS OF ENVIRONMENTAL
CONDITIONS ON THE WASTE PACKAGE DURING THE
CONTAINMENT PERIOD ................................ 2-88

iv



CONTENTS (Cont'd)

Section Page

2.20.1 Justification for Recommendations ........................ 2-93
2.21 UNCERTAINTY IN PREDICTION OF THE EFFECTS OF

ENVIRONMENTAL CONDITIONS ON THE ENGINEERED BARRIER
SYSTEMS DURING THE POST-CONTAINMENT PERIOD .... ....... 2-94
2.21.1 Justification for Recommendations ........................ 2-99

2.22 UNCERTAINTIES ASSOCIATED WITH VARIABILITY OF MODEL
PARAMETER VALUES ................ .................. 2-99
2.22.1 Justification for Recommendations ........................ 2-102

2.23 UNCERTAINTIES ASSOCIATED WITH PREDICTION OF FUTURE
SYSTEM STATES ................. ..................... 2-102
2.23.1 Justification for Recommendations ........................ 2-105

2.24 UNCERTAINTIES ASSOCIATED WITH DEVELOPMENT AND
VALIDATION OF CONCEPTUAL AND MATHEMATICAL MODELS .... 2-105
2.24.1 Justification for Recommendations ........................ 2-108

3 KEY TECHNICAL UNCERTAINTIES RECOMMENDED FOR DELETION ....... 3-1
3.1 VOLATILITY AND STABILITY OF RADIONUCLIDES ..... ......... 3-1

3.1.1 Justification for Recommendations ......................... 3-1
3.1.2 References ....................................... 3-1

v



ABBREVIATIONS

CNWRA Center for Nuclear Waste Regulatory Analyses
CDM Compliance Determination Method
CDS Compliance Determination Strategy
DOE U.S. Department of Energy
DWM Division of Waste Management
EBS Engineered Barrier Systems
FAC Favorable Condition
GROA Geologic Repository Operations Area
GWTT Groundwater Travel Time
HLW High-Level Radioactive Waste
IPA Iterative Performance Assessment
KTU Key Technical Uncertainty
LA License Application
LARP License Application Review Plan
NMSS Office of Nuclear Material Safety and Safeguards
NRC Nuclear Regulatory Commission
PA Performance Assessment
PAC Potentially Adverse Condition
RDCO Repository Design Construction, and Operations
SCP Site Characterization Plan
TM Thermal-Mechanical
TMH Thermal-Mechanical-Hydrological
TSPA Total-System Performance Assessment
WSE&I Waste Systems Engineering and Integration
YM Yucca Mountain
YMR Yucca Mountain Region

vii



ACKNOWLEDGMENTS

This report was prepared to document work performed by the Center for Nuclear Waste Regulatory
Analyses (CNWRA) for the Nuclear Regulatory Commission (NRC) under Contract No. NRC-02-93-005.
The activities reported here were performed on behalf of the NRC Office of Nuclear Material Safety and
Safeguards (NMSS), Division of Waste Management (DWM). The report is an independent product of
the CNWRA and does not necessarily reflect the views or regulatory position of the NRC.

Individual authors contributing to this report are identified in each section. The editor expresses thanks
to Lee Selvey for the compilation of this report, and to the balance of the CNWRA secretarial staff for
their respective contributions.

ix



1 INTRODUCTION

The integration of Key Technical Uncertainties (KTUs) was identified in the FY94 License Application
Review Plan (LARP) Development Plan (Nuclear Regulatory Commission, 1993) as a portion of the task
titled "Integration/Consistency Review of CDSs." The objective of the integration activity was to revise
KTU rationales as needed to resolve inconsistencies among KTU topics, descriptions (e.g., overlap,
repetition, level-of-detail, wording, completeness), and proposed levels of review.

The Overall Review Strategy (ORS) (Johnson, 1994) identified specific roles for KTUs in relation to
prelicensing and license application review activities. During the prelicensing phase of activity, KTUs
were intended to help identify and prioritize the technical needs for support of the eventual license
application review (e.g., technical assistance and research user needs) by focusing on those technical
uncertainties most critical to repository performance. During the license application review, independent
understanding of the issues associated with the KTUs that had been developed by the Nuclear Regulatory
Commission (NRC) was expected to be used to support detailed safety reviews. These reviews would
assess the degree to which the U.S. Department of Energy (DOE) had met regulatory requirements and
resolved the KTUs. In summary, KTUs were to provide the technical framework for developing the
necessary license application review capability and for focusing the license application reviews in the
areas of greatest importance. A primary goal of integration was to assure that KTUs fulfill those ORS
roles.

Integration of KTUs was strongly guided by the structure of the LARP (Nuclear Regulatory Commission,
1994). Each KTU was associated with one or more individual review plans of the LARP, and each KTU
was also specifically related to uncertainty in determining compliance with one or more of the regulatory
requirements of 10 CFR Part 60. The association of KTUs with individual review plans and regulatory
requirements contributed to the need to integrate, since in many cases, several KTUs addressing a
common issue were identified when a single KTU could have been developed. This situation appears to
have complicated the task of allocating resources to the highest priority technical tasks. Integration in
another form was necessary so that KTUs would clearly lead to NRC action to address them, through
identification of technical support needs.

In summary, this activity provided integration from three primary viewpoints. First, the KTUs must
follow the structure of the LARP. Second, KTUs must provide a consistent and technically thorough basis
for coordinating prelicensing reviews with the development of review methods and with the conduct of
the license application reviews. Third, KTUs must lead to NRC action to address the uncertainties
through identification of technical support needs.

1.1 OVERALL CONSISTENCY/INTEGRATION REVIEWS OF KEY
TECHNICAL UNCERTAINTIES

The Center for Nuclear Waste Regulatory Analyses (CNWRA) was tasked in May 1994 to
independently conduct a KTU integration, the results of which were to be recommendations to the NRC
staff for their consideration and to ultimately support Compliance Determination Strategy (CDS)
revisions. The activity began with reviews of all 58 existing KTU Rationales by a working group
composed of 8 CNWRA staff members representing the 5 program elements. The Waste Systems
Engineering and Integration (WSE&I) Element acted as the coordinator. The purposes of this review by
representatives from all elements were to establish a broad basis for evaluating the level of consistency
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(or inconsistency) and to develop concepts and a process for refining the KTUs, if that was deemed to
be appropriate. In addition to examining consistency among KTUs, the reviews focused on the degree
to which the respective roles of the DOE and NRC in addressing the KTU had been developed.
Continuing interaction with NRC staff had resulted in an increasing recognition that definition of these
roles relative to compliance demonstration and determination was an essential element for the KTUs.

After the reviews commenced, certain NRC staff expressed their desire to participate, with
eventual representation from each of the technical sections. Some reviewers concentrated on their area
of technical expertise, but most examined all 58 KTUs.

The CNWRA and NRC staff review comments were compiled, and the conclusions are as
follows:

* While the uncertainties facing the DOE were generally well defined, KTUs generally did not
identify the specific uncertainties the NRC has in determining compliance and any necessary
NRC action needed to address those uncertainties.

* In many cases, the rationale justifying Detailed Safety Reviews Supported by Independent
Tests, Analyses, or Other Investigations (Type 5) did not adequately establish that the
criteria of "highest potential risk and most difficult to resolve" were met, as required by the
CDS Development Procedure (Center for Nuclear Waste Regulatory Analyses, 1993).

* The subjects of a number of KTU topics seemed to be so similar as to be redundant or
significantly overlapping. Particularly for potentially adverse condition (PAC) CDSs, which
comprise 39 of the 58 KTUs, some KTU topics seemed to be minor variations of other
KTUs.

* The majority of the KTUs were associated with the natural systems of the repository.

* Most of the KTUs identified uncertainties involving conceptual models, mathematical
models, model validation, prediction of future states, spatial and temporal variation, and/or
data limitations.

The conclusions were presented to the NRC and CNWRA working group members in a meeting
on July 14, 1994.

1.2 DEVELOPMENT OF RECOMMENDED REVISIONS TO KEY
TECHNICAL UNCERTAINTIES

Considering the specific areas for further investigation based on the overall review results
discussed above, WSE&I was directed by the NRC Program Element Manager in late September 1994
to proceed with draft revisions of groups of KTUs associated with similar technical subjects. A prototype
effort (a group of KTUs related to geochemical effects on retardation) was completed, and the process
was refined for application to the remainder of the KTUs. The following guidance was applied during
this phase of KTU integration:
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* Working groups were composed of the same CNWRA staff members as those involved with
the initial CDS development to the extent possible. A WSE&I staff member participated in
all working groups to provide continuity among the groups and to ensure that lessons learned
were incorporated.

* KTUs that crossed technical disciplines included representation in the working groups for
all affected disciplines. As work progressed, discussion with other working groups occurred.
The primary benefits were that all uncertainties were adequately addressed with minimal
duplication of technical issues, and that complex technical issues were integrated across
disciplines.

* New KTUs were recommended to address: (i) anticipated and unanticipated processes and
events (an area not previously covered in the LARP), (ii) 10 CFR 60.111 performance
objectives as they related to potentially adverse conditions, and (iii) uncertainties not
previously identified.

* KTUs were recommended to be combined if: (i) the topics covered were very similar,
(ii) the affected CDSs had closely related subjects, (iii) the affected regulatory requirements
were the same or closely related, and (iv) similar NRC actions to address the KTUs were
recommended.

* KTUs were recommended to be deleted if the uncertainty or impact on a performance
objective had been sufficiently reduced by new information, or if re-evaluation by the initial
authors indicated that there may not be an actual KTU.

* Suggested supplements were provided to the KTU section "Description of Resolution
Difficulty" to describe: (i) anticipated DOE actions to resolve the KTU, (ii) uncertainty in
compliance determination for the NRC, in view of the DOE anticipated actions, and
(iii) anticipated uncertainty remaining after DOE and NRC have completed suggested actions
addressing the KTU.

* Technical Support Needs addressing the NRC role were proposed for Technical Assessment
(work sponsored by DWM) and for Research (work sponsored by the Office of Nuclear
Regulatory Research) to address the KTU.

1.3 REFERENCES

Center for Nuclear Waste Regulatory Analyses. 1993. Technical Operating Procedure (TOP-001-1 1). San
Antonio, TX: Center for Nuclear Waste Regulatory Analyses.

Johnson, R.L. 1994. Overall Review Strategy for the Nuclear Regulatory Commission's High-Level Waste
Repository Program. NUREG-1495. Washington, DC: Nuclear Regulatory Commission.

Nuclear Regulatory Commission. 1993. Note dated October 29, 1993, from B.J. Youngblood to
R.L. Ballard et al., on License Application Review Plan Development Plan for Fiscal Year
1994.
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Nuclear Regulatory Commission. 1994. License Application Review Plan for a Geologic Repository for
Spent Nuclear Fuel and High-Level Radioactive Waste. NUREG-1323, Rev. 0. Washington,
DC: Nuclear Regulatory Commission.
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2 RECOMMENDED REVISIONS TO KEY TECHNICAL
UNCERTAINTIES

2.1 UNCERTAINTY IN DETERMINING THREE-DIMENSIONAL
STRUCTURE AND TECTONIC SETTING OF YUCCA MOUNTAIN

Review Type: 5

Affected Review Plans/Regulatory Requirements: 3.2.1.5/60.122(c)(1 1)

Description of Uncertainty. Understanding the three-dimensional (3D) geologic structure and tectonic
setting of Yucca Mountain (YM) at a wide range of scales is essential to understanding the association
between structure and groundwater flow, distribution of geochemical and rock mechanical properties,
potential for earthquake seismicity and surface rupture associated with faults, and possible effects of
structure on magma ascent; all of which may directly affect repository performance. Currently, the
geologic structure and tectonic setting of YM are relatively poorly understood in 3D because of the
paucity of data for constraining interpretations at depth and the dearth of internally-consistent 3D models
that extend to sufficient depth to encompass the key tectonic elements.

Principal sources of data to constrain interpretations at depth are drilling records, borehole geophysical
studies, seismic reflection and seismic refraction surveys, gravity surveys, and magnetic surveys. Because
of the complexity of subsurface structures, rock characteristics, surficial conditions and the nature of the
exploratory techniques, unambiguous constraint of the 3D structure and tectonic setting of YM is
currently not possible. For example, a gently dipping detachment fault has been interpreted by Scott
(1990), Maldonado (1990) and Fox and Carr (1989) to link YM faults at depth. The projected depth (i.e.,
> 3 kIn) of the interpreted detachment makes sampling through drilling impractical. Most major faults
at YM dip greater than 50 degrees westward near the surface (Scott and Bonk, 1984), and standard
vertical drilling may miss these features unless the boreholes are carefully located. Recent large
earthquakes elsewhere in the Basin and Range Province have aftershocks which imply a planar, not
curved, slip surface. The 1982 Borah Peak, Idaho, earthquake sequence suggested seismic slip on a planar
fault, although seismic exploration clearly indicates that the fault is listric at depth.

Scott (1990) has reported extensive zones of distributed deformation and small-scale faulting adjacent to
the larger faults, but the lateral extent of this fault-related deformation is not well constrained. Detection
and investigation of faults that may exist adjacent to YM within the Fortymile Wash-Jackass Flats Valley
area have not been accomplished.

Considerable uncertainty is likely to remain with regard to the 3D geologic structure and tectonic setting
of the YM area, even after extensive data collection and modeling activities are carried out to constrain
the geologic structure and tectonic processes of the region. Because of the difficulty of 3D analysis and
interpretation, important geologic structures could be present but undetected and the geometry of known
structures is likely to remain uncertain.

Performance Obiectives at Risk. 10 CFR 60.111(a), 10 CFR 60.111(b), 10 CFR 60.112, 10 CFR
60.113(a), and 10 CFR 60.113(c)
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Explanation of Nature of Risk. Understanding of tectonic processes and resultant structural deformation
of the shallow crust is critical to estimating the pre- and post-closure performance of the repository.
Earthquake seismicity and surface rupture associated with fault displacement could affect pre-closure
safety and post-closure repository performance. Tectonic processes and geologic structure may directly
influence groundwater flow and the ascent of basaltic magma and, therefore, could potentially influence
release of radionuclides from the engineered barrier system and may influence present and future
groundwater flow and radionuclide transport. The interaction of tectonic processes with groundwater,
geochemistry, and igneous activity allows large variation in the resultant probable effects from structural
deformation. Because uncertainty will exist in the data and in the derived parameters, there will be
inherent uncertainty in the understanding of the physical system being represented by models, and an
inherent uncertainty in the validity of any conceptual model. This uncertainty in 3D structure and
tectonics will be propagated through performance assessments, along with mathematical model and code
uncertainties, introducing unavoidable uncertainty into final results of performance assessment analyses.

Description of Resolution Difficulty. The uncertainty related to 3D structure and tectonic processes can
best be reduced through an integrated exploration and modeling program that incorporates a wide range
of data types and modeling approaches [including two-dimensional (2D) or 3D balancing of structural
models]. Various state-of-the-art geophysical processing and modeling techniques can be applied to
improve data quality, resolution, and interpretation (Jones et al., 1987; Fagin 1991). While such
techniques can reduce uncertainties related to data quality and resolution, considerable uncertainty related
to the data will still be carried into subsequent analyses. According to Davis et al. (1990), there is
currently no accepted methodology designed to quantify the uncertainty in conceptual models. Structural
geologic models can, however, be evaluated by studying consistency between models and available data
(including field observations), 3D compatibility, consistency with style of deformation observed in the
region, and restorability. The development of models to be used will be based, at least in part, on
subjective judgment of experts which can at best be formalized and documented only to the extent that
the assumptions used are clear, reasonable, and traceable.

DOE is attempting to address problems related to poor resolution of exploration techniques through
geophysical field studies. These studies include investigations along the Ghost Dance fault using seismic
reflection and tomography (Oliver et al., 1994) and planned or newly acquired seismic lines. Additional
studies may be necessary to reduce the uncertainty related to exploration techniques. DOE is attempting
to consider difficulties associated with tectonic models through construction of 2D geological cross
sections and a 3D computer-based geological framework model at the scale of the YM block (i.e., a
site-scale, subregional 3D model rather than a regional one at this stage). DOE has not developed a
regional tectonic model that extends to sufficient depth to constrain all key subsurface structural elements.

From a regulatory perspective, it is necessary for the NRC to carefully examine both the geophysical data
collected by the DOE and their interpretations. Cross sections and 3D structural models developed by
DOE will need to be critically evaluated. Evaluation will include checking for consistency with data,
internal consistency (restorability), compatibility with the regional tectonic framework, and consistency
with the style of deformation observed in the region. Independent cross sections and 3D models are being
developed by CNWRA for use in assessment of DOE models and their interpretations. It is likely that
significant residual uncertainty will remain for this topic because resolution capabilities of available
exploration techniques are limited and uncertainties inherent in constructing 3D models from geological
data remain to be resolved.
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Technical SupoMrt Needs. To determine whether the 3D interpretations of DOE regarding geologic
structure and tectonic processes at and in the vicinity of YM are appropriate, adequate, and accurate, the
following NRC technical assessment and research needs have been identified.

Technical Assessment Needs. Through efforts such as NMSS technical assistance tasks, NRC/CNWRA
need to:

Evaluate the adequacy of exploration methods used to detect and evaluate subsurface structural
features and techniques used for constructing and restoring geological cross sections and 3D
geological models.

* Perform independent analyses (e.g., reprocessing) of selected geophysical data (e.g., seismic
reflection data) to evaluate uncertainties associated with differing interpretations.

* Develop a Geographic Information System (GIS) database of tectonic data that can be used to
both evaluate DOE's models and interpretations and perform independent analyses and model
development.

* Critically assess DOE's interpretations of fault geometry and stratigraphy in the subsurface as
they become available.

* Consider how to best represent subsurface structures in models to be used for performance
assessment in order to adequately assess potential impacts of the structures and tectonic
framework on pre- and post-closure performance of the repository system and its components.

* Perform mechanistic (e.g. using finite-element technique) modeling to study tectonic processes
(such as hangingwall deformation and fault and dike interaction) in order to constrain the range
of reasonable interpretations and to determine key parameters that can be used to distinguish
between mechanisms in nature.

* Perform graphical visualization and geometric modeling using basic geological data lodged in
the ARC/INFO GIS database, to examine the range of tectonic models which appear to be
possible using one- and two-dimensional representations.

Research Needs. The NRC/CNWRA need to develop an understanding of 3D structural deformation and
tectonic setting of YM. These analysis, interpretation, and modeling efforts should be conducted
independently of the DOE, for use in compliance determination. Specifically, research should be
conducted to:

* Perform independent evaluation of data, analyses, and model development (e.g., geometric,
kinematic, physical analog) in order to develop an independent basis for compliance
determination studies.

* Determine whether the 2D cross sections and 3D models of DOE representing subsurface
stratigraphy and structure are adequate and realistic for the tectonic setting of YM and the
central Basin and Range.
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C * **
* Use all of DOE data, but in addition, collect select field data on faulting, contemporary strain,

uplift, vertical axis rotation, thermal history, and regional tectonic history in order to constrain
new structural and tectonic models and to provide a basis for critical evaluation of existing and
new models developed by DOE.

* Collect limited geophysical data to address very specific issues such as dikes in alluvium.

* Construct cross sections and a 3D geological framework model at the scale of YM and for the
subregional and regional tectonic setting. Through development of independent models and
alternative interpretations based on published data, DOE data, and data collected by
NRC/CNWRA staff, it should be possible to consider compliance determination aspects related
to faulting (and related surface rupture and earthquake seismicity), reasonableness and
conservativeness of DOE's interpretations and models, and provide a context for analyses of
possible fault and dike interaction, and studies of groundwater hydrology, geochemistry, and
rock mechanics.

* Evaluate uncertainty associated with the extent to which faulting may be present and remain
undetected and the potential for activity of existing faults in the present 3D stress field (Ferrill
et al., 1994a,b, 1995; Morris et al., 1994).

References.
Davis, P.A., E.J. Bonano, K.K. Wahi, and L.L. Price. 1990. Uncertainties Associated with Performance
Assessment of High-Level Radioactive Waste Repositories. NUREG/CR-52 11. Washington, DC: Nuclear
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2.1.1 Justification for Recommendations

The working group was composed of CNWRA structural geologists involved with the
development of the CDSs: D. Ferrill and G. Stirewalt; seismologist: R. Hofmann; geologist: M. Miklas;
and R. Brient of WSE&I. No other disciplines were considered to be necessary to perform the KTU
integration.

The current KTUs that contributed to this KTU were "Poor resolution of critical exploration
methods and uncertainty in interpretation and modeling techniques available to detect and investigate
structural geologic features in the subsurface," and "Development and use of conceptual tectonic models
as related to structural deformation." These KTUs were found in one of the siting criteria CDSs, PAC
3.2.1.5 (Structural deformation).

Although these current two KTU topics seem, at the outset, as distinctly different topics, they
are, in fact, intricately interwoven. The problem is the lack of knowledge of the 3D tectonic setting.
Exploration techniques and modeling are two main approaches to reducing the uncertainty, however they
are not the fundamental problem. Consolidating these two KTUs focuses attention on the fundamental
problem of uncertainty in determining the 3D structure of the site and the tectonic setting, rather than on
the complementary techniques which will be used to reduce the uncertainty.

2.2 UNCERTAINTY IN DETERMINING SPATIAL AND TEMPORAL
PATTERNS OF SEISMICITY

Review Type: 5
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Affected Review Plans/Regulatory Requirements: 3.2.1.7/60.122(c)( 13), 3.2.1.8/60.122(c)(14)

Description of Uncertainty. Tectonic process complexity, inadequate understanding of tectonic processes
and tectonic evolution, and the short historical and instrumental earthquake record limit the ability to
predict the seismic recurrence rate in the YM area. There is evidence of shifting patterns of seismicity
over a range of temporal and spatial scales in the central Basin and Range region. Existing earthquake
data for the Yucca Mountain Region (YMR) may be useful for predictions over a short time frame (e.g.,
up to 100 yr). However, for extrapolations up to 10,000 yr as required by 10 CFR Part 60, there will
be a large band of uncertainty which may be difficult to quantify. Analysis of available paleoseismic data
in the Basin and Range tectonic province (Ryall and VanWormer, 1980; VanWormer and Ryall, 1980;
and Wallace, 1985 and 1987) indicates that seismic activity has migrated randomly from one range-front
fault system to another. The data imply that faults which are long enough to support a magnitude 7
earthquake are subject to this phenomenon. Slemmons (1977) also has relationships for fault length and
seismic activity within a given tectonic environment. Marrett (1994) found that intraplate earthquake
recurrence intervals appear to scale proportionately to fault length. If correct, this thesis could be used
to predict earthquake recurrence intervals for populations of active faults and their paleoseismic records
and potential for future earthquake clustering. YM lies at the intersection of the Walker Lane and
Intermountain seismic belts (Ferrill et al., 1994). Several faults in the vicinity are estimated to be capable
of supporting a magnitude 7 or greater earthquake (U.S. Department of Energy, 1988). At least the most
frequent and highest magnitude earthquakes observed in the Basin and Range tectonic province must be
assumed possible at the site over a 10,000-yr period.

The historical earthquake record is short, paleo-fault-offset data are limited, and the relationship of
seismicity to tectonic structure is uncertain. Therefore, without extensive additional analyses, it is not
possible to prove that more frequent or higher-magnitude earthquakes than are typical of the area of the
geologic setting will not occur at YM within a 10,000-yr time period. Further, there may not be sufficient
existing data available to make an adequate analysis. However, it is possible that an improved
understanding of tectonics will result in a rationale that will better constrain the range of probable future
seismic activity in the Basin and Range region including YM.

Performance Obiectives at Risk. 10 CFR 60.111(a), 10 CFR 60.111(b), 10 CFR 60.112, 10 CFR
60.113(a) and 10 CFR 60.113(c).

Explanation of Nature of Risk. There are about 80 to 100 range-front fault systems in Nevada. Some are
highly active at the present time. Others, like those near YM, currently show a relatively low rate of
seismic activity. Paleoseismic studies indicate that seismic activity skips randomly from one range-front
fault system to another with a periodicity of about 1,200 yr (Ryall and VanWormer, 1980; Van Wormer
and Ryall, 1980; and Wallace, 1985 and 1987). This suggests that there will be about 10 skips of
seismicity from one range front to another in 10,000 yr. It follows that there is about a 10 percent chance
that YM will become as seismically active as the presently most active system in Nevada during the next
10,000 yr. If the causes of skipping or migrating seismicity are not better defined, this basis may have
to be accepted and magnitude 7+ earthquakes adjacent to or within YM may become the design basis.

A lack of knowledge about the rate of earthquake occurrence may lead to an underestimation of the
design earthquake needed for structures, systems, and components important to pre-closure safety and
retrievability and post-closure containment and waste isolation. For example, uncertainties regarding the
effects of vibratory ground motion on the stability of a corroded waste package canister, or in changes
to the waste isolation characteristics of the repository block could result in noncompliance with the
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performance objectives of 10 CFR 60.113(a)(1) and 10 CFR 60.112, respectively. Therefore, the
processes, features, and characteristics related to earthquake activity, both direct and indirect, have a
degree of uncertainty which is difficult to quantify and which will be propagated into assessments of
compliance with the performance objectives.

DescriDtion of Resolution Difficulty. Closure of this issue will be difficult because, currently, there are
no proven methods for extrapolating relatively short-term earthquake data up to 10,000 yr after repository
closure. Methods are needed to provide reasonable assurance that the effects of more frequent occurrence
of earthquakes, or earthquakes of higher magnitude than are typical of the area of the geologic setting
are identified and that predictions of earthquakes are adequate. It is expected that a significant amount
of expert judgment will be used in extrapolating short-term seismic data or longer-term paleo-seismic data
to estimate seismic hazard.

DOE is attempting to address difficulties in assessing seismicity by way of several studies as detailed
through Study Plans to address relevant earthquake sources, ground motion from regional earthquakes,
probabilistic seismic hazard analysis, historical and current seismicity, Quaternary faulting, and tectonic
modeling and synthesis. Descriptions of study plans on these issues are broad enough to address aspects
of this KTU, however the principal issues are not directly identified in the study plans.

From a regulatory perspective, it is necessary for NRC to have the capability and expertise to assess
DOE's studies considering the wide range of qualified expert judgments in these matters. It is likely that
uncertainty will remain for this KTU because of the brevity of the historic seismic record, limited detail
of Quaternary paleo-seismicity, the large uncertainty in interpretations from trenching studies, and
uncertainty in dating of offset horizons in trenches across active faults. The period of historic seismicity
will have been extended only slightly by the time of licensing hearings for a high level nuclear waste
repository and will remain inadequate to extrapolate thousands of years into the future. The nature of
earthquake recurrence on individual fault planes is controversial (Krinitzsky, 1993; Hanks and Cornell,
1994; Marrett, 1994; Wesnousky, 1994; Hofmann, 1995), yet this is a critical parameter in an accurate
Probabilistic Seismic Hazard Assessment (PSHA).

Technical Support Needs. To determine whether the interpretations of DOE (e.g., Quittmeyer et al.,
1994) regarding seismic hazard assessment, are adequate, or whether an adequate representation of the
dynamics of seismicity within the Basin and Range tectonic province have been made, the NRC/CNWRA
need to conduct a range of technical assessment and research activities as discussed below.

Technical Assessment Needs.
* Investigations should be conducted of the sensitivity of PSHA to assumptions concerning

temporal and spatial seismicity in order to effectively undertake compliance determination in
relation to spatial and temporal patterns of seismicity,

Research Needs.
* Determine the shapes of earthquake recurrence relationships (the number of earthquakes or

given magnitude and larger versus magnitude) on individual faults by monitoring larger
aftershocks of earthquakes using portable seismic instrumentation arrays. Theoretical methods
should be developed which explain observations and which can be used to predict a recurrence
behavior on fault planes that also preserves observed regional recurrence relationships.
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* Perform statistical analyses of the historical earthquake record to provide more rigorous
identification of earthquake clusters and improved understanding of the pattern of aftershocks
and triggered earthquakes. This process appears to be a manifestation of chaos as defined
mathematically. Chaos theory methods should be developed to better bound the range of
possible predictions without the currently used imperfect process of deleting aftershock data
from the historical record before using it in PSHA.

* Perform analysis of scaling relationships to provide a basis for evaluation of earthquake
recurrence intervals for mapped faults for which there is only a limited record or no record of
seismicity. Theory to justify the observed scaling relationships must also be derived if
predictions of fault plane earthquake recurrence is to be reliable.

* Perform analyses of the paleoseismic record to improve understanding of earthquake magnitude,
type, and recurrence in the YMR, and to aid in understanding the position (spatial and
temporal) within the overall patterns of seismicity. The paleoseismic record may indicate
distributed fault offsets from a very few large earthquakes originating on a master fault a depth,
or more numerous smaller earthquakes on each individual fault. Research to limit potential
theoretical models of faulting at depth may be necessary to constrain PSHA to reasonable
values.
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2.2.1 Justification for Recommendations

The working group was composed of CNWRA structural geologists involved with the
development of the CDSs: D. Ferrill and G. Stirewalt; seismologist: R. Hofmann; geologist: M. Miklas;
and R. Brient of WSE&I. No other disciplines were considered to be necessary to perform the KTU
integration.

The current KTUs that contributed to this KTU were (two KTUs entitled) "Inability to predict
the likelihood of earthquake occurrenee during the next 10,000 years," and "Migrating seismicity between
fault systems in the Basin and Range Province." These KTUs were found in two of the siting criteria
CDSs, PACs 3.2.1.7 (Correlation of earthquakes with tectonic processes), and 3.2.1.8 (Occurrence of
more-frequent/higher-magnitude earthquakes).

The current KTUs address a single general issue: uncertainty associated with time and space
patterns of seismicity. One of the main differences between the KTUs, as they are currently written, is
the time period of interest. The recommended KTU will: (i) address patterns of seismicity spanning the
time frames represented by previous KTUs, (ii) include all of uncertainty addressed in the current KTUs,
(iii) eliminate redundancy, and (iv) remove the artificial constraint of 10,000 yr.
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2.3 UNCERTAINTY IN DETERMINING THE SLIP HISTORY OF FAULTS

Review Type: 5

Affected Review Plans/Regulatory Requirements: 3.2.1.5/60.122(c)( 11), 3.2.1.7/60.122(c)( 13),
3.2.1.8/60.122(c)(14)

Description of Uncertaintm. Prediction of the type, magnitude, and probability of future seismicity is
critically dependent on various analyses of historic seismicity and paleoseismicity. Problems associated
with historic seismicity generally arise from uncertainties regarding relationships between earthquakes,
geologic structures (emergent and blind faults), and in situ stress, as well as from interpretations of
fault-plane solutions. Most paleoseismic data are gathered by trenching studies of the surface exposures
of active faults. A large source of uncertainty arises from ambiguity of deformation of alluvium, possibly
related to complex transmission of tectonic stress through unconsolidated sediment, and dating techniques
used to place absolute age constraints on fault slip history interpretations from trench studies. Recent
publications have noted the limitations of trenching as a mechanism for evaluation of fault activity,
particularly for interpreting recency of fault displacement and inferring fault recurrence intervals (e.g.,
Bonilla and Kienkaemper, 1990). Relationships between displacement magnitude at depth and at the
surface and likelihood of fault scarp development versus distributed deformation at the surface are poorly
understood. Some earthquakes produce surface rupture (e.g., 1992 Landers earthquake) such that there
is certainty regarding the responsible fault, choice of nodal plane, and sense of displacement. In contrast,
the 1992 Little Skull Mountain earthquake produced no surface rupture and there has been considerable
uncertainty regarding whether the fault is exposed at the surface (and, if so, which fault was responsible),
and the sense of slip on the fault (Harmsen, 1994). Many fault plane solutions from the historical seismic
record do not agree with the fault movement indicated by slickensides on exposed fault planes. Therefore,
fault movement and earthquake strong motions and their seismic-energy radiation patterns, which will
be used in tectonic models, are uncertain. Recent work at CNWRA suggests that the orientations of high
risk faults can be predicted given the in situ stress state (Ferrill et al., 1994a, 1994b, 1995; Morris et al.,
1994). For the YM area, only limited data for in situ stress (Stock et al., 1985; Harmsen, 1994) and 3D
fault orientations are available which imposes a limitation on the ability to accurately assess high-risk
faults.

Performance Objectives at Risk. 10 CFR 60.111(a), 10 CFR 60.111(b), 10 CFR 60.112, 10 CFR
60.113(a), and 10 CFR 60.113(c)

Explanation of Nature of Risk. Evaluation of potential for, type, and magnitude of future fault slip and
earthquake seismicity is critical to pre- and post-closure performance assessment. Fault slip and
earthquake seismicity may directly affect groundwater flow in the saturated and unsaturated zones,
therefore potentially affecting long-term repository performance. Engineered barriers, underground
facilities, and surface facilities could all be affected by fault rupture and earthquake seismicity which
could affect safety, retrievability, and long-term repository performance in a negative way. The amount,
type, and distribution of Quaternary slip and slip rates for many faults in the site vicinity are not well
constrained and the extent to which faults at YM may continue to accumulate slip in the future is
unknown.

Description of Resolution Difficulty. Problems associated with historic and paleo-seismicity largely result
from uncertainty of relationships between earthquakes, geologic structures (emergent and blind faults),
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in situ stress, interpretations of fault-plane solutions, and interpretations from trenches in alluvium.
Extensive 3D integration of these disparate data types will be required in order to reduce uncertainty
(Davis et al., 1990; Youngblood, 1992). Theories concerning future tectonic movement are based upon
an ambiguous understanding of earthquakes and causative fault movement. The disparity between
indications of normal faulting from exposed striations on fault planes, and fault plane solutions, derived
from seismograms, could be caused by recent variations in stress with time or an initiation of fault
movement (which conventional fault plane solutions indicate) that is different from overall fault
movement. This uncertainty exists for both geologically recent fault scarps and those that obviously have
accompanied earthquakes. Tajima and CUlerier (1989) show that fault slip direction may change from
initiation to the major part of slip. Vetter and Ryall (1983) show an example of a fault plane solution in
which short period seismic waves indicate strike-slip and long period seismic waves indicate dip-slip. The
long period waves would correspond to total movement on the fault. However, movements of faults as
determined from trenching sometimes suggest that a strike-slip and dip-slip component may exist. Certain
tectonic models suggest that thrusting from North-South compression might be expected in the Basin and
Range. The degree of uncertainty that results may require conservative assumptions. Resolution may
require more basic research into earthquake mechanisms using digital seismic recordings to differentiate
between initiating and overall fault slip directions.

DOE is attempting to address the difficulties in understanding faulting mechanisms in alluvium through
a well-organized field program involving mapping of faults in alluvium as exposed in excavated trenches
and gully walls, dating of Quaternary materials from the mapped trenches, and assessment of slip history
and paleoseismicity. Trenches are currently located along the Paintbrush Canyon and Bow Ridge,
Solitario Canyon, Stagecoach Road, Windy Wash, and Bare Mountain faults as well as along the fault
trace projections of the Ghost Dance and proposed Sundance fault zones.

From a regulatory perspective, it is necessary for the NRC to carefully examine the data being collected
by the DOE which bear on evaluation of faulting in alluvium, including observation in the field of
features being mapped and units being age dated in connection with the evaluation. Alternative
interpretations may need to be developed through independent interpretation of the data. Because many
faults in the Basin and Range tectonic province are buried beneath sediments or may exist only at several
kilometers depth beneath decollements, it is likely that uncertainty will remain in relation to correlation
of earthquakes with tectonic features and determination of fault plane solutions. Without dense arrays of
portable seismic instruments and a careful determination of velocity with depth, at locations of larger
earthquakes, the characteristics of earthquake recurrence on individual fault planes will not be known.
Most earthquakes of magnitude less than 5.8 do not produce surface fault ruptures and not all earthquakes
between 5.8 and 6.4 are likely to produce surface fault ruptures.

Technical Support Needs. To determine whether the interpretations of DOE regarding evaluation of
faulting in alluvium, extensions of known faults, or blind faults associated with anticlines or other tectonic
structures, are appropriate, adequate, and accurate, the following technical assessment and research needs
have been established to support NRC analyses.

Technical Assessment Needs.
* Critically assess DOE's interpretations of the field and laboratory data and conduct independent

review of these data in order to form the basis for the development of alternative interpretations
and to adequately assess potential impacts of faulting and seismicity on pre-closure and
post-performance of the repository system and its components.
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* *

* Estimate or bracket the nature of past, present and future fault slip to provide a conservative
assessment of potential shaking or fault offset effects on the repository. Analyses with SEISM
1.1 computer code can determine the effect on acceleration of assuming a conservative seismic
energy radiation pattern from a fault.

Research Needs. It is anticipated that the following independent research needs to be conducted by
NRC/CNWRA staff to provide an independent understanding of the principal sources of uncertainty
associated with analyses of past seismicity, and to establish a basis for compliance determination:

* Study faulting in alluvium using field studies, analog modeling, and finite element modeling in
order to establish a basis for determining the conservativeness of DOE interpretations and the
potential for active faults to be present but either undetected or underestimated.

* Develop slip-tendency analysis techniques for interpretation of high-risk fault orientations and
evaluation of nodal plane choices. It is anticipated that analysis of several three-component
seismic records will be used to assess which solution is the correct one as a test of existing and
new techniques for selecting nodal planes.

* Utilize portable seismic recording equipment (e.g., PASSCAL) to determine the seismic-energy
radiation patterns of larger aftershocks of substantial earthquakes. The instrumentation would
be deployed in such a manner as to effectively record high energy beamed through small ranges
of azimuth from a fault plane, as observed by Boatwright and Boore (1982), and to better
determine the range of azimuths to a fault plane in which directivity effects take place.
Aftershock radiation pattern monitoring will also better quantify the amount of seismic energy
potentially beamed toward a structure as a consequence of directivity effects.

* Evaluation of interrelationships between earthquakes, geologic structure, and tectonic processes,
to assess role of emergent versus blind faults as seismic sources. This can be accomplished by
performing analyses to compare (in 3D) interpretations of structural geometry, patterns of
earthquake seismicity, fault-plane solutions, and in situ stress.
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2.3.1 Justification for Recommendations

The working group was composed of CNWRA structural geologists involved with the
development of the CDSs: D. Ferrill and G. Stirewalt; seismologist: R. Hofmann; geologist: M. Miklas;
and R. Brient of WSE&I. No other disciplines were considered to be necessary to perform the KTU
integration.

The current KTUs that contributed to this KTU were "Evaluation of faulting mechanisms in
alluvium," "Correlation of earthquakes with tectonic features," and "Uncertainty in fault plane solutions."
These KTUs were found in three siting criteria CDSs, PACs 3.2.1.5 (Structural deformation), 3.2.1.7
(Correlation of earthquakes with tectonic features), and 3.2.1.8 (Occurrence of more-frequent/higher-
magnitude earthquakes). These KTU all deal with interpreting the prehistoric or historic slip record of
faults and are, therefore, grouped together as a single recommended KTU that addresses the old points
as well as additional new concerns regarding uncertainty.

2.4 UNCERTAINTY IN DETERMINING EFFECTS OF STRUCTURAL
DEFORMATION AND TECTONIC PROCESSES ON THE FLOW AND
TRANSPORT OF GROUNDWATER

Review Type: 5

2-13



Affected Review Plans/Regulatory Requirements: 3.2.2.8/60.122(c)(4)

Description of Uncertainty. Structural deformation and tectonic processes have been documented or
interpreted to affect groundwater in tectonically active regions in the following ways: (i) fractures control
groundwater flow direction in fractured aquifers; (ii) in situ stress affects apertures of existing fractures,
exerting direct control on groundwater flow (Carlsson and Olsson, 1979; Ferrill et al., 1994; Wittmeyer
and Ferrill, 1994; Wittmeyer et al., 1994); (iii) fault zones form groundwater conduits or barriers
(Dudley and Larson, 1976); (iv) faults juxtapose units that have different hydraulic characteristics,
forming barriers to groundwater flow or interconnections across faults (Allan, 1985); (v) fault slip
changes hydraulic character of fault (Sibson, 1986, 1987, 1990), and (vi) earthquake seismicity causes
nearby and distant fluctuations in groundwater level (e.g., Galloway et al., 1994). Each of these potential
controls on groundwater could be active in the YM area. However, the actual role of these controls on
groundwater is poorly understood and inherently difficult to determine because of poorly defined models,
lack of data, and difficulty or inability to collect data.

Performance Objective at Risk. 10 CFR 60.112, 10 CFR 60.113(a)(1), 10 CFR 60.113(a)(2).

Explanation of Nature of Risk. Groundwater flow in aquifers is commonly affected by fracture orientation
and distribution, and is often confined to specific pathways defined by either conduits or barriers related
to geologic structures. The system of active pathways, if related to geologic structures and tectonic
processes, may dramatically change with time due to tectonic (e.g. earthquakes, fault displacement) and
geochemical activity (e.g. dissolution and precipitation within fault zones). The potential risks associated
with the effects of structural deformation and tectonic processes on the flow and transport of groundwater
in the Yucca Mountain area are related to: (i) poor understanding of the 3D structure of the YM area;
(ii) poor understanding of the current relationship between geologic structure, stress, and groundwater;
and (iii) potential changes of hydraulic properties of faults and fractures due to fault slip, earthquake
seismicity, and geochemical activity.

Description of Resolution Difficulty. Understanding the complex interrelationships of structural
deformation and tectonic processes on the flow and transport of groundwater over large spatial and time
scales is essential to quantifying radionuclide migration paths and times. Sources of data are limited.
Temporary and permanent changes in groundwater level and flow are documented in the literature
concerned with the effects of earthquakes. The effects of slowly applied tectonic stress which may cause
closure or opening of pore spaces and fractures is less well documented and may ultimately require
computer and laboratory modeling to assess.

Analyses to address potential roles of structural deformation and tectonic processes on groundwater are
critical to adequate evaluation of the investigative approach and results of DOE activities. It is essential
that the NRC develop an independent understanding of the effects of structural deformation and tectonic
processes on groundwater flow and to independently develop concepts and models in order to assess
conservatism of DOE analyses and interpretations.

DOE YM Project site characterization activities include detailed mapping of faults and fractures and
analyses of groundwater in the vicinity of YM, including analyses of perched groundwater and the large
hydraulic gradient north of YM. These activities will combine results of field activity into a 3D tectonic
representation of YM is not known.
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Technical Support Needs. In order to determine whether DOE models and analyses regarding the effects
of structural deformation and tectonic processes on groundwater are appropriate, adequate and accurate,
the following Technical Support Needs have been established.

Technical Assessment Needs. Through efforts such as Iterative Performance Assessment (IPA) and
auxiliary analyses, NRC and CNWRA need to:

* Critically evaluate information on; hydraulic properties, geologic structure, in situ stress,
earthquake seismicity, groundwater hydrology, and groundwater geochemistry. Because the
spatial distribution of the data is critical to analyses of the effects of structural deformation and
tectonic processes on the flow and transport of groundwater, the geographical and geological
context of these data should be preserved to the extent possible by using a Geographic
Information System.

* Critically evaluate existing models and the possible effects of structural deformation and tectonic
processes on the flow and transport of groundwater.

Research Needs. The NRC/CNWRA need to develop an independent understanding of the effects of
structural deformation and tectonic processes on the flow and transport of groundwater. These models
should be developed independently from those developed by DOE, for use as compliance determination
methods. Specifically, research should be conducted to:

* Develop models for the effects of structural deformation and tectonic processes on the flow and
transport of groundwater.

* Investigate effects of tectonic processes such as in situ stress on groundwater travel time by
laboratory testing and natural analog investigations.
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2.4.1 Justification for Recommendations

The working group was composed of CNWRA structural geologists involved with the
development of the CDSs: D. Ferrill and G. Stirewalt; seismologist: R. Hofmann; geologist: M. Miklas;
and R. Brient of WSE&I. No other disciplines were considered to be necessary to perform the KTU
integration.

The basis for the recommended KTU was the current KTU "The cause of the large hydraulic
gradient north of Yucca Mountain and potential for tectonic disruption of fault-related barriers." This
KTU was found in the siting criteria CDS 3.2.2.8 (Structural deformation and groundwater).

The uncertainty associated with the "large hydraulic gradient" is being incorporated into other
recommended KTUs associated with the groundwater hydrology. It was eliminated from consideration
as a tectonic issue. The recommended KTU addresses the effects of stress on groundwater flow, the
potential roles of faults and extension fractures as conduits or barriers with respect to groundwater flow,
the effects of seismicity on groundwater, and the potential effects of tectonic and geochemical processes
on hydraulic character of tectonic features.

2.5 UNCERTAINTY IN DETERMINING MAGNITUDE OF FAULT SLIP AND
ASSOCIATED SEISMIC SHAKING AT SURFACE AND SHALLOW
SUBSURFACE LOCATIONS

Review Type: 5

Affected Review Plans/Regulatory Requirements: 3.2.1.7/60.122(c)(13)
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Description of Uncertainty. Surface or shallow subsurface fault rupture and seismic shaking could affect
the main storage tunnel, sealed bores, waste canisters, or surface facilities affecting safety and
retrievability prior to repository closure. Consequences of such fault displacements and seismic events
are uncertain. Fault slip proximal to the repository, whether shallow or deep, may generate vibratory
ground movements which would propagate with higher efficiency along fault planes than is likely in other
directions. Accelerations would be increased (Campbell, 1987), possibly by as much as an order of
magnitude (Boatwright and Boore, 1982). The repository, being at depth, would be closer to the origin
of these ground motions than will the ground surface. This depth difference may diminish the two fold
amplification effect of the free surface (a function of wavelength) to an unknown extent. Ground motions
are not always observed to diminish with depth (Douze, 1966), nor does theory (e.g., Kuhn, 1985)
predict that they should diminish for locations in close proximity to a source. Causes of continuing
uncertainty at YM are: (i) the limited record of seismicity, (ii) nonexistent record of historic surface
displacement, (iii) limited Quaternary record of surface displacement, and (iv) large uncertainty associated
with predicting the surface effects of seismic shaking and surface rupture.

Performance Objectives at Risk. 10 CFR 60.111, 10 CFR 60.112, 10 CFR 60.113(a)(1).

Explanation of Nature of Risk. Fault slip within the repository on a known fault plane, or along
associated fractures, could degrade sealed boreholes, cause collapse of tunnels or openings and possibly
offset rock above and below waste packages thereby degrading their protective covering (engineered
barrier). High accelerations caused by nearby fault offsets may also degrade sealed boreholes and cause
rockfalls which could directly close tunnels or damage waste packages causing premature release of waste
or accelerating release by increased corrosion. Faults adjacent to YM, e.g., the Windy Wash and Solitario
Canyon faults, are potentially strong contributors to seismic risk at the repository site. The close
proximity of these faults to the potential repository makes shaking from them subject to enhanced
vibratory ground motion, resulting from fault directivity, which may effect retrievability or the
performance of radiation protection and other systems.

Description of Resolution of Difficulty. No techniques are known that will accurately predict the extent
of fault movement to be distributed among adjacent faults (and other fractures) or predict the observed
ten-fold increase in ground motion radiating within a narrow band of small angles from a rupturing fault
plane (Boatwright and Boore, 1982; Somerville and Nelson, 1982). The average increase in ground
motion, for site to fault-rupture-at-depth angles with fault planes that are less than ten degrees, can be
inferred from Campbell's (1987) acceleration attenuation curves. Average increases are less than two-fold
but remain substantial. Few data are available to quantify the distribution of fault slip among near-surface
fractures nor is there a large body of data on the likelihood of rockfall or collapse from very high
accelerations from fault slip very near an underground facility. Distributions of fault slip among
near-surface fractures is discussed by Bonilla (1985). Applicability to the Basin and Range tectonic
province may have to be determined. Crandell (1949) discusses the general topic of damage as a function
of particle velocity, although for blasts, these often have one high frequency pulse of vibration. The
increase in particle velocity with increases in acceleration, as a function of site to fault-rupture-at-depth
angles with a fault plane, has not been established. There are few instances where a sufficient number
of recording instruments were near enough to a fault rupture to define variations in acceleration or
velocity as a function of azimuth in the near-field.

DOE is addressing earthquake topics somewhat related to this KTU and may address the problems
discussed here. Whether and to what degree DOE will cover the problem is not known. The most relevant
Study Plan is 1.2.3.2.8.3.3, "Ground Motion from Regional Earthquakes." The topic of concern in this
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KTU is near-field earthquakes which is not the same concern as regional earthquakes. Study Plan
8.3.1.17.3.5, "Ground Motion at the Site from Controlling Earthquakes," by the U.S. Geological Survey
(USGS), may touch upon this problem, although the description of the plan does not specifically address
it. DOE Topical Report 1 on Seismic Hazards Methodology for YM does not address the topic. A recent
report by Quittmeyer et al. (1994) discusses PSHA, including some near-field attenuation functions, but
does not address the 10 fold increase found by Boatwright and Boore (1982). Study Plan 8.3.1.17.4.6,
"Quaternary Faulting Within the Site Area," may contain information relevant to the amount and
distribution of fault slip within the repository. However, this may be revised after the Exploratory Studies
Facility is developed.

From a regulatory perspective, it is necessary for the NRC to carefully examine the data and models
developed by the DOE in order to form a basis for compliance determination. Independent tests and
analyses will be needed in order to evaluate the conservativeness of DOE models and interpretations.

At present it is difficult to identify the degree to which the KTU can be resolved either by DOE activities
or by NRC/CNWRA research efforts, so significant residual uncertainty may exist. NRC must have the
capability and expertise to assess DOE studies. Expert opinions may be divergent. Therefore, the NRC
should carry out independent technical support effort and research in the areas of concern in this KTU.

Technical Support Needs. To determine whether the DOE fault offset and ground motion data collection
and analyses are adequate, the following technical needs are established.

Technical Assessment Needs. NRC and CNWRA need to:

* Critically evaluate data and literature available on the effect of fault offsets on mines and
tunnels, the distribution of fault offsets among branch faults and fractures near the surface, the
radiation of seismic ground motion near the fault offset, and the diminution of seismic energy
with depth, including interface wave effects and dependence upon spectral frequency band.

* Assess theoretical models for relationships of fault slip and seismic shaking and develop new
ones as appropriate.

* Perform mechanistic modeling (e.g., using finite-element technique) to analyze potential surface
and shallow subsurface effects of fault slip and seismicity at depth.

* Conduct sensitivity studies to determine model parameters that are critical and assess the likely
range of such parameters at Yucca Mountain (e.g., through the use of the SEISM 1.1 PSHA
computer code).

Research Needs. The NRC/CNWRA need to develop an independent understanding of near-field faulting,
the ground motions they produce, and their effects on the repository and surface facilities over all
pertinent time periods. Specifically, research should be conducted to:

* Monitor aftershocks of larger earthquakes when they happen, with an array of portable
instruments (e.g, from the PASSCAL program) arranged to capture azimuthal effects of slip on
a fault plane to better quantify seismic energy radiation patterns from Basin and Range tectonic
province earthquakes.
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* Develop and refine models of fault slip near the surface and of the associated radiation of
seismic energy.

* Develop combined models of the effects of fault slip through tunnels and sealed boreholes with
attendant seismic shaking.

* Develop techniques to assess risk of slip on faults in the YM area (e.g., slip-tendency analysis).
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2.5.1 Justification for Recommendations

The working group was composed of CNWRA structural geologists involved with the
development of the CDSs: D. Ferrill and G. Stirewalt; seismologist: R. Hofmann; geologist: M. Miklas;
and R. Brient of WSE&I. No other disciplines were considered to be necessary to perform the KTU
integration.

This is a new KTU recommended to address the effects of fault slip and associated seismic
shaking at or near the ground surface, and is concerned with both pre- and post-closure effects. Reduction
of this uncertainty will improve repository design criteria and pre-closure safety assessments, reducing
the potential to underestimate seismic effects in surface and near-surface facilities. Many potential
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geologic models have been proposed to explain observations of surface faulting at YM. The models have
different ramifications regarding earthquake shaking, fault offset amplitudes and their frequency of
occurrence. The current situation has produced a high level of uncertainty. This KTU should be addressed
by the recommended technical assessment and research to reduce the uncertainty associated with this
KTU.

2.6 UNCERTAINTY IN DETERMINING EFFECTS OF STRUCTURAL
DEFORMATION AND TECTONIC PROCESSES ON ROCK MASS
PROPERTIES

Review Type: 4

Affected Review Plans/Regulatory Requirements: 3.2.1.5/60.122(c)( 11)

Description of Uncertainty. Rock mass properties (particularly fracture characteristics) are critical to
assessment of groundwater flow and stability of mined excavations. Fracture characteristics such as
orientation, spacing, aperture, dimensions, displacement, connectivity, and relationships between
mesoscopic deformation (e.g., extension fracturing and small-scale faulting) and macroscopic structures
(e.g., folding and faulting) are critical to groundwater flow in the saturated or unsaturated zone, stability
of tunnels, and design requirements for facilities (Shaffer and Daeman, 1986). Much effort has gone into
modeling groundwater flow through fractured media and stability of mined excavations with many
assumptions regarding fracture characteristics and relatively little emphasis on incorporating natural
fracture patterns. There is considerable uncertainty regarding the relationship between natural fractures
and; in situ stress, paleostress, faulting, and folding (Kemeny and Cook, 1990). For example, fracturing
is expected to change with depth, from surface conditions to conditions of greater confining pressure. The
depth of such relationships and the effects of rock type, fault geometry, are unknown, yet are critical to
long-term stability of tunnels (Nataraja and Brandshaug, 1992). These relationships are inherently difficult
to determine because of the inaccessibility of the subject fractures, natural variability of the host rock,
and variation of the controlling environmental parameters.

Performance Objectives at Risk. 10 CFR 60.111, 10 CFR 60.112, 10 CFR 60.113.

Explanation of Nature of Risk. In the case of YM, rock units at the surface are intensely fractured,
particularly in and adjacent to fault zones. YM contains numerous mapped faults, including two (Ghost
Dance and Sundance) within the proposed repository block. Potential risks associated with the effects of
structural deformation and tectonic processes on rock mass properties are that: (i) fracture systems form
the most likely fastest paths for radionuclide transport to the accessible environment, and (ii)
fracture-related instability poses serious concerns for long-term tunnel stability which directly affects
safety and retrievability prior to repository closure.

Description of Resolution of Difficulty. Due to the inaccessibility of the subject fracture systems at depth,
it will be necessary to make interpretations based on data acquired from surface analyses (mapping and
pavement studies), boreholes, and underground excavations. It will be critical to understand the
deformation processes and the effects of environmental factors such as temperature, confining pressure,
saturation condition, rock strength, and other rock properties (e.g., degree of welding, lithophysae,
density, and layering). Combining detailed study of deformation properties and data gathered from the
surface and subsurface will reduce uncertainty, however considerable uncertainty is likely to remain.
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DOE YM Project site characterization activities include mapping of exposed faults and fractures,
including detailed mapping of cleared pavements, analyses of rock properties (including fractures) in
boreholes, and mapping of the exploratory tunnel during construction.

From a regulatory perspective, it is necessary for the NRC to carefully examine the results of DOE's
analyses of structural deformation and rock mass properties. Independent studies of the effects of
structural deformation on rock mass properties are needed, particularly in order to evaluate the potential
for equal or more intensive fracturing at depth than is seen at the surface, and to evaluate the potential
effects of structural deformation on short- and long-term performance.

Because of the inaccessibility and natural variability of the rock mass of concern in this KTU, it is
anticipated that technical assessment and research activities of the DOE and NRC/CNWRA will not be
able to eliminate this uncertainty. However, field analyses, analog studies, and modeling efforts should
be able to considerably reduce the uncertainty.

Technical Support Needs. To determine whether DOE's assessment of rock mass properties adequately
accounts for effects of structural deformation that has occurred or which may occur during the period of
repository concern, the following Technical Support Needs should be addressed.

Technical Assessment Needs. NRC/CNWRA need to:

* Determine relationships between structural deformation and tectonic processes and faults and
fractures.

* Critically evaluate the effects of faults and fractures on rock mass properties at YM.

Research Needs. NRC/CNWRA need to:

* Critically evaluate modeling approaches to analysis and prediction of natural fractures and
fracture characteristics from information on rock properties and deformation conditions.

* Perform independent analyses of fractures at YM and analogs in order to evaluate characteristics
of natural fracture patterns, scaling relationships of fractures, natural variability of fractures in
tuff units, and long-term stability of excavated tunnels in felsic tuff.
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2.6.1 Justification for Recommendations

The working group was composed of CNWRA structural geologists involved with the
development of the CDSs: D. Ferrill and G. Stirewalt; seismologist: R. Hofmann; geologist: M. Miklas;
and R. Brient of WSE&I. No other disciplines were considered to be necessary to perform the KTU
integration. M. Ahola of Repository Design Construction, and Operations (RDCO) also contributed.

This is a new KTU that addresses the effects of structural deformation and tectonic processes
on rock properties with particular emphasis on natural faulting and extension fracturing.

2.7 UNCERTAINTY IN DETERMINING THE CONSEQUENCES OF
IGNEOUS ACTIVITY FOR REPOSITORY PERFORMANCE

Review Type: 5

Affected Review Plans/Regulatory Requirements: 6.1/60.112, 6.2/60.112

Description of Uncertainty. The proposed YM repository is located within 20 kan of at least five
Quaternary basaltic volcanoes. This indicates that future volcanism in the region is likely and that igneous
activity may occur within or near the repository site during the next 10,000 yr. The consequences of this
igneous activity must be evaluated in order to determine the impact of igneous activity on total system
performance and in order to evaluate the geologic hazards associated with the site and their effect on site
suitability. However, uncertainties exist with regard to the possible consequences of igneous activity for
two basic reasons. First, igneous activity is a transitory and dynamic process that is incompletely
preserved in the geologic record. As no volcanic eruptions have been monitored directly in the YMR or
elsewhere in the Basin and Range, many of the interpretations of the character of this volcanic activity
are based on analogy and inference. Second, the impact of the repository itself on magmatic processes
is uncertain. For example, it is uncertain what the impact of the repository structure might be on the flow
or fragmentation of magma. No obvious physical analogs for these interactions exist.

Uncertainty about the consequences of volcanism and related igneous activity for repository performance
can be subdivided into two general areas. These are:

(1) Effects of direct magmatic disruption of the repository

(2) Effects of heat and mass transfer of cooling dikes and related intrusions on repository
performance

Calculations of total system performance that include igneous processes may be strongly impacted by
these uncertainties, whether a dose-based calculation is used, or one based on a normalized release
standard. It is therefore critical that these uncertainties be investigated and bounded through scientific
investigation. In addition, it is necessary to understand the limits of volcanological models in order to
ensure that the impact of this uncertainty is fully assessed during the license review process.

Performance Obiective at Risk. 10 CFR 60.112
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Explanation of Nature of Risk. Most current models estimate the recurrence rate of volcanism in the
YMR to be between 1 and 10 volcanoes per million years, indicating that the probability of volcanic
disruption of the candidate repository in the range of 10-4 to 10-3 in 104 yr. It is uncertain whether the
frequency and probability of igneous activity is nearly the same as or is higher than these estimates of
volcanic activity alone. Nonetheless, these estimates indicate that igneous activity is an unanticipated
event: one with a low probability of occurrence but one with potentially high adverse consequences for
repository performance. It is currently uncertain and debated what the potential range of consequences
of igneous activity would be for repository performance. Globally, small volume basaltic eruptions range
in magnitude from low energy fissure eruptions with quite localized transport, to high energy eruptions
with sustained convective ash columns that transport basaltic ash hundreds of kilometers downwind (e.g.,
Connor, 1993). It is uncertain how this range of eruptive activity translates into an estimate of impact of
volcanism on repository performance. The impact of nearby volcanism on the hydrologic and geochemical
settings of the repository is also currently unknown. Total system performance, however, cannot be fully
implemented without bounds on the character of potential igneous activity. Overestimation of the
consequences of igneous activity may result in erroneous disqualification of the repository. Conversely,
underestimation of the consequences of igneous activity may result in overly optimistic estimates of
performance.

Description of Resolution Difficulty.
Effects of Direct Disruption by Igneous Activity.
Assuming that the spectrum of potential igneous activity can be fully characterized, it is uncertain what
would be the impact of this activity on repository performance. This results from the fact that the all
models of volcanism are based on natural conditions and the structure of the repository adds additional
complexity to the models. For example, current models of waste entrainment in the event of igneous
activity are based primarily on the abundance and distribution of crustal xenoliths in dikes and xenolith
abundance in basaltic scoria deposits. It is uncertain whether this represents an appropriate analogy for
waste transport, because rapid decompression of magma entering the repository may result in greater
fragmentation of magma, wallrock, and waste packages than is common in natural systems. There are
no known natural examples of ascending magma intersecting a series of 5 to 10-m-diameter voids at
300 m depth, which introduces serious uncertainty into model development and testing of
repository-magma interactions. Three basic areas of uncertainty for the consequences of igneous activity
within the repository block include:

* Estimation of the waste volume that might be impacted during eruptions, and how

* Utility of crustal xenoliths as analogs for waste fragmentation, entrainment, and dispersal

* Effect of the repository structure on the character of igneous activity

Reduction of these uncertainties requires model development and systematic investigation of the basic
physical characteristics of small-volume igneous activity.

Indirect Effects of Igneous Activity.
Indirect effects of igneous activity are those that do not involve direct transport of radionuclides to the
surface by erupting magma. The indirect effects include degassing of cooling igneous intrusions,
anomalously high heat flow associated with cooling intrusions, changes in the geochemical and
mineralogical settings of the repository due to these processes, and changes in the hydrological setting
of the repository. Indirect effects of magmatism are potentially more important than direct effects because
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the probability of igneous activity occurring near the repository is greater than the probability of magma
intersecting the repository, simply because of the small area of the repository. Current specific areas of
uncertainty related to the indirect effects of magmatism include:

* Duration of anomalously high heat flow from subvolcanic intrusions

* Development of dry-out zones around intruding subvolcanic intrusions and their impact on water
vapor and gas saturation within and around the repository

* Impact of volcanic gases on the geochemical setting of the repository

* Effect of intrusions on groundwater flow in the repository area

Uncertainty will always remain about these processes because observations made of these processes at
cooling volcanoes and intrusions must be modeled for application to the repository, and because the
repository itself may result in change in these models. However, directed research can realistically bound
the effects of these processes.

It is the responsibility of the DOE to estimate the consequences of volcanic disruption of the candidate
repository in as thorough and defendable manner as possible. DOE research on direct effects of igneous
activity has concentrated on physical analogs for fragmentation and transport, primarily concentrating on
crustal xenolith abundances in dikes and scoria deposits (Valentine et al., 1993). Research on indirect
effects has included mapping of alteration zones in dikes and sills in the YMR and modeling some of
these processes numerically.

It will be the responsibility of the NRC to evaluate these models for completeness and accuracy, using
a broad spectrum of volcanological data and models. In order to ensure sufficient evaluation of DOE
models, the NRC will need the capability of determining if an appropriate spectrum of consequence
models are considered and that the scientific basis for these models is adequate.

However, no previous attempt has been made to estimate the potential of magmatic processes to impact
a high-level waste disposal facility. As a result, uncertainties will remain, despite research efforts by the
DOE, the NRC, and the CNWRA. For example, ongoing CNWRA research of currently cooling dikes
at Tolbachik Volcano, Russia, indicates that: (i) high temperatures can persist for long periods of time
due to variable thermo-physical properties of the wall rock, (ii) alteration around these bodies is limited
primarily due to the development of dry-out zones, and (iii) dikes create zones of high water saturation
tens of meters from their boundaries due to heat and mass transfer. This research, based on natural
analogs, changes our interpretations of magnitude and longevity of physical processes acting around dikes.
Nonetheless, it cannot directly predict the impact of these processes on repository performance.
Consequently, uncertainties will remain due to the complexity of the repository system.

Technical Supovrt Needs. The following support needs have been established in order to determine
whether the DOE approach to analysis of the consequences of volcanic activity is scientifically defendable
and sufficient.
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Technical Assessment Needs.
* Develop familiarity with conceptual and numerical models of small-volume basaltic eruptions

and dike cooling and degassing, with particular emphasis on evaluation of model accuracy.

* Analyze eruption model sensitivity to input parameters and variables.

* Test models of volcanic processes in the YMR and compare model results with basic physical
volcanological data, such as the characteristics of fragmental deposits at active and ancient
volcanoes.

* Formulate probability density functions for the range consequences of igneous activity for use
in IPA and link these consequences with atmospheric and hydrologic transport modules.

Research Needs. Because of the unique nature of this volcanic hazard analysis, it is necessary for the
NRC/CNWRA to develop an independent scientific perspective on applicability, structure, and limits of
probabilistic volcanic hazard assessment of small-volume basaltic volcanism in the YMR. Specific
research goals which can reduce uncertainty in probabilistic volcanism models are:

* Development and testing of models for small-volume basaltic eruptions with emphasis on
physical processes occurring at repository depths

* Development of models of dike cooling and degassing that encompass both heat and mass
transfer processes and which explain physical observations around these bodies
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2.7.1 Justification of Recommendations

The working group was composed of CNWRA staff B. Brient (WSE&I), C. Connor
(Volcanologist), B. Hill, (Volcanologist), and M. Miklas (Quaternary Geologist). No other disciplines
were considered necessary to perform this KTU integration.

After familiarization with the current KTUs and initial integration comments, the working group
decided that a new KTU was needed on the consequences of igneous activity for repository performance.

This KTU addresses the large uncertainties associated with understanding the direct and indirect
effects of igneous activity on repository systems. In essence, no geological analogs exist for the
intersection of ascending basaltic magma from depth into a large void (i.e., repository drift) in disturbed
wall rock, located hundreds of meters below the surface. All models developed for this process will have
large uncertainties in their precision and accuracy, which must be evaluated in order to develop a
reasonable risk assessment for igneous activity on repository performance. The KTU also requires
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independent test, analyses, and investigations, due to the large uncertainties and ambiguities associated
with applying igneous activity models to the repository system.

2.8 UNCERTAINTY IN DETERMINING THE PROBABILITY OF IGNEOUS
ACTIVITY AND RESULTING DISRUPTION OF THE CANDIDATE
REPOSITORY

Review Type: 5

Affected Review Plan/Regulatory Requirement: To be developed-Anticipated and Unanticipated
Processes and Events/60. 122(a)

Description of Uncertainty. The YMR has been the site of recurring igneous activity throughout the
Pliocene and Quaternary. This igneous activity has led to the formation of numerous cinder cones and
related igneous features. At least five small-volume basaltic volcanoes approximately one million years
old or younger are located within 20 km of the proposed repository site. Both the DOE and the NRC will
use probability models to evaluate the potential for future disruption of the candidate repository by
igneous activity. Probability modeling is necessary primarily because deterministic models for the timing
and distribution of small-volume basaltic volcanism do not exist and will not likely be developed in the
foreseeable future. Considerable uncertainty exists, however, related to the utility of probability models
for evaluation of the low probability but potentially severe consequences of future igneous activity within
or near YM.

Uncertainty in the application of probability models to igneous activity is manifest in four general areas:

* Analysis of spatial patterns and temporal recurrence rate of volcanism

* Selection of appropriate probability density functions for the range of potential energetics and
area disrupted by a single igneous event

* Selection, application, and development of methods used to calculate probabilities of volcanic
eruptions and repository disruption

* Mechanism of incorporation of related information, regional structural and geochemical models
or seismic tomographic data, into probability calculations

These uncertainties are amplified because volcanic hazard analysis has never before been made for the
time scales required to model repository performance.

Performance Objective at Risk. 10 CFR 60.112

Explanation of Nature of Risk. Most current models estimate the recurrence rate of volcanism in the
YMR to be between 1 and 10 volcanoes per million years, and the probability of volcanic disruption of
the candidate repository in the range of 10- to 10-3 in 104 yr (Ho, 1992; Connor and Hill, 1993; Crowe
et al., 1993). It is uncertain whether the frequency and probability of igneous activity is nearly the same
as or is higher than these estimates of volcanic activity. Nonetheless, these estimates indicate that igneous
activity has a low probability of occurrence. Igneous activity has potentially significant consequences for
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repository performance. Because of the uncertain nature of probabilistic hazard analysis on the time scales
of repository performance, it is clearly possible to overestimate or underestimate the probability of
igneous activity. Underestimation of the probability of igneous events, their possible distribution, and
effects may lead to unrealistically high estimates of performance. Conversely, igneous activity may
erroneously disqualify the candidate repository if probability and consequences are overestimated.

Description of Resolution Difficulty.
Analysis of Patterns in Volcanism.
Numerous models currently in use rely on the definition of areas within which igneous activity is more
or less probable to occur. Results of probability calculations based on this approach are strongly
dependent on the area selected. Two types of areas that may be considered are: (i) an area defined by the
distribution of past igneous events that are sufficiently preserved to be identified; and (ii) an area defined
by structural features, such as basins or fault zones, within which magmatism is thought to be more likely
to occur. Within these basins, magmatism is difficult to detect because of the combination of the small
size of many subsurface basaltic intrusions and the low resolution of geophysical techniques reduce the
certainty of volcanic pattern recognition. It appears likely that some models proposed by the DOE will
incorporate aspects of one or both of these types of areas. It is uncertain how to reconcile the use of these
areas with geological observations made in volcanic fields. Rather, it is necessary to develop new
approaches to model observed patterns in volcano distribution and apply these to probabilistic hazard
assessment. Areas of uncertainty with regard to these spatial patterns include:

* Scale of vent migration and shift in the locus of igneous activity within fields

* Shape, size, and distribution of vent clusters within volcanic fields

* Distribution, length, and mechanism of development of vent alignments

* Distribution of dikes and other intrusive bodies related to volcanic features, which are readily
observable

The degree to which these patterns are present and useful in probabilistic models must be ascertained,
along with the geological processes which result in these patterns. These processes may include regional
structural controls, fault dilational tendency, and distribution and longevity of magma source regions.

Recurrence Rate.
Few volcanoes have erupted through time in the YMR, indicating that igneous activity is infrequent.
However, it is uncertain whether site characterization can reasonably identify all Miocene and Pliocene
volcanic vents in the YMR. Therefore it is difficult to provide a robust estimate of the recurrence rate
of igneous events. This is a problem because all probability models depend to a great extent on the value,
or range of values, used for regional recurrence rate of igneous activity. Several techniques have been
proposed to estimate recurrence rate (Ho, 1992; Connor and Hill, 1993; Crowe et al., 1993). These
include using the average recurrence rate since the cessation of silicic volcanism in the region, the
average recurrence rate since the beginning of the Pliocene, the average Quaternary recurrence rate, the
average recurrence rate in the last one million years, and time-trend analysis of the frequency of
eruptions. However, it is uncertain whether any of these models actually encompass the possible range
in recurrence rate over the next 10,000 yr. For example, igneous activity in the region may be waning,
and therefore the frequency of past events may overestimate the recurrence rate expected for the
performance period. Conversely, episodes of increased magmatic activity are quite common in volcanic
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fields, and seem to have occurred in the YMR in the past. During these episodes recurrence rate is quite
high compared with time-averaged recurrence rate. This possible variation in recurrence rate strongly
impacts probability models and results in uncertainty in their application.

Basic uncertainty will remain until: (i) additional models or constraints can be developed to bound
estimates of recurrence rate; and (ii) a geologic basis for variation in recurrence rate, such as rate of
extension or degree of partial melting, can be identified.

Variation in Energetics.
The style of basaltic eruptions, Hawaiian to Plinian and hydro-magmatic, and the energy associated with
these eruptions varies. It is currently not determined how this variation will be incorporated into
probability models, what total range of activity needs to be considered, and to what extent this variation
should depend on other models. For example, the likelihood of phreatic or phreato-magmatic eruptions
in the YMR would increase if the climate became wetter over the next several thousand years. As such
a change in the style of volcanic eruptions would impact the area influenced by volcanic activity, it is
appropriate to consider these types of scenarios.

Area of Disruption.
It is uncertain what area of the repository would likely be affected by a dike intrusion. Current models,
for example, tend to simulate eruptions using a single feeder dike, which might range in width from less
than one meter to more than five meters according to a probability density function. However, it is rare
to find single dikes feeding volcanic vents where dike systems are revealed by erosion or geophysical
investigation. For example, ground magnetic surveys across the Little Cones in Crater Flat Valley
indicate that a N-S trending dike zone transects NE Little Cone. Pliocene dike zones in Crater Flat consist
of multiple dikes, each less than 5 m wide but which cumulatively create a zone that is commonly more
than 50 m wide. Bifurcation of dikes as they approach a stress-free surface seems common. Thus, models
may need to account for the additional area impacted by this process. Furthermore, it is uncertain how
interaction with fault zones impact the orientation and width of these dike zones.

Selection of Models.
Various models have been proposed for the probability of disruption of the candidate repository. These
include: spatially and temporally homogeneous Poisson, temporally nonhomogeneous Poisson, spatially
and temporally nonhomogeneous Poisson, and parametric models. These models are based on varying
assumptions and application of these models yields varying results. Furthermore, a range of probabilities
results from the implementation of any one of these models because of uncertainty in the timing and
distribution of past volcanic events, and various parameters used in some of the models.

One approach to model selection is to use as broad a range in models as possible, then calculate mean
and variance of model results for the probability of volcanic disruption. It becomes unnecessary to
differentiate between models using this approach, or to assess their validity. However, some models are
less likely to accurately reflect probability than others. For example, the results of spatially and
temporally homogeneous Poisson models are extremely dependent on the area selected for the calculation.
Because of this dependency, essentially an infinite number of solutions to the homogeneous Poisson model
are possible and utility of the model is questionable. It is uncertain what criteria should be used for
probability model evaluation and use, given the state of knowledge of controls on small-volume basaltic
volcanism.
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In addition, it is uncertain how sensitivity studies of probability model performance and uncertainty will
be performed. For example, nonparametric models developed at the CNWRA indicate that recurrence
rate may vary by over two orders of magnitude within 20 km of the site. This is a small distance on the
scale of most volcanic fields and structures, such as faults. In the past, this spatial variation has not been
incorporated into estimates of the uncertainty of probability of disruption.

Use of Geological Models.
Several types of geological investigation and resulting interpretations based on these investigations may
potentially impact probabilistic models. These include: (i) geochemical models of basaltic magmatism,
(ii) models of the structural and tectonic setting of the YMR, (iii) and seismic tomographic investigations
and resulting models. These types of models may impact estimates of the recurrence rate of magmatism
in the YMR and the distribution of potential volcanic eruptions. Although these models are ideally based
on thorough geological investigation, the resulting models are always indeterminate at some level and
open to alternative interpretations. It is uncertain, therefore, how to incorporate these geological models
into probabilistic volcanic hazard analysis.

Uncertainties in the application of structural and tectonic models include:

* Relationship between deformation (rate and magnitude) and recurrence rate of volcanism

* Regional spatial relationship between structural zones (or blocks) and the distribution of
volcanoes

* Scale of fracture-dike interaction, the development of vent alignments as a result, and the time
period over which these alignments may be active

Further investigation of these relationships may alter current probability substantially. For example, the
two Quaternary Sleeping Buttes cones lie on an alignment with several other Miocene(?) basaltic vents.
The preferential formation of vents in this alignment over a geologically long time period, compared to
the volcanism elsewhere in this cluster, suggests a long term control on vent distribution which may
impact probability models.

In general, geochemical models strive to explain the character of the source region of magmas, the
volume of partial melt produced in these zones and supplied to the crust, the degree of interaction
between these magmas and the crust, and, when linked with geochronological information and related
geological data, changes in these processes through time. Geochemical models can provide an essential
link between the volumes of basalt mapped at the surface and the magma supply generated in the magma
source region. However, these models have not before been used in long-term hazard assessment.
Uncertainties about the application of these models in probabilistic hazard assessment include:

* Relationship between magma supply, partial melting, volume of lavas, and frequency of igneous
events

* Spatial variability in geochemistry and relationship to patterns in volcanism

* Change in geochemistry through time and relationship to eruption style
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Geophysical data, such as teleseismic tomographic data, may be very useful for detection of areas of
potential partial melting in the mantle, or areas of high heat flow in the upper crust. For example, such
zones have been identified in the Coso, California, volcanic field (Sanders et al., 1988) and are consistent
with observed patterns in basaltic volcanism. Similar seismic tomographic anomalies have been mapped
using low resolution methods in the YMR. Identification and interpretation of these anomalies may
provide valuable deterministic constraints on probability models. Uncertainty in the application of these
methods includes:

* Determination of the resolution which can be achieved with tomographic and related methods.

* Interpretation of the physical meaning of anomalies.

* Integration of these results into a probabilistic assessment.

It is the responsibility of the DOE to estimate the probability of magmatic disruption of the candidate
repository in as thorough and defendable manner as possible. The current DOE approach to estimation
of probability is to use a range of probability models, primarily spatially homogeneous Poisson models.
DOE is also seeking expert elicitation to estimate the probability of igneous activity.

It will be the responsibility of the NRC to evaluate these models for completeness and accuracy, both
from volcanological and statistical standpoints. In order to insure sufficient evaluation of DOE models,
the NRC must have the capability of determining if an appropriate spectrum of models has been
considered and that the scientific basis for these models is adequate.

However, no previous attempt has been made to estimate hazards due to igneous activity on time scales
of 10,000 yr or greater. Uncertainty exists in the attempt to model igneous processes at many levels.
Further research into the geological and geophysical settings of volcanic fields and probability model
development and testing will bound much of this uncertainty. However, at the licensing review
uncertainty will remain and as a result it will be difficult to ascertain whether particular models are
appropriately conservative.

Technical Support Needs. The following support needs have been established in order to determine
whether the DOE approach to probabilistic volcanic hazard analysis at the YMR is scientifically
defendable and sufficient.

Technical Assessment Needs.
* Develop a strategy for evaluation, use, and rejection of probability models.

* Analyze model sensitivity to input parameters and variables, with particular emphasis on
recurrence rate, spatial distribution, and area impacted by volcanism.

* Implement [PA models using appropriate volcanological models.

* Investigate dike geometries, timing of dike injection, and area affected by intrusion in order to
test and bound probability density functions for the areas affected by magmatic events.

* Evaluate the capability of seismic reflection and seismic tomography surveys to identify small
subsurface igneous features.
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* Formulate links in IPA between volcanism, tectonics, climate, hydrological and geochemical
settings of the repository.

Research Needs. Because of the unique nature of this volcanic hazard analysis, it is necessary for the
NRC/CNWRA to develop an independent scientific perspective on applicability, structure, and limits of
probabilistic volcanic hazard assessment of small-volume basaltic volcanism. Specific research goals
which can reduce uncertainty in probabilistic models of igneous activity are:

* Identify rates of change in recurrence rate and patterns of small-volume basaltic volcanism in
analogous volcanic fields.

* Develop probability models that capture essential features of basaltic vent distribution.

* Develop and test models of recurrence rate and vent distribution based on integrated
geochemical, tectonic, and geophysical models.

* Develop criteria to characterize the style of small cinder cone basaltic eruptions in order to
place limits on the area influenced by volcanic activity.

* Identify and/or develop geological, geophysical and geochemical models that can be used to
bound probability calculations.
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2.8.1 Justification for Recommendations

The working group was composed of CNWRA staff B. Brient (WSE&1), C. Connor
(Volcanologist), B. Hill (Volcanologist), and M. Miklas (Quaternary Geologist). No other disciplines
were considered necessary to perform this KTU integration.

The source of this recommended KTU is the current KTUs "Techniques to detect and evaluate
igneous features," "Inability to sample igneous features," and "Development and use of conceptual
tectonic models as related to igneous activity" and are associated with the siting criteria PAC CDS
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3.2.1.9 (Evidence of Igneous Activity). The main concept in the current KTU was that there are large
uncertainties associated with the process that control the location of igneous events in the YMR. The
recommended KTU focuses on the uncertainties associated with probability modeling of igneous events.
The recommended KTU incorporates the basic concepts in the current KTUs, and expands on the other
geological processes that can affect the location of future igneous events. The recommended KTU further
investigates the uncertainty associated with probability model development, testing, and application. This
KTU also requires independent test, analyses, and investigations due to the large uncertainties and
ambiguities associated with probability modeling of igneous events.

2.9 UNCERTAINTY IN IDENTIFYING GEOCHEMICAL PROCESSES AND
CONDITIONS THAT AFFECT RADIONUCLIDE RETARDATION AND
DETERMINING AND PREDICTING THE MAGNITUDE OF THE
EFFECTS AT YUCCA MOUNTAIN

Review Type: 5

Affected Review Plans/Regulatory Requirements: 3.2.2.9/60.122(c)(5), 3.2.3.2/60.122(b)(3),
3.2.3.3/60.122(b)(4), 3.2.3.5/60.122(c)(8)

Description of Uncertainty. Migration of radionuclides can occur by advection in moving fluids containing
dissolved or suspended radionuclides and by diffusive transport in fluids or along surfaces. The rate of
migration (velocity) of radionuclide transport may be significantly smaller than the rate of fluid flow or
the rate of diffusion in a pure liquid because of various mechanisms, including sorption on immobile
solids, precipitation, filtration of particulates, and matrix diffusion of radionuclides from relatively rapidly
flowing fluids to regions of smaller flow velocities. Reduction of the rate of radionuclide migration
relative to advective velocities or pure diffusive velocities is referred to as retardation. Because of changes
in system chemistry, however, radionuclide migration may not be retarded relative to water flow and
under some conditions may even be enhanced.

Radionuclide retardation depends on many factors, including aqueous solution composition activity
coefficients reaction, rate constants, temperature, pressure, microbial effects, and flow rates. For large,
heterogeneous natural systems, such as YM, there is a lack of certitude about methods for obtaining
information relevant to these factors. An example of the large number of parameters necessary for
characterizing processes is the triple layer model for surface complexation (sorption), where seven types
of adjustable parameters are required to model radionuclide sorption (Turner, 1991).

Further, radionuclide retardation is a function of numerous conditions and interrelated processes that must
be interpreted over large spatial scales (e.g., 103 m) and long time periods (e.g., 104 yr). These
conditions and processes, their couplings, and their temporal variation, are not well understood. For
example, performance assessment calculations typically use a single constant retardation factor (Rf) to
represent the retardation of radionuclide transport. The retardation factor is based on the concentration
distribution between the aqueous (C.) and solid (Cs) phases, which is often described by a simple Kd
value according to the equation Cs = KdCq with K. equal to a constant. It is well-known, however, that
sorption of radionuclides on rock and mineral substrates is influenced by the physical and chemical
characteristics of the groundwater (e.g., pH, composition, temperature) and of the substrate (e.g.,
mineralogy, surface area, surface properties). In addition to sorption, other physicochemical processes
may contribute to retardation, including diffusion, dispersion, and precipitation. In performance
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assessments, however, Rf (KF) for a given radioelement tends to be assigned a constant value based on
empirical data. Although the values may be based on experimental studies using particular rock
type/groundwater combinations, a constant value is assumed. This does not adequately reflect the role
of systematic chemical variations in determining the extent of retardation of radionuclide migration.
Therefore, without some mechanistic way to quantify and predict the changes in Kd and Rf as a function
of system chemistry, it is not clear how a quantitative representation of retardation processes can be
undertaken. DOE has proposed using an approach where a minimum Kd value is assigned to those
elements that are experimentally determined to be strongly sorbing in the most active groundwater at YM
(Meijer, 1992). This strategy is proposed as a screening mechanism to identify poorly sorbing
radionuclides that require more detailed examination.

Radionuclide retardation is also related to the availability of particulates and colloids which may serve
as platforms for radionuclide transport. A variety of processes could potentially contribute to the
formation of particulates and colloids (e.g., precipitation, condensation, weathering, dispersion).
Particulates and colloids can be formed by mechanical means as, for example, particles from the
spallation of waste form or Pu(IV) colloids. Given the various processes that could contribute to the
formation of particulates and colloids, it is uncertain which geochemical conditions at YM would affect
their formation.

It is uncertain how the partial hydrologic saturation at YM will affect sorption, precipitation, colloid
formation, and transport of radionuclides by particulates, colloids, and complexes. All batch sorption
experiments and most column sorption studies are conducted under conditions where the sorbing medium
is fully saturated with water. It is not known if radionuclide sorption coefficients determined using fully
saturated experiments can be extrapolated to conditions of variable saturation.

In addition, radionuclide transport may occur through the matrix or through fractures. Water chemistry
and host rock mineralogy, and therefore retardation, may differ between these domains. An additional
complexity is introduced in the unsaturated zone, where fracture transport may not occur until relatively
high moisture contents are reached. Mineralization in fractures may serve as a sorptive substrate, but it
is possible that fracture coatings formed by poorly sorptive minerals, such as quartz and calcite, will
inhibit retardation and limit diffusion from the fracture into the matrix. Such an effect will limit the
contribution of diffusive processes to radionuclide retardation.

Heat produced by radioactive decay may also affect radionuclide retardation mechanisms. Although
various data and analyses indicate that mineral assemblages are likely to be altered due to thermal
loading, the type and extent of alteration and the properties of the minerals in the alteration assemblage
are uncertain. There is significant technical uncertainty associated with the determination of whether or
not mineral assemblages so altered will have an equal, decreased, or increased capacity to inhibit
radionuclide migration. It is also possible that the effects will differ from the near-field to the far-field
in ways that are difficult to characterize. In addition, experimental data on temperature effects on sorption
processes are virtually nonexistent.

Performance Obiective at Risk. 10 CFR 60.112

Explanation of Nature of Risk. Modeling radionuclide retardation will require evaluating the effect of
numerous processes and interactions between many chemical components under various conditions
expected at YM over large spatial and temporal scales. In addition, the possible effects of the repository
may vary from the near-field to the far-field in ways that are difficult to characterize. There exist many
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possible combinations of processes and conditions that could affect radionuclide retardation such that the
overall system performance objective is not met.

Failure by the DOE to consider all relevant processes and conditions may make it difficult for the DOE
to demonstrate compliance with the overall system performance objective. Lack of certitude about
methods for obtaining necessary data, methods for modeling relevant processes, and uncertainties
regarding understanding and interpreting conditions and processes may limit the NRC ability to effectively
determine whether the overall system performance objective will be met.

Description of Resolution Difficult . Resolution of this KTU is difficult because there is a lack of
understanding about conditions and processes relevant to retardation. Radionuclide retardation is a
function of numerous geochemical conditions and interrelated processes that must be interpreted over
large spatial scales and long time periods. These conditions and processes, their couplings, and their
spatial and temporal variations are not well understood.

Retardation processes involve both radioactive and nonradioactive constituents of the repository and
vicinity. The number of chemical components present at YM to be considered in this analysis will include
key radionuclides and components introduced in the construction and characterization of the repository,
corrosion products from the EBS, and components indigenous to the system. Geochemical modeling
which will be used to demonstrate compliance with this regulatory requirement topic involves the
simultaneous solution of linear and nonlinear equations representing mass balance and mass action,
respectively, of the chemical components. The large number of components, processes, and conditions
expected at the site limits quantitative characterization of all possible (and expected) combinations of these
parameters.

Current performance assessments are typically based on assigning constant values to parametric
representations of sorption and retardation based on experimental results. However, since there are many
physical and chemical parameters that affect retardation processes, many of which have synergistic
effects, an empirical approach based on constant values for Kd and Rf leads to uncertainty in extrapolating
to conditions beyond those of the initial experiments. Predicting the changes in Kd and Rf in response to
system chemistry requires a more mechanistic approach. More robust models, such as
surface-complexation models, require more parameters and additional types of experimental data. The
latter represent a more mechanistic approach to sorption modeling, but model parameters are available
for only a few radionuclides and a few sorbents. Surface-complexation approaches are also not currently
applied to modeling transport of particulates and colloids.

Current geochemical modeling codes do not have the capability to simulate the formation of particulates
and colloids. The science of surface interactions and characterizations is still in its infancy. Lacking
thermodynamic and kinetic data on these phases, the geochemist is hard pressed to predict their effect
on performance of the repository. Existing codes will have to be modified to take into account the effect
of surface tension on the stability of small particles. It may be possible to include surface complexation
models to describe the surface charge of colloids and particulates. Surface charge helps stabilize the small
particles, keeping them dispersed through electrostatic repulsion. Furthermore, different size particles
settle at different rates. If coupled flow and transport modeling is attempted, consideration of particle size
on diffusivity and rate of gravitational settling at various flow rates would be required.

Due to difficulties in characterizing two-phase flow by experimental means, it is not clear whether
partially saturated experiments will allow differentiation of the effects of retardation processes from the

2-34



effects of medium heterogeneities and complex fluid flow systematics (Turner, 1991). For reactive solutes
(e.g., uranium, plutonium, and neptunium), aqueous chemistries are complex due to hydrolysis and
complexation reactions and oxidation state changes, which in turn strongly affect sorption, precipitation,
and colloid formation. It is not known how synergistic effects of different parameters such as redox state
and pH, as well as complications due to the kinetics of different retardation processes, can be resolved
by partially saturated experiments.

Interpretation of the present mineralogy and prediction of future changes within the repository system is
uncertain. Mineralogy of the repository system is difficult to characterize because of wide compositional
variations in minerals, common nonstoichiometry and variable crystallinity, spatial heterogeneity of
mineral assemblages, and metastability of a variety of polymorphs and phases of differing hydration state.
Additional difficulty stems from the transience of the thermal loading resulting from radioactive decay
and the effects on two-phase flow and transport in the near-field. In the far-field, rates of alteration
reactions are unlikely to be sufficient to achieve or maintain equilibrium, possibly requiring rate
information on reactions involving minerals, such as zeolites, that are poorly characterized. Uncertainty
associated with the variably saturated conditions creates difficulties in resolving the properties of the
altered assemblages because water plays a critical role in mineral alteration. Few experimental studies
have focused on mineral alteration in hydrologically unsaturated conditions at elevated temperatures.

Altered mineral assemblages could have an equal, enhanced, or diminished capacity to inhibit radionuclide
migration through a variety of complex processes. For example, alteration minerals could have a greater
surface area, potential for surface sorption, or ion exchange potential. Alteration mineral assemblages
could control water chemistry in a pH range that results in increased (or decreased) sorption. Alteration
during periods of either increasing or decreasing temperature could lead to precipitation of minerals in
which radionuclides may be coprecipitated. Thermally induced precipitation of mineral cements such as
calcite could alter fluid flow paths or seal fluid pathways, thus increasing tortuosity, or filter
radionuclide-bearing colloids or particulates: these are processes that could lead to an increased capacity
of the altered assemblage to inhibit radionuclide migration. Thermal expansion of minerals could increase
groundwater travel times (Manteufel et al., 1993; Daily et al., 1987) and therefore affect radionuclide
migration. In addition, the introduction of man-made materials in the repository may control near-field
chemistry in ways that are difficult to predict.

The DOE is addressing issues related to radionuclide retardation through an ongoing program involving
laboratory and field experiments (e.g., sorption, thermal loading effects, precipitation, and fracture-matrix
interactions), modeling (e.g., sorption, precipitation, aqueous speciation, and thermal loading effects),
natural analog studies (e.g., mineral solubilities, aqueous speciation, waste package alteration), and site
characterization (e.g., colloidal transport, mineralogy, and fracture and matrix flow).

From the NRC perspective, uncertainties about conditions and processes relevant to retardation may
preclude satisfactory evaluation of the approaches being taken by the DOE and adequate interpretation
of DOE results. It is necessary, therefore, for the NRC to develop an independent understanding of
conditions and processes relevant to retardation so that DOE work may be evaluated. Alternatives to DOE
concepts and models must be independently developed by the NRC to assess the conservatism of DOE
models and bounding conditions.

At present, it is difficult to identify the degree to which this KTU can be resolved by DOE activities or
understood by NRC/CNWRA research efforts. Although in some cases, models exist for evaluating
different processes that contribute to radionuclide retardation, it is likely that there will remain uncertainty
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in developing appropriate conceptual models and providing necessary input parameters such as rate
constants, solubility limits, and sorption constants for many of the radioelement systems (such as the
actinides) under consideration. It is also likely that there will still be considerable uncertainty related to
the heterogeneity inherent in any natural system in both space and time. Such heterogeneity will
necessarily introduce uncertainty into predictions of retardation processes at the field scale for the
regulatory period.

Technical Support Needs. In order to adequately determine if the DOE models and analyses regarding
radionuclide retardation are appropriate, adequate, and accurate, the following Technical Support needs
have been established.

Technical Assessment Needs. Through efforts such as IPA, and auxiliary analyses, the NRC and the
CNWRA need to:

* Become familiar with available geochemical data, such as mineralogy, mineral and water
chemistry, and gas compositions. Because the available data are likely to be limited, and
because the spatial distribution of these data is important in understanding the different
geochemical effects on radionuclide retardation, the geographical and geological context of these
data should be preserved to the extent possible through the use of GIS and 3D hydrogeologic
models.

* Become familiar with the methods and models available to describe processes important to
radionuclide retardation.

* Modify models and develop new approaches as necessary.

* Undertake sensitivity studies to determine the extent to which different parameters in the models
affect radionuclide retardation.

Research Needs. The NRC/CNWRA need to develop an independent understanding of retardation
phenomena and conceptual and mathematical models of retardation processes. These models should be
developed independently from those developed by the DOE, for use as CDMs. Specifically, research
should be conducted to:

* Develop models of sorption processes and other geochemical aspects of unsaturated mass
transport.

* Investigate sorption and ion exchange processes, and mineral precipitation/dissolution kinetics
through laboratory experiments.

* Evaluate large- and small-scale studies of long-term migration through both fractures and the
matrix at natural analog sites.

* Characterize mineral assemblages that may result from thermal alteration of near-field materials
and from the interactions between the EBS and natural materials.

* Develop geochemical models for mineral alteration, precipitation/dissolution, sorption, colloidal
formation and transport, thermal loading effects, aqueous speciation, and fracture-mutrix
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interactions. These models should be supported by thermodynamic and kinetic data and
extensive analysis of site characterization data, data from natural analog sites, and laboratory
analyses under variably saturated conditions.
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2.9.1 Justification for Recommendations

The working group was composed of CNWRA geochemists involved with the development of
the CDSs; D. Turner, E. Pearcy, B. Pabalan, W. Murphy, radiochemist D. Pickett and R. Brient of
WSE&I. No other disciplines were considered necessary to perform this KTU integration.

The current KTUs that contributed to this KTU recommended were "Equal or increased capacity
of alteration mineral assemblages to inhibit radionuclide migration," "Uncertainty in identifying
geochemical conditions that would inhibit particulate and colloid formation," "Understanding the effects
of degree of saturation on geochemical processes such as radionuclide sorption and precipitation and
formation of particulates and colloids, and on the transport of radionuclides by particulates, colloids and
complexes," "Parametric representation of retardation processes involving radionuclide-bearing
particulates, colloids, and complexes," "Determining the alteration of mineral assemblages due to thermal
loading," "Uncertainty in identifying geochemical processes that reduce radionuclide 'retardation,' and
"Uncertainty in determining the magnitude of the effect of the geochemical processes that reduce
radionuclide 'retardation.' "These KTUs were found in four of the siting criteria CDSs: PACs 3.2.2.9
(Changes to hydrologic conditions), and 3.2.3.5 (Geochemical processes), and FACs 3.2.3.2
(Geochemical conditions), and 3.2.3.3 (Mineral assemblages).

The seven current KTUs all addressed a lack of certitude regarding identification and modeling
of specific geochemical processes that may contribute to radionuclide retardation at YM. These included
identifying the processes that contribute to radionuclide retardation and the magnitude of these processes,
uncertainties in parametric representations of these processes, and colloid transport. The working group
believed that many of these uncertainties represented different facets of the same problem, and would be
addressed by similar types of research to develop conceptual and mathematical models of retardation. The
working group agreed that the different KTUs could be combined into a single, more general KTU
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addressing radionuclide retardation, while maintaining the intent of the original KTUs. In developing the
recommended KTU, the original text from the seven parent KTUs was combined through "cutting and
pasting," preserving the original wording to the extent possible. Additional text was developed as needed
to enhance the transitions between different sections of the text, and redundancies from the parent KTUs
were removed where necessary. All of the members of the CNWRA working group participated in
developing the text, and reviewed and commented on early versions of the proposed KTU before agreeing
on the final wording.

2.10 CHARACTERIZING THE CHEMISTRY OF THE GROUNDWATER IN
THE PARTIALLY SATURATED HYDROLOGIC ZONE OF YUCCA
MOUNTAIN, NEVADA

Review Type: 4

Affected Review Plans/Regulatory Requirements: 3.2.3.2/60.122(b)(3)

Description of Uncertainty. Little information is available on the groundwater chemistry for the
hydrologically partially saturated zone of Yucca Mountain, Nevada. Although some efforts to extract
aqueous solutions by triaxial compression ("high pressure") of rock samples taken from the partially
saturated zone of YM are under way (e.g., Yang et al., 1988; Peters et al., 1992), there are large
variabilities in the chemical compositions of solutions derived using this technique. Aqueous samples have
also been extracted from partially saturated soils and sands by ultracentrifugation techniques (e.g.,
Edmunds et al., 1992; Puchelt and Bergfeldt, 1992). It is uncertain whether compositions of water
extracted from rock pores by ultracentrifugation or by high-pressure "squeezing" techniques accurately
represent the compositions of in situ water. The compositions of in situ water extracted in these manners
are likely to be different due to several possible processes (Peters et al., 1992): (i) dilution of pore
solutions by water desorbed from hydrated minerals like zeolites and clays, (ii) dissolution reactions due
to increased mineral solubility and/or higher carbon dioxide concentration at higher pressures,
(iii) membrane filtration by clays and zeolites, and (iv) ion exchange with the zeolites and clays. In
addition, colloids which may be present in pore waters are likely to be altered, destabilized, or filtered
out of solution during the extraction process. No method is currently known to give unambiguous,
accurate data on the chemistry of pore waters in partially saturated crystalline rock. Finally, the complex
and time-consuming extraction process means fewer samples can be analyzed. This coarse sampling leads
to greater uncertainty regarding spatial and temporal heterogeneity.

Performance Obiective at Risk. 10 CFR 60.112

Explanation of Nature of Risk. Geochemical processes, such as radionuclide precipitation, sorption, and
complexation, as well as formation of colloids, are strongly influenced by groundwater chemistry (e.g.,
pH, ionic strength, and solute composition and concentration). For example, experimental data for various
types of sorbents indicate that uranium sorption is strongly dependent on pH (Tripathi, 1984; Payne et al.,
1992; Pabalan et al., 1993). The presence of complex-forming species reduces the amount of radionuclide
sorbed on mineral surfaces; this represents an unfavorable geochemical condition. The presence of
colloids, which may enhance transport of radionuclides, is also a potentially unfavorable condition. The
ability of geochemical processes to enhance (or decrease) radionuclide retardation in the pores and
fractures of the partially saturated zone is a key measure of the performance of the natural barrier system.
Therefore, without knowledge of the groundwater chemistry in the partially saturated zone, including the
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presence and characteristics of colloids and particulates, it is not possible to determine whether
geochemical conditions present at the proposed repository are favorable or unfavorable to inhibition of
radionuclide migration.

Description of Resolution Difficulty. No technique is known that provides unambiguous, accurate
measurements of the chemistry of pore waters in partially saturated media. The methods of extracting
pore waters by high-pressure compression and by ultracentrifugation most likely impose some change in
solution composition and are susceptible to contamination problems. In situ methods, such as low-vacuum
electron microscopy and X-ray analysis, do not have the resolution to quantitatively measure solute
concentrations in relatively dilute groundwater and remain to be tested for analyzing pore water chemistry
in unsaturated media. Moreover, solution pH, which is a key parameter that controls radionuclide
precipitation, sorption, and complexation, cannot be determined by in situ methods, and the pH of
extracted pore water is likely different from that of in situ pore water. The chemistry of the groundwaters
in the partially saturated zone of YM are therefore extremely uncertain.

The DOE is addressing these various difficulties through an ongoing program involving laboratory and
field experiments (e.g., triaxial compression, gas flow analysis, and air drilling), modeling (e.g.,
infiltration, percolation, precipitation/dissolution, aqueous speciation, and thermal loading effects), and
site characterization (e.g., infiltration, gas flow analysis, mineralogy and mineral chemistry, and
hydrochemistry).

From the NRC perspective, uncertainties about characterizing the chemistry of the groundwater in the
partially saturated zone of YM may preclude satisfactory evaluation of the approaches being taken by the
DOE and adequate interpretation of DOE results. It is necessary, therefore, for the NRC to develop an
independent understanding of the limitations of current methods available for sampling groundwater from
partially saturated samples and geochemical models for reconstructing unsaturated zone groundwater
chemistry. Alternatives to DOE concepts and models must be independently developed by the NRC to
assess the conservatism of DOE models and bounding conditions.

At present, it is difficult to identify the degree to which the KTU can be resolved by DOE activities and
by NRC/CNWRA research efforts. Although, in some cases, models exist for evaluating different
processes that control unsaturated zone water chemistry, it is likely that there will remain uncertainty in
developing appropriate conceptual models and providing necessary input parameters such as rate
constants, solubility limits, and ion exchange parameters for many of the radioelement systems under
consideration. Due to the difficulties in obtaining reliable samples of unsaturated zone groundwaters, it
is also likely that available data will be sparse, and there will still be considerable uncertainty related to
the spacial heterogeneity and transient behavior inherent in any natural system. Such heterogeneity will
necessarily introduce uncertainty into predictions of retardation processes at the field scale for the
regulatory period.

Technical Support Needs. In order to adequately determine whether the DOE models and analyses
regarding groundwater geochemistry are appropriate, adequate, and accurate, the following Technical
Support Needs have been established.

Technical Assessment Needs. Through efforts such as IPA, and auxiliary analyses, the NRC and
CNWRA need to:
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* Become familiar with available geochemical data, such as mineralogy, mineral chemistry,
hydrochemistry for water samples obtained from hydrologically unsaturated cores (Yang et al.,
1988), and gas compositions. The spatial distribution of these data are important in
understanding the different geochemical effects on groundwater chemistry in the unsaturated
zone. Although chemical data from the unsaturated zone are difficult to obtain and spatial data
distribution is likely to be sparse, the geographical and geological context of these data should
be preserved to the extent possible through the use of GIS and 3D hydrogeologic models.

* Become familiar with the current data available for unsaturated zone geochemistry at YM, and
methods and models available to describe groundwater chemistry in the partially unsaturated
zone.

* Modify models of geochemical processes in the unsaturated zone that may affect mineral and
water chemistry and develop new approaches, as necessary.

* Conduct sensitivity studies to determine the extent to which different parameters in the models
have the greatest effects on results, and evaluate likely ranges in these parameters to be
encountered at YM.

Research Needs. The NRC/CNWRA need to develop an independent understanding of groundwater
geochemistry in the unsaturated zone. Conceptual and mathematical models need to be developed
independently from those developed by the DOE for use as CDMs. Specifically, research should be
conducted to:

* Develop models of geochemical processes in the unsaturated zone that may affect mineral and
water chemistry.

* Carry out confirmatory and exploratory laboratory investigations of processes such as sorption,
ion exchange, and precipitation/dissolution, that may influence system chemistry in the
unsaturated zone. Additional studies conducted in natural analog sites may provide insight into
critical parameters controlling chemistry in the unsaturated zone in both fractures and matrix.

* Develop and refine geochemical models for reconstructing the evolution of groundwater
chemistry in the unsaturated zone. These models should be supported by thermodynamic and
kinetic data, extensive analysis of site characterization data, data from natural analog sites, and
laboratory experiments to investigate sorption and transport under variably saturated conditions.
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2.10.1 Justification for Recommendations

The working group was composed of CNWRA geochemists involved with the development of
the CDSs; D. Turner, E. Pearcy, B. Pabalan, W. Murphy; radiochemists D. Pickett and R. Brient of
WSE&I. No other disciplines were considered necessary to perform this KTU integration.

This KTU was a minor revision to the current KTU of the same topic. The current KTU was
supplemented in the Description of Resolution Difficulty with statements of the DOE action plans, the
NRC uncertainty in compliance determination, and the expected remaining uncertainty after the DOE and
NRC actions. The KTU was also supplemented with Technical Support Needs.

2.11 UNCERTAINTY IN DEVELOPING A CONCEPTUAL AND
MATHEMATICAL MODEL FOR TRANSPORT OF VAPOR AND LIQUID
PHASES THAT IS REPRESENTATIVE OF THE YUCCA MOUNTAIN
SITE FLOW SYSTEM

Review Type: 5

Affected Review Plans/Regulatory Requirements: 3.3/60.113(a)(2), 3.2.2.1/60.122(b)(1),
3.2.2.9/60.122(c)(5), 3.2.2.12/60.122(c)(3), 3.2.3.7/60.122(c)(24)

Description of Uncertainty. Formulating a complete model for studying transport of vapor and liquid
phases within the YM site flow system encompasses the development of a conceptual and a mathematical
model. Uncertainties, associated with both types of models, do exist and are discussed below.

Uncertainty in the Conceptual Model. The focus of this KTU is the transport of water in both the liquid
and vapor phases at the site. A conceptual model of the YM site flow system will be based on descriptive
information, much of which will be input to a mathematical model (i.e., governing equations embodied
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in a computer code) used to predict the pre-waste emplacement groundwater travel time (GWTT) and
other post-waste emplacement flow and, by association, transport processes. There are limitations in the
type and amount of descriptive information that can be obtained because only a portion of the total system
can be characterized and because of limitations inherent in the current state-of-the-art in testing
technology.

The descriptive information needs to be integrated into a general understanding of how water flows at
the YM site. This is an iterative process. Specifically, this integrated view of water flow defines priorities
with respect to processes that need to be considered (and those that could be safely ignored, if any), the
interactions among processes, and their dimensionality. At YM, for example, flow through
three-dimensional networks of discrete fractures and other macropores embedded within the porous rock
is an important consideration. Variability of flow channels within individual fractures, as well as flow
interactions between fracture networks and the host rock, need to be understood. The constitutive
relationships, parameters, and material properties needed to describe these processes require definition
as part of the conceptual model building process. The staff believes that properties should be based on
laboratory, field, and numerical experiments rather than on expert judgment. It is recognized, however,
that there exist sets of parameters that cannot be evaluated, or it would not be feasible to evaluate, in any
way other than through the use of expert judgment (DeWispelare et al., 1993; 1994). Some parameter
needs, such as hydraulic coefficients of individual hydrogeologic units, may be defined to a certain extent,
by the particular mathematical model(s) selected to best represent important flow processes in numerical
simulations. In turn, conclusions concerning the most appropriate mathematical models may be revised
because of either new information that redefines important processes or limitations in testing methods
available to obtain needed parameters.

The conceptual flow model of the YM site also needs to provide sufficient information to describe the
hydrogeologic variability of the site. For each descriptive parameter of the conceptual model, spatial
variability throughout the site is not well defined. Describing hydrogeologic variability requires a database
that is representative of the site. To date, parameter variability is the one uncertainty for which
propagation methods, for example, Monte Carlo simulations using probability distribution functions
(Bagtzoglou and Muller, 1994) are well accepted. Therefore, a direct mapping of uncertainty in parameter
spatial variability to uncertainty in the estimates of GWTT, in principle, is possible (Davis et al., 1990).
Poor representation and quantification of statistical properties of parameter values could undermine
confidence in conclusions regarding predicted performance of the geologic setting.

Primary sources of uncertainty in determining and describing characterization parameter variability
include:

* Measurement error

* Sampling bias

* Limitations of existing testing methods and procedures, and the need for development
of new data collection and interpretation techniques

These sources of uncertainty were considered by the NRC staff in the Site Characterization Analysis
(SCA) (Nuclear Regulatory Commission, 1989) of DOE Site Characterization Plan (SCP) for the YM site
(U.S. Department of Energy, 1988). These sources of uncertainty continue to be an important
consideration in the NRC prelicensing reviews of DOE study plans, technical procedures, and quality
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assurance audits, and will remain so during the NRC safety review of the DOE compliance demonstration
with this performance objective contained in the license application.

Specific Uncertainties in Descriptive Parameters and Processes.
In the following discussion, various descriptive parameters and processes forming a conceptual flow
model are considered individually in order to discuss in more detail unresolved site specific technical
concerns about measurement error, sample bias, or limitations of existing testing methods. In addition,
information needs that are particularly difficult to provide through standard and accepted methods are
discussed in order to identify any generic technical issues warranting additional NRC efforts, such as
independent analyses or confirmatory research.

Geologic boundaries, such as faults, facies changes, or fold axes, frequently define regional or
subregional hydrogeologic boundaries. The occurrence and movement of groundwater at the YM site is
controlled, in part, by the regional hydrogeologic system (U.S. Department of Energy, 1988; p. 3-50).
The DOE has defined three groundwater sub-basins that make up the regional hydrogeologic system.
These include: (1) Oasis Valley, (2) Alkali Flat-Furnace Creek Ranch, and (3) Ash Meadows (U.S.
Department of Energy, 1988; p. 3-50). The YM site lies within the Alkali-Flat Furnace Creek sub-basin.
The relative importance of identifying physical boundaries of the hydrogeologic flow system depends on
the spatial and time scales of interest.

For example, if an interest lies in predicting future changes to the YM hydrogeologic system due to
climate change (necessitating consideration of large spatial and time scales), then describing the limits of
the hydrogeologic system based on defensible physical boundaries, coupled with information on the
distribution of hydraulic head, is very important (e.g., the internal response of the regional scale system
will be sensitive to the initial and changing conditions encountered at the lateral limits of the flow
system).

If the interest is in understanding the potential for tectonic disruption of the large hydraulic gradient
located north of YM, one must consider issues, such as whether this gradient is the result of a
fault-related barrier. The feature or condition causing the large hydraulic gradient located north of YM
is presently unknown. Whatever geologic feature causes the high gradient appears to function as a
groundwater barrier. This feature causes hydraulic heads in the saturated zone north of YM to be much
higher than those underlying the site. At YM, the water table occurs at depths of about 150 to 360 m
below the proposed underground facility (U.S. Department of Energy, 1988). The geologic feature that
causes the high hydraulic gradient may be susceptible to seismic disruption. If site characterization
demonstrates this is possible, then a performance assessment scenario will have to be developed in which
the feature would be removed, permitting the southward flow of groundwater previously stored behind
the barrier. In these scenarios, released groundwater would flow southward in sufficient amounts to
significantly raise the potentiometric surface. Although a rise of the water table under such a scenario
would probably not be great enough to inundate the repository, it would reduce the thickness of the
unsaturated zone (Ahola and Sagar, 1992). Since the unsaturated zone at YM is considered the principal
component of the natural barrier, a thinner zone would reduce the ability of the natural barrier system
to isolate wastes.

If the interest is in computing the prewaste-emplacement GWTT from the disturbed zone to the accessible
environment then the physical boundaries of the flow system are less important. This is because: (I) it
is often more defensible to estimate the flux entering or leaving the site scale hydrogeologic system due
to the availability of more information on characteristics of the hydrogeologic units and the
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three-dimensional distribution of hydraulic head available at the site scale than generally is available at
the regional or subregional scales; or (2) the lateral boundaries can often be assumed, defensibly, to be
very distant (in effect, approaching infinity) in the mathematical model; and (3) changes in boundary
conditions over future time are not factors in determining prewaste-emplacement GWTT-therefore,
sensitivity of the site scale flow system to changing boundary conditions encountered at the lateral limits
of the regional or subregional flow systems is not germane to demonstrating compliance with the
performance objective for the geologic setting.

Although the staff has not issued a final position on the definition of the disturbed zone, a definition based
on significant changes to the flow regime would require detailed nonisothermal modeling of liquid and
vapor phase transport of water. Clearly, the delineation of the disturbed zone under this definition would
entail the same level of computational complexity, and be beset by the same level of uncertainty in the
relevant processes and parameters.

Therefore, in the process of estimating GWTT, and for the sake of conservatism, one may need to
identify which conceptual models adequately represent isothermal and nonisothermal liquid and vapor
phase movement of water through the unsaturated fractured rock formations at YM. This approach is
consistent with the technical need to study transport in the gas phase. Therefore, conservative assessments
must include at least gas flow and transport of volatile radionuclides from the repository horizon to the
accessible environment at the surface of the earth throughout the period of regulatory concern. To address
this technical issue, predictions will be made through the use of computational models that are based on
conceptual and mathematical models of the dominant physico-chemical mechanisms. These conceptual
models will also be used to decide what site characterization parameters should be obtained to design the
characterization program, to interpret data from the tests, to interpret the distribution of site
characterization parameters, to assign model inputs, and to interpret model results. Any uncertainty in
the appropriateness of the conceptual models will, therefore, reduce the reliability of model predictions,
as well as the adequacy of that portion of the site characterization program designed to address this
technical issue. Modeling nonisothermal liquid and vapor phase movement of water through unsaturated
fractured rock is still an area of active research and, therefore, standard approaches have not been
established.

Another issue concerning nonisothermal flow modeling is the formation of perched water. It has been
hypothesized that rock drying out by heat generated by radioactive decay of the spent fuel may cause the
formation of perched water zones. In this process, water near waste canisters is vaporized and driven
away from the repository (any direction, laterally or vertically) until it reaches an area where the rock
temperature is cool enough to cause condensation. If the condensed water encounters a low permeability
material, rock water saturations may increase and form a perched zone.

It should be noted that discrete discontinuities (such as fractures) may affect ambient matric potentials.
A matric potential continuum may not exist across discrete discontinuities. Rapid matric potential changes
may occur across inclined fractures and funneling of fluid flow (and solute transport) along inclined
fractures may occur due to the capillary barrier provided by such discontinuities. The lack of a matric
potential continuum results in uncertainty in the spatial distribution (variation) of the hydraulic gradient
in the unsaturated zone regardless of the number of measurements of matric potential available. This
fundamental uncertainty precludes confirmation of flow (and transport) models in the unsaturated zone.

Determining the spatial variability of hydraulic coefficients is not without problems. The use of stationary
random field models of heterogeneity assumes statistical homogeneity of the data. Certain hydraulic
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coefficients such as hydraulic conductivity exhibit trends and appear to be scale-dependent. Therefore,
the implied length scale of the values of hydraulic coefficients derived from different test techniques is
of concern because the resulting data could violate the assumption of statistical homogeneity. Most
geostatistical and stochastic models rely upon this assumption. Hydrogeologic tests will be performed on
a variety of scales at YM. Hydraulic coefficients will be derived from tests from a scale of centimeters
(i.e., laboratory testing of core samples or cuttings) to meters (downhole logging and geophysical testing)
to hundreds of meters (i.e., saturated zone pumping/tracer field tests). There are both physical and
theoretical limitations on the radius of testing influence in the unsaturated zone. There are also practical
reasons for limiting the number of large-scale field tests in the saturated zone. Regardless of these
limitations, data derived from different testing techniques need to be integrated into a conceptualization
of the hydrogeologic system. Additional demands for a database sufficiently large to allow defensible use
of statistical analyses tend to focus efforts towards a large number of smaller-scale tests (e.g., emphasis
on laboratory derived data). It is necessary to understand the effect of local-scale trends in values of
hydraulic coefficients on global-scale trends in order to develop effective values of hydraulic coefficients
from values derived from different test techniques. The staff believes that lack of universally accepted
methods of transferring information from a small scale of analysis to a larger scale (upscaling) is one root
cause of uncertainty in the description of the site hydrogeologic conditions and subsequent performance
assessments (Bagtzoglou et al., 1994). Therefore, the effects of the scale dependency of hydraulic
coefficients on statistical expression of coefficient variability in space are an important generic technical
issue.

Determining the spatial variability of hydraulic coefficients increases in complexity in the unsaturated
zone because hydraulic coefficients are pressure dependent (i.e., they vary with saturation as described
by moisture characteristic curves that relate water content to matric potential). Moreover, the magnitudes
and heterogeneous nature of post-emplacement gas flow is unlikely to be well characterized before waste
emplacement. There have been few attempts to describe the spatial variability of the nonlinear constitutive
relations of unsaturated porous media. Ababou (1991) considers two approaches to characterize the spatial
structure of relative unsaturated conductivity curves (Cross Correlations and Similar Media Hypothesis)
for porous media. Even though work has already progressed in this area (Bagtzoglou and Muller, 1994),
additional models may have to be developed for fractured rock. Coupling the spatial variability and
nonlinearity effects typically results in the development of highly localized preferential pathways. This
can lead to wetting front instabilities and the development of rapidly traveling fingers. Chen et al. (1995)
present an overview of this topic and discuss potential directions for research.

The number of testing methods available to quantify all of the hydraulic coefficients and constitutive
relationships listed previously is too large to be considered individually here. Therefore, the discussion
in this section will highlight those areas where unresolved site specific technical concerns or generic
technical issues exist. In general, the staff believes that sufficient methods exist for determining hydraulic
coefficients and constitutive relationships at the laboratory scale. However, measuring matric potential
(or matric suction) in the unsaturated zone is difficult, particularly for consolidated rock. This difficulty
results from standard equipment being designed primarily for unconsolidated soils, the potential for
disturbance of ambient conditions from drilling and coring, and the general lack of any experience base
in collecting such data from consolidated rock. The staff did not identify any site-specific technical
concerns about limitations of testing methods and procedures related to measuring matric potential in its
review of the SCP. However, early on, staff recognized this topic as an important generic technical issue
for the YM site. Techniques useful for estimating field matric potentials were evaluated by Rasmussen
and Evans (1987). This research indicated that the osmotic tensiometer is unsuitable for most fractured
rock applications due to the biodegradability of the semipermeable membrane used to isolate the formation
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fluid from the osmotic solution used to monitor matric potentials. The DOE has considered a number of
methods, including the adaptation of tensiometer-transducer and heat-dissipation probe techniques, to
permit more direct measurement of matric potentials in rock core (U.S. Department of Energy, 1988;
p. 8.3.1.2-190) and has obtained thermocouple psychrometer measurements of matric potential on
approximately 100 samples from one borehole (U.S. Department of Energy, 1992). The DOE is currently
using a chilled-mirror psychrometer to provide water activity data (from which matric potential can be
calculated) by employing a Peltier-cooled mirror to detect the dewpoint and an infrared sensor to measure
temperature (U.S. Department of Energy, 1992; p. 2-36). At the Apache Leap Tuff site, an NRC-
supported research site, the matric potential is inferred from the field measured water content and the
laboratory derived characteristic curves (Rasmussen et al., 1990).

However, as mentioned earlier, the process of collecting liquid water samples in unsaturated rock is
problematic. Although some efforts to extract aqueous solutions by triaxial compression (i.e., high
pressure) from rock samples are underway (Yang et al., 1988; Peters et al., 1992), there are large
uncertainties in the compositions of solutions derived using this technique. Aqueous samples also have
been extracted from partially saturated soils and sands by ultracentrifugation techniques (Edmunds et al.,
1992; Puchelt and Bergfeldt, 1992). It is not clear if compositions of water extracted from rock cores by
ultracentrifugation or by high-pressure squeezing techniques accurately represent the compositions of
in situ pore water. In addition, the difficulty in collecting liquid water samples in unsaturated rock
necessarily limits the size of the sample. This difficulty could limit the analysis of geochemical indicators
of interest. The above limitations do not apply to geochemical analysis of gases or of liquid water in the
saturated zone.

Mathematical modeling strategies to simulate water flow likely will involve indirect approaches. These
indirect approaches are based on the conceptual representation of the flow system as a continuum.
Characteristics of hydrogeologic units are represented by effective hydraulic coefficients and constitutive
relations that are assumed to express the field-scale, bulk behavior of continua. Typical methods and
procedures used to determine hydraulic coefficients at the field, such as saturated hydraulic conductivity,
require the creation of a stress on the hydrogeologic system. The response to this controlled stress is
monitored and recorded. Generally, the measured data are evaluated based on established assumptions
and concepts (a model of the assumed configuration and interaction of the flow system) that can be
expressed in the form of partial differential equations. The application of the solutions of these partial
differential equations is used to quantify the hydraulic coefficients such as transmissivity (and hydraulic
conductivity), storativity and effective porosity. Uncertainty in the derived data arises because field
conditions may not match the assumptions implicit in these models or, from a different perspective, more
than one analytical model may successfully predict the observed responses from the stress test.

The general experience base in field-scale stress testing of saturated media is quite large. The staff
believes that field-scale tests for determining hydraulic coefficients of saturated rock can be interpreted
by using appropriate adaptations of available analytical models (type-curves) or inverse methods.
Unfortunately, the experience base in field-scale testing of unsaturated, fractured rock is extremely
limited. In addition, determining field-scale effective hydraulic conductivity in the unsaturated zone is
more difficult due to the lack of liquid water, limitations in the scale of tests that can be accomplished,
and the time required for re-equilibration. One possible method of determining effective hydraulic
conductivity is to inject water into a single borehole wherein the injection rate is converted into an
effective hydraulic conductivity (for the wetting phase, water) using a number of available analytical
solutions (Rasmussen et al., 1990). It may be possible to conduct and interpret field-scale pneumatic (gas
phase pressure and/or tracer) tests to determine hydraulic permeability. Rasmussen et al. (1993) and
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Kilbury et al. (1986) present a methodology using field-estimated pneumatic permeabilities as a surrogate
for field hydraulic permeabilities. Good agreement between central tendencies and values estimated at 105
locations in fractured rock at the Apache Leap Tuff site appears to demonstrate that air permeability tests
can be used to provide estimates of the mean and the spatial variation of saturated hydraulic permeability
at field scales (Rasmussen et al., 1993). It remains to be demonstrated, however, that air permeability
tests can be used to estimate unsaturated hydraulic properties at field scales. The work of Guzman and
Neuman, as reported in Bassett et al. (1994), is a major step towards achieving this demonstration. A
promising technique may be the use of cross-borehole, air-phase tracer tests to estimate
moisture-dependent, macropore, and micropore porosities and permeabilities. Additional procedures will
be required to characterize flow channels within fractures. Field-scale experiments will also be needed
to estimate the degree of fracture-matrix interactions. All models are simplifications of basic governing
physical laws of the process being modeled. If the basic concepts are incorrect, computational models
based on these concepts may be inaccurate. To date, few experiments have been identified that rigorously
test the concepts of unsaturated flow in fractured rock. This is supported by the Site Characterization Plan
for YM, which states that "Theoretical models for liquid-water flow in single fractures have been
developed but have not been field and laboratory tested" (U.S. Department of Energy, 1988). Therefore,
models of water flow through unsaturated rock may be inaccurate.

Finally, the staff believes that information on net infiltration from water balance methods applied at
various scales coupled with direct measurement of infiltration rates from test sites distributed throughout
the site likely will be adequate to set upper bounds on the amount of infiltrated water that percolates
deeply to the water table. However, this upper bound could be overly conservative. As noted previously,
infiltrated water may be attenuated or redistributed due to variability in hydraulic characteristics of
hydrogeologic units (e.g., variations in matrix hydraulic conductivity, fracture frequency/conductivity,
etc., that are also uncertain) and the mass transfer of water in the vapor phase. Therefore, estimating the
amount and distribution of liquid water that percolates through the unsaturated zone to the water table
requires estimates of vapor phase water movement. One objective of the DOE planned gaseous-phase
circulation study is to provide information needed for numerical experiments to quantify vapor fluxes and
gas transport (U.S. Department of Energy, 1988; Study Plan 8.3.1.2.2.6; pp. 8.3.1.2-322 to
8.3.1.2-334).

Uncertainty in the Mathematical Model.
A mathematical model, in terms of one or more equations that represent an abstraction of the YM site
water-flow system, is needed to predict the motion of liquid and vapor phase water and, hence, to predict
the effectiveness of the geologic setting as a barrier to the release of radionuclides in terms of calculated
GWTT and other performance related measures. This part of the KTU covers three subtopics: (l) the
mathematical model(s) used to represent the conceptual model of the flow system, (2) the implementation
of the mathematical model(s) as embodied in a computer code(s), and (3) the application of the computer
code(s) for compliance calculations. Considered together, these topics define the integrated modeling
strategy. Mathematical models, computer codes, and their subsequent application for compliance
calculations, all contain elements of uncertainty.

YM comprises stratified, heterogeneous, fractured, saturated, and unsaturated hydrogeologic units. In
general, developing a defensible mathematical representation of the YM site flow system will be more
difficult for the unsaturated zone than the saturated zone. This is primarily due to variation of hydraulic
properties with moisture content (i.e., the nonlinear nature of the governing equations resulting from the
nonlinear pressure dependence of moisture content and hydraulic conductivity). Ababou (1991) consiered
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alternative approaches to matheatically representing the unsaturated zone at YM. These approaches were
broadly classified into two types, direct and indirect. After Ababou (1991), these are:

* Direct approach

* Indirect approaches

- Single equivalent continuum

- Dual equivalent continuum (double porosity)

- Combination of dual and single equivalent continua

* Combination of direct and indirect approaches

However, these approaches were theoretically developed and need to be tested against laboratory or field
experiments to build confidence. For example, no experimental methods currently available allow the
composite continuum model to be verified. Irrespective of the selected approach, the mathematical
model(s) will represent an abstraction of the conceptual model such as, for example, approximating flow
in a fractured rock using a dual porosity model or using Darcy's law. These abstractions introduce
uncertainty due to the loss of information, the value of which cannot be determined a priori.

In principle, the governing equations can be solved using analytical, semi-analytical, or numerical
methods. The complexity of the YM site flow system is such that numerical methods will likely be
required. These methods will require an approximation of the governing equations that will introduce
uncertainty into the results. Additional potential sources of uncertainty in computer codes include coding
errors and limits in the stability, precision, and accuracy of available numerical techniques. Stable
numerical techniques will be required to solve the complex equations needed to simulate the YM site flow
system.

Performance Objective at Risk. 10 CFR 60.112, 10 CFR 60.113(a)(1), and 10 CFR 60.113(a)(2).

Explanation of Nature of Risk. Risk Stemming from the Conceptual Model. The conceptual flow model
of the YM site is inextricably related to the mathematical model that is implemented to quantitatively
demonstrate compliance with the performance objective for the geologic setting. Failure to directly
address sources of uncertainty in the descriptive information comprising the conceptual flow model
undermines the technical defensibility of both the conceptual and mathematical model such that, in turn,
the validity of predicted performance-related measures could be questioned. A determination of
compliance or noncompliance may not be possible if it cannot be established that the models are based
on sound physical concepts. Failure to demonstrate compliance with the potentially adverse condition that
deals with the formation of perched water would make it harder to demonstrate compliance with the
overall system performance objectives. These objectives would be at risk because the formation of
perched water or localized preferential pathways could result in increased waste canister failure rates and
faster radionuclide transport to the accessible environment. Moreover, in the unsaturated repository
environment at Yucca Mountain, with thermally induced gas flow expected to be significant. any
radionuclide that can exist as a volatile species has a high likelihood of escaping by gaseous transport
through the porous geologic medium to the accessible environment at the surface of the earth. This
gaseous radionuclide transport, which could be due to temperature gradient or atmospheric pressure
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changes (atmospheric pumping) effects, would pose a high potential risk of noncompliance with the total
system performance objective.

Risk Stemming from the Mathematical Model.
The specific mathematical modeling strategy, defined in terms of the mathematical model(s), related
computer code(s), and application of the computer code(s) for compliance calculations, will represent an
abstraction of the actual conditions and active processes of the YM site flow system. This is a result of
explicit assumptions and approximations generally required to derive the governing flow equations of the
mathematical model and limitations of current state-of-the-art numerical methods, computer hardware,
and field testing methods. It is not possible to quantify the effect of the assumptions and approximations
used to derive the governing equations and their related application on predictions of performance related
measures. If these assumptions and approximations cannot be reasonably defended, then the defensibility
of compliance demonstrations with the performance objective for the geologic setting may be at risk. This
is because the formation of perched water or localized preferential pathways could result in increased
waste canister failure rates and faster radionuclide transport to the accessible environment.

Description of Resolution Difficulty. Resolution of this KTU is difficult because there is a lack of
understanding about the appropriateness of: (i) testing and test analysis methods used to characterize the
YM site and its associated flow system, (ii) geostatistical and stochastic methods used to describe the
variability of hydrologic characteristics throughout the YM site, and (iii) the formal use of expert
judgment in the evaluation and synthesis of information about the YM site flow system. Resolution
difficulty also exists because data sparsity makes it impossible to demonstrate that the hydrologic database
used in the analyses is indeed absolutely representative at the YM site. Similarly, questions regarding the
large hydraulic gradient located north of the YM site will be difficult to resolve since data sparcity and
low sampling density render the determination of the elevation of the highest historical water table
impossible. Furthermore, projections about future water table elevations will always include a high degree
of uncertainty.

In terms of mathematical model development, there will always exist an unresolved uncertainty regarding
the validation of the models to be used since validation experiments cannot, in an absolute sense, validate
numerical models completely.

Even though precision and accuracy of numerical models can be estimated and improved upon, there will
remain unresolved uncertainty regarding which is the best, or most appropriate, method for propagating
parameter uncertainty into, for example, GWTT and other performance related measures.

Application of numerical models is also plagued with residual uncertainties since the initial and boundary
conditions are typically assumed and do not necessarily correspond to the time state of the flow system.
Limitations in field testing technology will most certainly render the initial boundary conditions, used by
numerical models, uncertain.

The DOE is addressing these numerous technical concerns among other activities by: (i) adapting
tensiometer-transducer and heat-dissipation probe techniques for the direct measurement of matric
potentials in rock core, (ii) conducting gaseous-phase circulation studies, and (iii) pursuing field
verification of conceptual and mathematical models at the C-well complex.

From the NRC perspective, uncertainties about conditions and processes relevant to the conceptual and
mathematical models representing liquid and vapor transport of water at YM may preclude satisfactory
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evaluation of the approaches being taken by the DOE and adequate interpretation of DOE results. It is
necessary, therefore, for the NRC to develop an independent understanding of conditions and processes
relevant to such models so that DOE work may be evaluated. Alternatives to DOE concepts and models
must be independently developed by the NRC to assess the conservatism of DOE models and bounding
conditions.

At present, it is difficult to identify the degree to which the KTU can be resolved by DOE activities or
understood by NRC/CNWRA research efforts. In some cases, although models exist for evaluating
different processes that describe several conceptual and mathematical models of liquid and vapor transport
of water at YM, it is likely that there will remain uncertainty in the conceptual models. It is also likely
that there will still be considerable uncertainty related to the heterogeneity inherent in any natural system
in both space and time. Such heterogeneity will necessarily introduce uncertainty into predictions of flow
and transport processes at the field scale for the regulatory period.

Technical Support Needs. In order to adequately determine whether the DOE analyses regarding the
development of conceptual and mathematical models describing the transport of liquid and vapor transport
of water are appropriate adequate, and accurate, the following Technical Assessment and Research Needs
have been established.

Technical Assessment Needs. Through efforts such as IPA, and auxiliary analyses conducted under
Subtask 2.6 of the Operations Plans for the Division of Waste Management, the NRC and the CNWRA
need to:

* Become familiar with the methods and models available to describe processes important to
transport of the liquid and vapor phase of water.

* Modify models and develop new approaches as necessary.

* Undertake sensitivity studies to determine the extent to which different parameters in the models
affect various performance related measures.

Research Needs. The NRC/CNWRA need to develop an independent understanding of conceptual and
mathematical models of isothermal and nonisothermal flow processes. These models should be developed
independently from those developed by DOE for use as compliance determination methods. Specifically,
research should be conducted to:

* Investigate how the rock matric potential can be accurately measured.

* Evaluate appropriate geostatistical and stochastic methods for expressing the spatial variability
of parameters.

* Develop acceptable approaches for characterizing the spatial distribution of infiltration.

* Develop the basis for gaining confidence in the model's ability to extrapolate in time and space
and, more importantly, for those components that cannot be tested directly.

* Investigate the relevance of possible differences between model predictions and experimental
results.
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* Test the appropriateness of field-scale hydraulic parameter estimation techniques.

* Develop acceptable methods and approaches for model validation.
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2.11.1 Justification for Recommendation

To integrate these KTUs, CNWRA staff involved with the development of the CDSs
(hydrologists A. Bagtzoglou, S. Stothoff, G. Wittmeyer and geochemist D. Turner) were assembled into
a working group. R. Brient participated for WSE&I.

The source of this recommended KTU is the current KTUs entitled, "Developing a conceptual
groundwater flow model that is representative of the Yucca Mountain site groundwater flow system,"
"Developing a mathematical groundwater flow model that is representative of the Yucca Mountain site
groundwater flow system," "Determining the extent of the disturbed zone," "The nature of the large
hydraulic gradient located north of Yucca Mountain," "Uncertainty in modeling groundwater flow
through unsaturated, fractured rock caused by the lack of codes tested against field and laboratory data."
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"Uncertainty in identifying which conceptual models adequately represent isothermal and nonisothermal
liquid and vapor phase movement of water through saturated, fractured rock at Yucca Mountain,"
"Uncertainties associated with determining characterization parameters," "Experimental confirmation of
the basic physical concepts of groundwater flow through unsaturated, fractured rock is needed," "The
development of new data collection and interpretation techniques are required for codes which model
groundwater flow through unsaturated, fractured rock," "Uncertainty in modeling the formation of
perched zones by thermally driven flow," "The cause of the large hydraulic gradient located north of
Yucca Mountain, and potential for tectonic description of fault-related barriers," and "Uncertainty in
determining gas flow and gaseous radionuclide transport." These current KTUs are associated with FAC
CDS 3.2.2.1 (Nature and rates of hydrogeologic processes), PAC CDSs 3.2.2.8 (Structural deformation
and groundwater), 3.2.2.9 (Changes to hydrologic conditions), and 3.2.2.12 (Perched water bodies),
3.2.3.7 (Gaseous radionuclide movement), and the performance objective CDS 3.3 (Assessment of
compliance with the groundwater travel time performance objective).

The current KTUs were found to be parts of a more general technical uncertainty, namely the
development of a conceptual and mathematical vapor and liquid water phase transport model that is
representative of the YM site flow system. This new KTU is considered to be a Type 5 by the working
group, because research is thought to be necessary by the NRC to prepare for License Application (LA)
review.

2.12 UNCERTAINTY IN PREDICTION OF FUTURE CHANGES TO THE
HYDROLOGIC SYSTEM RESULTING FROM A COMBINATION OF
CLIMATIC AND TECTONIC CHANGES AND HUMAN ACTIVITIES
(INCLUDING HEAT EFFECTS FROM WASTE EMPLACEMENT AND
FUTURE GROUNDWATER WITHDRAWALS)

Review Type: 5

Affected Review Plans/Regulatory Requirements: 3.2.2.6/60.122(c)(2), 3.2.2.9/60.122(c)(5)

Description of Uncertainty. Future changes to the hydrologic system will result from a combination of
three processes: climate change, human activities, and tectonic modifications of the groundwater flow
system. In order to evaluate the potential for adverse future changes in the groundwater flow system, it
is necessary to have a starting point. The hydrologic conditions used to estimate GWTT for the YM site
will be considered the initial conditions for this analysis of future hydrologic conditions. Quaternary
hydrologic trends identified in Section 3.2.2.1 of the LA will also be used to evaluate initial conditions.

The staff believes that it may be very difficult to predict climatic variations (precipitation, temperature,
etc.) over 10,000 yr. This prediction difficulty directly translates to difficulty in estimating recharge rates
to the groundwater system.

The groundwater flow system may be modified, in the future, by tectonic processes. For example, the
cause of the large hydraulic gradient north of YM is unknown, but it is presently assumed to be of
tectonic origin. Whatever geologic feature causes the high gradient appears to function as a groundwater
barrier. This barrier causes hydraulic heads in the saturated zone north of YM to be much higher than
those underlying the site.
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Human activities, especially groundwater withdrawals, influence the groundwater system today, and can
be expected to have much greater impacts in the future. However, it is impractical to predict the locations
and extent of future withdrawals that may adversely affect the saturated leg of the groundwater system
in the controlled area.

The future effects of heat generated by emplaced HLW are expected to strongly influence flow conditions
in the near-field unsaturated zone. It will be difficult to evaluate these heat effects in combination with
the other phenomena that will influence the future hydrologic system.

Performance Objectives at Risk. 10 CFR 60.112, 10 CFR 60.113(a)(1)(ii)(B).

Explanation of Nature of Risk. Future changes in hydrologic conditions will influence release of
radionuclides from the EBS and will influence the groundwater flow fields and transport paths along
which radionuclides could migrate from the geologic repository to the accessible environment.
Uncertainty resulting from future perturbations of the groundwater system caused by climatic change,
tectonics, and human activity propagates uncertainty into the description of current hydrologic conditions.
This KTU is difficult to quantify and must be addressed in order to defensibly characterize the direction
and degree to which hydrologic conditions would change in the future as a result of natural processes and
events or foreseeable human activity.

The staff believes that the calculated performance of the engineered barrier system and geologic
repository will be very sensitive to predictions of future hydrologic conditions incorporated into release
scenarios. For example, the very small horizontal hydraulic gradients east and southeast of YM would
require little perturbation to significantly change groundwater velocities. The U.S. Department of Energy
(1988) calculated a gradient of 1. IE-04 between wells UE-25 B#1 and J-13, approximately 2 km apart;
if the head difference over this segment were to be increased by only -0.2 m (less than 1 ft), the
corresponding groundwater travel time (GWTT) would be cut in half. The use of very conservative
assumptions about future conditions (as a means of indirectly compensating for future-condition
uncertainty) would result in a high risk of noncompliance with post-closure performance objectives related
to controlled release rate and overall system performance.

Description of Resolution Difficulty. There are numerous factors that prevent scientists from accurately
projecting the hydrologic effects of future climates. Even day-to-day weather predictions are very limited,
primarily because atmospheric phenomena are chaotic in nature and behavior. The factors that cause
climate change are poorly understood because such changes occur very slowly over time scales that
exceed the historical record.

One set of climatic factors, concerning Earth's orbital and rotational characteristics (Milankovitch cycles),
can readily be predicted. Most other factors are not easily evaluated. For example, long-term variations
in energy output from the sun are poorly understood and generally unknown. Short-term periodicity in
the form of sunspot cycles is well known, but hypothesized longer-term trends have not yet been
confirmed due to the short period of historic astronomical records. Another independent variable in
climate change is the effect of volcanism. The stratospheric injection of volcanic ash has a short-term
cooling effect on Earth's climate. But it is reasonable to conclude that periods of anomalously high
volcanic activity could temporarily offset greenhouse warming effects, or could accelerate cooling trends
caused by other phenomena. It is not possible to predict future periods of more intense volcanic activity.
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Present and future human activities will probably have a strong influence on climate changes. The current
trend of increasing atmospheric CO2 is thought to have produced a very gradual world-wide warming
trend in the relatively short time since the start of the Industrial Revolution. Although this trend is
reasonably established, it is not possible to predict the range and impacts of future human activities.

With respect to tectonic effects on the future flow system, present-day tectonic controls on the flow
system must be understood reasonably well. It is not expected that there will be any difficulty in
determining the cause of the high hydraulic gradient located north of YM. The DOE has plans to drill
new exploratory holes to identify the geologic source of the high gradient, and additional geophysical
work is also planned. However, if the source is found to be fault-related, then modeling scenarios
involving disruption of the fault will need to be analyzed to evaluate whether the potentiometric surface
beneath YM is susceptible to dramatic changes. This kind of groundwater modeling can help estimate the
magnitude of hydrologic changes that may occur, but it is subject to all of the uncertainties that exist
within the hydrologic testing and groundwater modeling programs, including the uncertainties of model
calibration. Also, the potential for new flow barriers to evolve south of YM will be difficult to estimate.
Such estimates will probably be based mostly on expert opinions.

Apostolakis et al. (1991) discuss why predictions about future human activity are very different from
predictions of natural processes. Predicting the magnitude of future human effects on the groundwater
flow system is linked to the impractical task of forecasting human behavior. However, it is possible to
identify a range of groundwater extraction scenarios that would influence the water table beneath YM.
Although it is not feasible to predict the actual locations and extent of future groundwater withdrawals,
this activity has both favorable and adverse consequences. Depending on when and where the withdrawals
occur, hydraulic gradients within the controlled area may be changed in a way that accelerates
groundwater velocities. This would be of significance only if radionuclides had migrated from the
repository and were present in the saturated zone. If excessive groundwater withdrawals are maintained
over long periods of time, the result would be a lowering of the potentiometric surface and a thickening
of the unsaturated zone barrier. This would have a favorable effect that may be great enough to obviate
the adverse effects of accelerated groundwater velocities. In two reports to the CNWRA, Adrian Brown
Consultants, Inc. (1989a; b), analyzed the frequency of water well drilling in the region and possible
withdrawal rates, and concluded that there was a very low probability of direct human intrusion and little
likelihood of groundwater pumping from a single-family domestic well adversely impacting the
performance of a repository. However, there was no consideration of the effects of a field of pumping
wells used to extract water for transport to another part of the region, such as southern California or the
Las Vegas Valley.

The DOE is addressing these technical concerns, among other activities, by: (i) conducting flow and
transport modeling under classes of scenarios dealing explicitly with future states, (ii) getting more
involved in the expert elicitation research field, (iii) pursuing field studies to investigate the cause of the
high hydraulic gradient located at the north of YM, and (iv) performing modeling scenarios which involve
the disruption of the faults related to the high hydraulic gradient.

From the NRC perspective, uncertainties about conditions and processes relevant to the prediction of
future changes to the hydrologic system at YM may preclude satisfactory evaluation of the approaches
being taken by the DOE and adequate interpretation of DOE results. It is necessary, therefore, for the
NRC to develop an independent understanding of conditions relevant to such processes so that DOE work
may be evaluated. Alternatives to DOE concepts and models must be independently developed by the
NRC to assess the conservatism of DOE models and bounding conditions.
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With respect to both the saturated and unsaturated zone, it will be difficult to resolve this KTU. The
capability to conduct modeling of groundwater flow under uncertain future conditions will play an
important role in demonstrating compliance with this regulatory requirement topic. A determination of
compliance or noncompliance may not be possible if it cannot be shown that the models are based on
sound physical concepts and that reasonable assumptions have been made regarding future changes in the
boundary conditions or forcing functions of the flow system. Failure to show compliance with this
potentially adverse condition would make it harder to demonstrate compliance with the overall system
performance objectives.

Technical Support Needs. In order to adequately determine whether the DOE analyses regarding the
development of approaches to take into account future changes to the hydrologic system are appropriate,
adequate, and accurate, the following Technical Assessment and Research Needs have been established.

Technical Assessment Needs. Through efforts such as IPA, and auxiliary analyses, the NRC and the
CNWRA need to:

* Become familiar with the methods and models available to describe processes important to
future changes to the hydrologic system resulting from climatic variations, tectonic changes, and
human activities.

* Modify conceptual models and develop new approaches as necessary (e.g., using expert
elicitation techniques).

* Undertake sensitivity studies to determine the extent to which different parameters in the models
affect various performance related measures.

Research Needs. The NRC/CNWRA need to develop an independent understanding of the effects of
climatically and tectonically induced changes to the hydrologic system. These conceptual models should
be developed independently from those developed by the DOE for use as CDMs. Specifically, research
should be conducted to:

* Investigate the use of expert elicitation approaches.

* Evaluate methods to predict future human activities.
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2.12.1 Justification for Recommendation

To integrate these KTUs, CNWRA staff involved with the development of the CDSs
(hydrologists A. Bagtzoglou, S.Stothoff, G. Wittmeyer and geochemist D. Turner) were assembled into
a working group. R. Brient participated for WSE&I.

The KTUs contributing to the recommended KTU are "Adverse effects of future groundwater
withdrawals on the groundwater flow system," and "Prediction of future changes to the hydrologic system
resulting from a combination of climatic and tectonic changes and human activities (including heat effects
from waste emplacement)." These KTUs are found in siting criteria PACs, CDSs 3.2.2.6 (Human activity
affecting groundwater), and 3.2.2.9 (Changes to hydrologic conditions).

The current KTUs were considered to be sufficiently similar to be combined into one because
they both deal with the effects of future changes on the hydrologic systems.

2.13 UNCERTAINTY IN DETERMINING THE FASTEST PATH OF LIKELY
RADIONUCLIDE TRAVEL FROM THE DISTURBED ZONE TO THE
ACCESSIBLE ENVIRONMENT

Review Type: 5

Affected Review Plans/Regulatory Requirements: 3.3/60.113(a)(2)

Description of UncertaintM. The performance objective for the geologic setting specifies that the geologic
repository shall be located so that pre-waste emplacement groundwater travel time (GWTT) along the
fastest path of likely radionuclide travel from the disturbed zone to the accessible environment shall be
at least 1,000 yr or such other travel time as may be approved or specified by the NRC. The staff
believes that the fastest path of likely radionuclide travel cannot be determined, in an absolute sense,
given the state of the knowledge of interactions in hydrogeologic systems.

The NRC previously issued a draft generic position on GWTT (Nuclear Regulatory Commission, 1986).
In Section 2.3 (Groundwater travel time along the fastest path; p. 11) of the draft position, it is noted
that, because of uncertainty and other factors, GWIT is a distributed variable rather than a fixed quantity.
As such, it can be quantified as a cumulative frequency distribution. Examples of factors resulting in
GWTT being a distributed variable include:

* Measurement error or sparseness of data necessary to characterize the site adds uncertainty to
GWTT estimates. Site data must always be collected and hydrogeologic tests interpreted in
terms of a conceptual model. An invalid conceptual model or performing an inappropriate lest
is a typical error in measuring or interpreting field data.

* Release of water (or radionuclides) from the disturbed zone (or any compliance boundary) to
the accessible environment can be represented by a distributed source (surface of disturbed
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zone) and a distributed "sink" (surface of accessible environment). This recognizes the fact that
tracer particles released at different points along the disturbed zone would reach the accessible
environment at different times.

* Spatial variability of the properties of the medium (e.g., nonconstant thickness of the
hydrogeologic units, and heterogeneous hydraulic conductivity and porosity).

* Temporal variations (over whatever the time of concern established by release standards).

One methodology to account for all of these factors is to obtain multiple, random realizations of
multidimensional flow. A cumulative frequency distribution resulting from that multidimensional analysis
would represent travel times for essentially allpaths of likely radionuclide travel from the disturbed zone
to the accessible environment, where paths are objectively defined as streamlines in the steady-state case
or pathlines in the transient case. This approach fully utilizes available information and allows direct
consideration of functional dependencies and uncertainty interdependencies between outflow locations,
travel times, and outflow quantities. This approach also provides, in effect, a quantitative definition of
a path. Unfortunately, in this approach the fastest path is represented by the zeroth percentile (e.g., the
streamline with the shortest travel time in the steady-state case or the pathline with the shortest travel time
in the transient case). Because of uncertainty and other factors, the CNWRA staff believes that the zeroth
percentile of a distribution of GWTT for typical geologic repository sites likely will be substantially less
than 1,000 yr (possibly approaching a value of 0 yr). Therefore, the staff has concluded that probably
it is not possible to determine, in an absolute sense, that any potential repository site will exhibit, as a
minimum, a 1,000-yr GWTT along the fastest path of likely radionuclide travel; as a result, the current
performance objective for the geologic setting may be nondiscriminatory (i.e., not a useful basis to
compare the relative waste isolation characteristics from among alternative sites). NRC and CNWRA staff
are actively pursuing analyses in order to evaluate the GWTT rule.

Performance Objective at Risk. 10 CFR 60.113(a)(2)

Explanation of Nature of Risk. The regulatory language of the performance objective for the geologic
setting is unambiguous in requiring a minimum 1,000-yr GWTT along the fastest path of likely
radionuclide travel. When taken literally, it can be questioned whether compliance with this performance
objective is demonstrable for any potential geologic repository. This suggests that the utility of the fastest
path concept as a basis to discriminate between alternative sites is not useful (i.e., a basis to compare the
relative waste isolation capabilities from among alternative sites).

Description of Resolution Difficulty. Resolution of this KTU requires consideration of alternative
expressions for GWTT as a performance objective for the geologic setting, consistent with the original
purpose of GWTT, that are more representative of the effectiveness of the geologic setting as a barrier
to radionuclide transport. Planned analytical work undertaken by staff in support of CDM development
for this regulatory requirement may result in a detailed technical rationale and postulated uncertainty
reduction language to be used as a basis for resolving this KTU.

The DOE is addressing this technical concern by conducting 3D site-scale flow simulations in order to
calculate GWTT. Multiple one-dimensional (ID) water particle tracks are being used to conduct transport
simulations. These simulations, in turn, are being used to develop cumulative distribution functions for
the GWTT.
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From the NRC perspective, uncertainties about conditions and processes relevant to the conceptual and
mathematical models representing water flow at YM may preclude satisfactory evaluation of the
approaches being taken by the DOE and adequate interpretation of DOE results. It is necessary, therefore,
for the NRC to develop an independent understanding of conditions and processes relevant to such models
so that DOE work may be evaluated. Effects of boundary conditions, hydraulic parameter spatial
variability, and fully 3D versus multiple ID runs are issues that must be addressed.

At present, it is difficult to identify the degree to which the KTU can be resolved by DOE activities or
understood by NRC/CNWRA research efforts. Although in some cases, approaches exist for evaluating
the degree of uncertainty propagating to the GWTT performance measure (e.g., Bagtzoglou and Muller,
1994), it is likely that uncertainty will remain in the conceptual and mathematical models used to make
such predictions. It is also likely that will still be considerable uncertainty related to the heterogeneity
inherent in any natural system in both space and time. Such heterogeneity will necessarily introduce
uncertainty into predictions of flow and transport processes at the field scale for the regulatory period.
Even if such analyses were to be exhaustively conducted though, it is very likely that there will remain
uncertainty associated with the GWTT measure because an absolute zeroth percentile of a GWTT
distribution will always violate the rule and, as such, this is a nondiscriminatory measure.

Technical Support Needs. In order to adequately determine whether the DOE analyses regarding GWTT
are appropriate, adequate, and accurate, the following Technical Assessment and Research Needs have
been established.

Technical Assessment Needs. Through efforts such as auxiliary analyses, the NRC and the CNWRA need
to:

* Investigate alternative performance related measures.

* Undertake sensitivity studies to determine the extent to which different parameters in the models
affect the GWTT performance measure.

Research Needs. The NRC/CNWRA need to develop an independent understanding of conceptual and
mathematical models of flow processes at YM. These models should be developed independently from
those developed by the DOE for use as CDMs. Specifically, research should be conducted to:

* Study the applicability of current state-of-the-art conceptual and mathematical models for
simulating flow and transport at YM.

* Evaluate appropriate geostatistical and stochastic methods for expressing the spatial variability
of parameters.

* Develop acceptable approaches for characterizing the spatial distribution of infiltration which
will eventually serve as a forcing function for any GWTT calculation.

* Evaluate the effects of spatial variability on flow patterns and, consequently, GWTT.

* Modify models and develop new approaches as necessary.
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2.13.1 Justification for Recommendation

To integrate these KTUs, CNWRA staff involved with the development of the CDSs
(hydrologists A. Bagtzoglou, S. Stothoff, G. Wittmeyer, and geochemist D. Turner) were assembled into
a working group. R. Brient participated for WSE&I.

Current KTU "Determining the fastest path of likely radionuclide travel from the disturbed zone
to the accessible environment," located in CDS 3.3 (Assessment for compliance with the GWTT
performance objective), was found to require no change in terms of its typing or its stand-alone mode.
Modifications are recommended in the addition of Technical Support Needs and additions to the
description of resolution difficulty.

2.14 PREDICTING PRECIPITATION AND TEMPERATURE (CLIMATE) AT
THE YUCCA MOUNTAIN SITE FOR 10,000 YEARS INTO THE FUTURE

Review Type: 4

Affected Review Plans/Regulatory Requirements: 3.2.2.1/60.122(b)(1), 3.2.2.9/60.122(c)(5),
3.2.4.2/60.122(c)(6)

Description of UncertaintM. There is considerable difficulty in predicting climatic variations (precipitation,
temperature, etc.) over the next 10,000 yr.

Performance Objective at Risk. 10 CFR 60.112

Explanation of Nature of Risk. Precipitation and temperature change will affect the flux of water in the
unsaturated zone which, in turn, may contribute to adverse effects on canister degradation, radionuclide
release, and radionuclide transport to the accessible environment. Until subsurface hydrologic conditions
and processes are better understood, it will be difficult to evaluate the consequences of significantly
increasing the precipitation. The nature and timing of climatic changes may, when considered in the
context of all other adverse effects on the performance of the repository, prove to have an adverse effect
on performance.

Description of Resolution Difficulty. There are numerous factors that prevent scientists from accurately
projecting future climates. Even day-to-day weather predictions are very limited, primarily because
atmospheric phenomena are chaotic in nature and behavior. The factors that cause climate change are
poorly understood because such changes occur very slowly over time scales that exceed the historical
record.
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One climatic factor, concerning Earth's orbital and rotational characteristics (Milankovitch cycles), can
readily be predicted. Most other factors are not easily evaluated. For example, long-term variations in
energy output from the sun are poorly understood, and generally unknown. Short-term periodicity in the
form of sunspot cycles is well known, but hypothesized longer-term trends have not yet been confirmed
due to the short period of historic astronomical records. Another independent variable in climate change
is the effect of volcanism. The stratospheric injection of volcanic ash has a short-term cooling effect on
Earth's climate. But it is reasonable to conclude that periods of anomalously high volcanic activity could
temporarily offset greenhouse warming effects, or could accelerate cooling trends caused by other
phenomena. It is not possible to predict future periods of more intense volcanic activity.

Certain anomalous climatic trends defy prediction. For example, when it occurs, the El Nifio/Southern
Oscillation (ENSO) can significantly influence climate in the western U.S. This phenomenon results from
a complex atmospheric-oceanic interaction, and may be more a result of other factors than an independent
variable in itself.

Present and future human activities will probably have a strong influence on climate changes. The current
trend of increasing atmospheric CO2 is thought to have produced a very gradual world-wide warming
trend in the relatively short time since the start of the Industrial Revolution. Although this trend is
reasonably established, it is not possible to predict the range and impacts of future human activities with
any certainty.

The following assumption has been made in developing this rationale and assigning a Type 4 level of
review to this CDS:

* Based on what we know today (Spaulding, 1985 and 1990), the estimated ranges of precipitation
and recharge that occurred during the last 45,000 yr are reasonable models for the expected
ranges of these processes during the next 10,000 yr.

The level of review for this section of the license application may have to be reassessed in future if
characterization shows the presence of any of the following conditions at YM:

* Present-day groundwater fluxes are sufficiently high that waste isolation would be jeopardized
by a significant increase in future precipitation, infiltration, and percolation.

* Climatic models predict an upper bound for future precipitation that exceeds that from the
maximum estimated range of precipitation over the last 45,000 yr.

* Paleoclimatic data reveal an upper bound for precipitation over the last 45,000 yr that exceeds
estimates made by Spaulding (1985).

* Questions arise regarding the adequacy of DOE's paleo-hydrologic studies for the groundwater
basin that includes YM.

The DOE is addressing this uncertainty in Study Plan 8.3.1.5.1.6 "Characterization of Future Regional
Climate and Environments." This Study Plan is intended to generate the future climate information
needed to determine the site suitability and regulatory compliance for the proposed high-level nuclear
waste repository at YM, Nevada. The approach is to develop reasonably probable climate scenarios
which bound the threat to the repository over the next 100,000 yr rather than to attempt to predict future
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climate. Numerical climate model analyses using General Circulation Models (GCMs) with nested local
area models are intended to provide both spatial and temporal information for use in support of system
performance assessments. Specifically, the study is intended to provide information on seasonal
distribution and average annual rainfall, storm types and intensities, distribution and average annual
snowfall and rapidity of snowmelt, evapotranspiration, cloud cover, temperature, and wind speed and
direction.

From the NRC perspective, uncertainties about conditions and processes relevant to the conceptual and
mathematical models representing future climate at YM may result in an aggregate of plausible climate
scenarios to be allowable given our understanding of the atmospheric physics. It is necessary, therefore,
for the NRC to develop an independent understanding of conditions and processes relevant to such models
so that DOE work may be evaluated properly. Effects of boundary conditions and the relationship of
climate to hydraulic parameter spatial variability are issues that must be addressed.

At present, it is difficult to identify the degree to which the KTU can be resolved by DOE activities or
understood by NRC/CNWRA research efforts. Although in some cases, approaches exist for evaluating
the degree of uncertainty propagating to the climate prediction (DeWispelare, 1993), it is likely that there
will remain considerable uncertainty in the conceptual and mathematical models used to make such
predictions. This subject will require considerable use of experts (as acknowledged in the DOE Study
Plan).

Technical Support Needs. In order to adequately determine whether the DOE analyses regarding future
climate scenarios are appropriate, adequate, and accurate, the following Technical Assessment and
Research Needs have been established.

Technical Assessment Needs. Through efforts such as auxiliary analyses, the NRC and the CNWRA need
to:

* Investigate sensitivity of hydrologic parameters to changes in climate (particularly precipitation
and temperature).

* Evaluate the effectiveness of nested regional models in GCMs primarily by evaluation of
ongoing literature.

Research Needs. The NRC/CNWRA need to develop an independent understanding of conceptual and
mathematical models of future climate evaluation at YM. Perhaps, NRC experts could evaluate the
significance and likelihood of occurrence of the various scenarios proposed by DOE. Specifically,
research should be conducted to:

* Study the applicability of current state-of-the-art conceptual and mathematical models for
simulating future climate at YM, Nevada.

* Evaluate appropriate expert elicitation techniques for determining the spatial and temporal
variability of key parameters (precipitation and temperature).

* Evaluate the relationship between the climate forcing mechanisms and the resultant changes in
the spatial distribution of infiltration.
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2.14.1 Justification for Recommendation

M. Miklas, geoscientist, a CNWRA staff member involved with the development of the original
CDS, reviewed this KTU. The current KTU entitled "Predicting Precipitation and Temperature (Climate)
at the Yucca Mountain Site for 10,000 Years Into the Future" was found to require no change in terms
of its typing or its stand-alone mode. Modifications were incorporated in this document to identify
Technical Support Needs. Also, additions were made to the Description of Resolution Difficulty to
identify: (i) DOE plans which are intended to resolve the KTU, (ii) the uncertainty facing the NRC
compliance determination, and (iii) a discussion of the residual uncertainty.

2.15 PREDICTION OF TIIERMAL-MECHANICAL (INCLUDING REPETITIVE
SEISMIC LOAD) EFFECTS ON STABILITY OF EMPLACEMENT
DRIFT'S AND ENGINEERED BARRIER SYSTEM

Review Type: 5

Affected Review Plan/Regulatory Requirements: 4.4/60.133(i), 4.3, 5.2, 5.3, 5.4, and 4.5.2

Description of Uncertainty. Section 60.133(i) requires that the underground facility for the geologic
repository operations area (GROA) be designed so that the performance objectives will be met, taking
into account the predicted thermal and thermal-mechanical (TM) responses of the host rock, surrounding
strata, and groundwater system. The rule thus recognizes that to design an underground repository facility
and waste packages and to assess their long-term performances, it is necessary to understand the thermal
loads caused by the emplacement of nuclear wastes and the corresponding thermal-mechanical responses.
One must also understand the uncertainties associated with predicting the thermal loading and
corresponding jointed rock mass and EBS responses, so that these uncertainties can be accommodated by
the GROA drifts, shafts, ramps, and boreholes design and design of components of the EBS such as waste
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packages and emplacement drift backfill. The processes most likely to contribute to uncertainty in
predicting the long-term performance of an underground facility and waste packages under repository
conditions are: (i) dynamic effects on jointed rock mass and the EBS, (ii) time-dependent degradation of
rock properties (matrix and fracture) under heated and stressed conditions, (iii) spatial variability of rock
and joint properties, (iv) extrapolation of laboratory measured intact rock and joint properties for
field-scale application, (v) complex interaction of rock and support systems under heated conditions,
(vi) backfilling of emplacement drifts, and (vii) effect of long-term exposure of waste package on the
degradation of material properties by phase transformation leading to reduced corrosion resistance and
impact toughness (ductility) of the waste package.

The geomechanical conditions at the YM site are characterized by a highly fractured rock mass with
prominent vertical and sub-vertical faults and joints (U.S. Department of Energy, 1988). The fractured
rock mass will be perturbed in several ways. First, the construction of the repository changes the state
of stress, which, in turn, causes mechanical deformation of the rock, including joint normal and shear
deformations. Joint normal and shear deformations have implications regarding the stability of
excavations. Second, the nuclear waste provides a heat source that is active over an extended period of
time. This thermal load induces rock expansion which, in turn, may cause dilation, closure, and shear
failure of fractures. The thermal load may also cause degradation of the mechanical properties of rock
and rock joints. The degradation of the rock mass strength changes the pattern of strain localization
around the excavations and has implications regarding the stability of excavations. For example, Kemeny
and Cook (1990) have reported that about 38 percent of the waste emplacement boreholes may experience
slabbing failure as the repository heats up to 206 'C. Third, it is recognized that the strengths of intact
rock and joints are functions of both time and stress (Atkinson, 1984; Jaeger and Cook, 1979; Scholz,
1968; Kie, 1993). Although it is realized that this time-dependent or creep strain of intact hardrock, such
as tuff, at room temperature may be insignificant relative to engineering design, the fractured rock mass
may exhibit significant creep due to joint filling and/or localized high-stress concentration on joint
asperities (Pariseau, 1992). The thermal load may significantly increase the creep strain of both intact
rock and joints. As a result, the overall strength of the fractured rock mass may significantly deteriorate
with time. The effect of this time-dependent rock mass strength degradation will be more pronounced
during the preclosure period, but the rock mass surrounding the emplacement drift may still deteriorate
after the drifts have been backfilled as the backfill is not expected to provide sufficient support to the rock
mass especially at the crown region of the drifts. Fourth, dynamic ground motions due to earthquakes,
nearby underground weapons testing, etc., will be superimposed on in situ, excavation induced, and
thermally induced stresses. The dynamic ground motions, including the cumulative effect of repetitive
seismic motions, will cause further dilation, closure, and shear of fractures (Hsiung et al., 1992). These
perturbations are in addition to the effects of structural deformation and tectonic processes on jointed rock
mass properties. Moreover, it should be realized the current engineering design practice is for short
expected life of the underground excavations (Hoek and Brown, 1980; Brady and Brown, 1985) based
on empirical observations of several excavations around the world. There is a complete lack of observed
data on long-term performance of underground excavations (e.g., more than 50 yr) , which generally does
not have much of thermal load, based on current design practices. Consequently, the long-term thermal-
mechanical response of the host rock mass and its effects on the stability of the underground excavations
are difficult to predict and thus difficult to account for in the design of the facility. Similarly, the long-
term effectiveness of rock bolts, steel sets, and other support systems are also poorly understood in heated
environments.

It is well known that the properties of intact rock and fractures are dependent on the size of the rock
specimens (Barton and Bandis, 1982; Bandis, 1980; Barton and Choubey, 1977; Pratt et al., 1972;
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Bieniawski, 1992). In their experiments on the scale effects of natural rock joints, Barton and Bandis
(1982) observed a clear decrease of peak shear strength and a concomitant increase of joint displacement
at peak shear strength as functions of increasing specimen size. Currently, there is no established
technique for extrapolation of laboratory rock strength properties for field-scale applications. The
prediction of this scale effect is especially difficult for the dynamic behavior of jointed rock mass
subjected to thermal loads. Furthermore, prediction of TM effects on stability of underground excavations
needs sufficient information to describe the natural variability of both intact rock and joint properties.
Determination of the spatial variability of these parameters is inherently difficult and poorly understood
as only a limited number of specimens are characterized in regular mining practices due to high cost and
short design-life of most of the excavations required in a mine.

The backfilling of the emplacement drifts may provide protection for waste packages in the event of drift
roof collapse and, depending on the type of backfill, may act as a diffusion barrier to radionuclide
transport. However, the disadvantages are reduced heat transfer that results in high temperature in the
drifts and the waste packages and difficulty in retrieving the waste packages, if needed. At this time it
is uncertain regarding the degree of favorable and unfavorable affect of backfilling the emplacement drifts
on repository performance.

Heat from emplaced waste packages may induce mechanical stresses due to differential thermal
expansions that may degrade the waste packages, contents of the waste package (spent fuel and vitrified
wastes) and other features of the EBS. There is uncertainty regarding the change in the material toughness
of the waste packages with time and hence their response to mechanical loading. Stresses may also be
induced by impingement of surrounding host rock materials on the waste package. There will also be
residual stresses due to fabrication of the waste packages. Their uncertainty is dictated by their
dependence on the design, fabrication process, etc., of the waste packages. The exposure of the waste
packages to elevated temperatures over a long period of time may result in transformations of metallic
phases with possible degradation in the corrosion properties (Manaktala and Interrante, 1990). The change
in properties of the waste packages and other components of EBS is uncertain and the TM impact on the
waste packages and other components of EBS is difficult to predict and difficult to account for in the
design.

Performance Obiective at Risk. 10 CFR 60.111(b) and 10 CFR 60.113(a)(1)

Explanation of Nature of Risk. The impact of thermal loads on repository performance is a very complex
technical issue, depending on many factors, including the magnitude of the thermal loads and the TM
coupling in jointed rock mass, rock-support interactions, and the components of EBS. The TM stability
of emplacement drifts and the affect of backfilling of emplacement drifts may have impact on the
retrievability of waste and the containment and release rate from waste packages. The fractured nature
of the surrounding host rock mass, the spatial variability of rock and joint properties, long-term
degradation of rock mass properties, rock-support interactions under thermal load, and
repository-generated thermal regimes that are beyond the range of current engineering experience pose
significantly complex problems to demonstrate compliance with 10 CFR Part 60 regulatory requirements.
Consequently, the use of existing models to predict the likely TM effects on the repository from such
loads may not be satisfactory.

The fundamental mechanism of thermal and mechanical coupled processes in a jointed rock mass and the
long-term degradation of the rock medium are not fully understood at this time. Coupled thermal and
mechanical analytical models or computer codes that can be used to successfully predict the TM responses
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of the underground excavations and surrounding host rock are not available, which makes the prediction
of long-term near-field repository behavior difficult (Ghosh et al., 1994) and, in turn, makes the
assessment of its impact on retrievability difficult.

Impingement of the waste package by repository materials may: (i) rupture the waste package, resulting
in loss of containment, or (ii) contribute to local acceleration of waste package degradation, resulting in
loss of containment or an unpredictable release rate. Uncertainty with the prediction of TM behavior will
make assessment of the impact for the above two items difficult. For waste package materials and other
EBS components, phase transformations or property changes of the waste package material and the other
EBS components due to long-term exposure to elevated temperatures may result in the waste packages
or EBS components being more susceptible to penetration by corrosion or failure under mechanical
forces. In conducting a degradation analysis of the EBS, for which there is no precedent, it is difficult
to provide reasonable assurance that the degradation modes due to TM effects have been adequately
considered.

Description of Resolution Difficulty. The TM response of the jointed host rock surrounding the EBS is
very difficult to predict under the repository environment because no data are available on the behavior
of jointed rock masses under prolonged thermal and repetitive dynamic loads. This will be further
complicated because of the scale effect, spatial variability of rock and joint properties, backfilling of
emplacement drifts, and complex interactions between rock and support systems. Providing stability of
the drifts through use of ground supports, such as rock bolts to ensure safe operation and retrievability,
will be difficult because of lack of data on the performance of ground supports under prolonged thermal
and repetitive dynamic loads. The heat from the waste package has the potential of changing the
microstructure of the waste package components by transformation of metallurgical phases to less
desirable phases that may result in loss of toughness and corrosion resistance. Such metallurgical changes
are expected to occur extremely slowly (over hundreds or thousands of years), and there is considerable
uncertainty whether accelerated laboratory test results can be extrapolated to longer times.

Much effort will be required to develop the reliable models (and attendant computer codes) necessary to
understand this KTU. The DOE is expected to make substantial progress in resolving this KTU and has
recognized the need for obtaining information on TM effects on surrounding host rock mass, waste
packages, and other components of EBS (U.S. Department of Energy, 1988). The staff expects model
development/refinement to continue as greater understanding of thermally induced phenomena is gained.
However, it is likely that data will be incomplete at the time of license submittal and that the DOE will
use engineering judgment and expert opinion to address this uncertainty.

The effect of thermal loads on the GROA host rock mass and EBS was discussed in the NRC "Staff
Technical Position (STP) on Geologic Repository Operations Area Underground Facility Design-Thermal
Loads" (Nataraja and Brandshaug, 1992). If the DOE chooses a methodology different from that in this
STP, the staff should assess whether the alternative methodology considers the coupling of TM processes
in a manner that is not likely to underestimate the unfavorable aspects of repository performance or to
overestimate the favorable aspects of repository performance. To ensure that an appropriate method is
used, the NRC and the CNWRA will conduct independent studies to understand and develop an
independent capability for reviewing the thermal and mechanical coupling effects on jointed rock mass
and the EBS.

The DOE is addressing these various difficulties through ongoing and planned programs involving
laboratory experiments (mechanical properties of matrix and fractures, rock joint behavior under cyclic
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load, thermal properties of rock, mechanical and corrosion properties of the waste package); field
experiments (thermal stress, heating and cooling cycles, time-dependent temperature, stress, displacement,
and fracture aperture distributions, waste package, TM coupling); further oxidation of spent fuel due to
prolonged exposure at high temperature; site characterization (matrix and fracture characteristics, rock
mass characteristics, response to excavation, response to thermal loading, ground motion due to natural
phenomena and environmental conditions); and modeling (rock joint models, equivalent rock mass, waste
package, TM coupling). From the NRC perspective, uncertainties in predicting the response of jointed
rock mass and degradation of material properties of the waste package under thermal and repetitive
seismic load conditions may preclude satisfactory evaluation of the approaches taken by the DOE and
adequate interpretation of DOE results regarding stability of emplacement drifts and the EBS. It is,
therefore, necessary for the NRC to develop an independent understanding of the phenomena and
associated processes relevant to TM coupling including repetitive seismic load so that DOE work may
be evaluated. Alternatives to DOE concepts and models must be independently developed by the NRC
to assess the conservation of DOE models and bounding conditions.

At present, since methods to address uncertainties associated with the prediction of TM including
repetitive seismic load, effects on stability of emplacement drifts and EBS are still under development,
it is difficult to identify the degree to which the KTU can be resolved by DOE activities or understood
by NRC/CNWRA research effort. Although models exist for evaluating processes related to some aspects
of TM coupling at YM, it is likely that considerable uncertainty will remain in the conceptual models and
design related parameters. In addition, heterogeneities in the geology of the site will necessarily introduce
uncertainty into predictions of TM effects over the regulatory period of interest.

Technical Support Needs. Technical support needs have been established which will assure that staff is
prepared to determine if the DOE models and analyses to assess the prediction of TM, including repetitive
seismic load, effects on stability of emplacement drifts and EBS are appropriate, reasonable, and
acceptable.

Technical Assessment Needs. The technical assessment needs reflected in current NRC/CNWRA plans
include:

* Development of a rock joint constitutive model

* Development or modification of TM compliance determination codes for subsurface facilities

* Analysis of drift stability leading to rock-induced waste package failure for updating SEISMO
Module in the IPA code

* Development of the EBS subsystem performance assessment models and codes to evaluate the
thermal instability effects on waste package materials

* Develop an understanding of the affect of backfilling of emplacement drifts on the performance
of waste packages, stability of drifts, and retrievability of waste.

Research Needs. The NRC/CNWRA need to develop an independent understanding of the long-term TM
behavior of the jointed host rock under repository conditions, including potential effects on the EBS To
achieve these goals, research on the following topics, which are unique to this repository design, should
be conducted.
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* Develop an understanding and constitutive laws of time-dependent rock properties (matrix and
fracture) under heated and stressed conditions.

* Develop of a methodology for bounding spatial variability of rock and joint properties using
stochastic approach.

* Determine the long-term effectiveness of rock-bolts and other ground supports under thermal
environment.

* Develop a methodology for identification and characterization of important design parameters
for underground excavations-a total system approach.

* Develop a technique for extrapolation of laboratory measured intact rock and joint properties
for field-scale application.

* Determine the effect of long-term exposure of waste packages on the degradation of material
properties by phase transformation and grain-boundary segregation leading to reduced corrosion
resistance and impact toughness (ductility) of the waste package.
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2.15.1 Justification for Recommendations

The working group was composed of the following CNWRA personnel within the RDCO and
EBS elements: A.H. Chowdhury, S. Hsiung, A. Ghosh, M.P. Ahola, E. Tschoepe, and H. Manaktala,
and R. Brient from WSE&I. No other disciplines .were considered necessary to perform this KTU
integration.

The current KTU Topic "Prediction of thermal-mechanical-hydrological-chemical responses of
the host rock, surrounding strata, and groundwater system to thermal loads" was determined, based on
the KTU integration team, to be too broad in scope and should be broken down into more specific KTUs,
one dealing with the TM impact on the stability of the emplacement drifts and the EBS and the other
dealing with the thermal-mechanical-hydrological (TMH) effects on the host rock surrounding the EBS.
As such, the first portion of the current KTU is sufficiently similar to the existing KTU topic entitled
"Prediction of TM effects of the performance of waste packages and the engineered barrier system. ' The
working group agreed that portions of these KTUs could be combined into a single KTU that would cover
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the TM effects on both the stability of the emplacement drifts and the EBS (which by definition includes
the waste package). In developing the new KTU, the original text from both the parent KTUs was
combined, and redundancies from the parent KTUs were eliminated where necessary. In addition,
technical support and research needs for the NRC were clearly identified.

2.16 PREDICTION OF THERMAL-MECHANICAL-HYDROLOGICAL
(INCLUDING REPETITIVE SEISMIC LOAD) EFFECTS ON THE HOST
ROCK SURROUNDING THE ENGINEERED BARRIER SYSTEM

Review Type: 5

Affected Review Plan/Regulatory Requirements: 4.4/60.133(i), 4.3, 5.2, 5.3, and 5.4

Description of Uncertainty. Section 60.133(i) requires that the underground facility for the GROA be
designed so that the performance objectives will be met, taking into account the predicted thermal and
TM responses of the host rock, surrounding strata, and groundwater system. The rule thus recognizes
that to design an underground repository facility and waste packages and to assess the performance of the
EBSSTP and the total system, it is necessary to understand the thermal loads caused by the emplacement
of radioactive wastes and the corresponding TMH responses. One must also understand the uncertainties
associated with predicting the thermal loading, corresponding jointed rock mass and groundwater
responses, and subsequent impact on EBS and total system performance, so that these uncertainties can
be accommodated in the underground facility design and the performance assessment of the EBS and the
total system. The processes most likely to contribute to uncertainty in predicting the long-term mechanical
and hydrological responses of the host rock surrounding the EBS and the long-term performance of the
EBS and the total system are: (i) mechanical-effect (including repetitive seismic load) dependent fracture
flow in unsaturated fractured rocks; (ii) formation of dryout region, recondensation of vapor, and
condensate dripping through fractures; (iii) time-dependent degradation of rock properties (matrix and
fracture) under heated, partially saturated, and stressed conditions; (iv) extrapolation of laboratory
fracture flow properties for field-scale application; and (v) determination of extent of rewetting of the
waste package and the chemistry of the condensed phase.

The geomechanical conditions at the YM site are characterized by a highly fractured rock mass with
prominent vertical and sub-vertical faults and joints (U.S. Department of Energy, 1988). The fractured
rock mass will be perturbed in several ways. First, the construction of the repository changes the state
of the stress, which, in turn, causes mechanical deformation of the rock, including joint normal and shear
deformations. Joint normal and shear deformations have implications regarding the stability of excavations
and may also affect fluid flow and solute transport in the jointed rock mass and into the emplacement
drifts. Preferential flow paths may change causing change in quantity and location of fluid flow into the
emplacement drifts. This is particularly important to the performance of the EBS and the total system.
Second, the radioactive waste provides a heat source that is active over an extended period of time. This
thermal load induces rock expansion which, in turn, may cause dilation, closure, and shear failure of
fractures. The permeability of both matrix and fracture may change accordingly. The thermal load may
also cause degradation of the mechanical properties of rock and rock joints. Kemeny and Cook (1990)
have reported that about 38 percent of waste emplacement boreholes may experience slabbing failure as
the repository heats up to 206 'C. Third, dynamic ground motions due to earthquakes, nearby
underground weapons testing, etc., will be superimposed on in situ, excavation induced, and thermally
induced stresses. The dynamic ground motions, including the cumulative effect of repetitive seismic
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motions, will cause further dilation, closure, and shear of fractures, which may change the fracture and
matrix permeabilities. These perturbations are in addition to the effects of structural deformation and
tectonic processes on jointed rock mass properties.

In addition to the causes mentioned above that may induce changes in fracture hydrological properties,
it is well recognized that the strengths of intact rock and joints are functions of time, moisture content
and stress field (Atkinson, 1984; Jaeger and Cook, 1979; Schotz, 1968; Kie, 1993). Although it is
realized that this time-dependent or creep strain of intact hardrock, such as tuff, at room temperature may
be insignificant relative to engineering design, fractured rock mass may exhibit significant creep due to
joint filling and/or localized high-stress concentration on joint asperities (Pariseau, 1992). The thermal
load may significantly increase the creep strain of both intact rock and joints. As a result, the overall
strength of the fractured rock mass may significantly deteriorate with time. The effect of this
time-dependent rock mass strength degradation will be more pronounced during the preclosure period,
but the rock mass surrounding the emplacement drift may still deteriorate after the drifts have been
backfilled as the backfill is not expected to provide sufficient support to the rock mass especially at the
crown region of the drifts. Furthermore, presence of pore water or water vapor in the rock matrix causes
crack nucleation and propagation due to stress corrosion. Laboratory results presented by Althaus et al.
(1994) using both saturated and unsaturated granite samples suggest that rock matrix will weaken
significantly due to microfracturing. The microfracturing may cause considerable increase in the rock
mass permeability.

The perturbations of the jointed rock mass discussed above affect the joint aperture and the flow of fluids
through the fracture depends upon the spatial geometry of this void space. When the two surfaces of a
natural joint are in partial contact with one another, this geometry becomes so complex that fluid through
the joint cannot be approximated as laminar flow between parallel surfaces (Cook, 1992). Furthermore,
the fracture permeability is also influenced by the size effect, whose prediction method is unknown at this
time (Raven and Gale, 1985; Neuzil and Tracy, 1981; Swan, 1983).

Moreover, opening and closure of certain faults and joints in the fracture network of the surrounding rock
may significantly change the paths for groundwater flowing into the emplacement drifts. This
phenomenon is likely to impact the geochemistry of the liquids that come in contact with the waste
package and the residence time of such liquids. Thus, the TMH coupled phenomena will have effects on
the permeability of the host rock surrounding the EBS and consequently on the performance of the EBS
and the total system. The long-term TMH response of the host rock and the EBS over the lifetime of the
repository is very difficult to predict and thus difficult to account for in the performance assessment of
the EBS and the total system.

Performance Objective at Risk. 10 CFR 60.111(b), 10 CFR 60.112, and 10 CFR 60.113(a)(1)

Explanation of Nature of Risk. The impact of thermal loads on repository performance is a very complex
technical issue, depending on many factors, including the magnitude of the thermal loads and the TMH
coupling in the jointed rock mass and the components of EBS. The fractured nature of the surrounding
host rock mass, the complex nature of the TMH response of EBS, and the repository generated thermal
regimes that are beyond the range of current engineering experience pose significantly complex problems
to demonstrate compliance with 10 CFR Part 60 regulatory requirements. For such situations, the use of
existing models to predict the likely TMH effects on the host rock and the EBS from such loads, may
not be satisfactory.
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The performance of the EBS and the total system is dependent on the rate at which the waste package
environment dries out during the heating period, extent of dry period, condensate drainage taking place
through fractures, and eventual rewetting during the cooling period. Thus, prediction of moisture
redistribution in fractured rock mass near the heat-generating waste package is of critical importance. The
fundamental mechanisms of thermal, mechanical, and hydrological coupling processes in jointed host rock
and the EBS are not fully understood at this time. Coupled TMH analytical models or computer codes
that can be used to successfully predict the jointed host rock and EBS TMH responses are not available,
which makes the prediction of long-term behavior of host rock and EBS difficult (Ghosh et al, 1994). In
conducting a degradation analysis of a system, such as the jointed host rock and the EBS, for which there
is no precedent, it is difficult to provide reasonable assurance that the degradation models due to TMH
effects have been adequately considered.

Description of Resolution Difficulty. Much effort will be required to develop reliable models (and
attendant computer codes) necessary to understand the phenomena underlying this KTU. There is a high
degree of uncertainty related to identification of fast fracture flow paths and prediction of flow through
them in the repository environment. The DOE has undertaken a program of laboratory measurements and
experiments, field scale tests, and modeling (Management and Operating Contractor, 1994) to evaluate
coupled TMH processes in the jointed rock mass surrounding the EBS and in the EBS to resolve this
KTU. The staff expects model development/refinement to continue as a greater understanding of
thermally induced phenomena is gained. However, it is likely that data will be incomplete at the time of
license submittal and that DOE will use engineering judgment and expert opinion to address this
uncertainty.

The uncertainty related to the TMH effects on the host rock will propagate to the EBS. For example, the
opening of the faults and joints and changes in the flow path for intruding groundwaters are likely to
impact the geochemistry of the liquids that come in contact with the waste package and the residence time
of such liquids. The flow paths will influence the level of the radiation field on the water in the fracture
near the waste package which, in turn, will affect the type and production of radiolysis products, pH,
solute concentrations, and the potential for the formation of colloids from the iron-rich alloy that is
expected to be used for the waste package overpack. Also, the cyclic evaporation/condensation of
groundwater in the vicinity of the waste package could affect the concentration of salts in that region
(Manaktala and Interrante, 1990; Walton et al., 1993). However, the manner in which these phenomena
and processes interact and the temporal and spatial scales over which they occur have considerable
uncertainty.

The effect of thermal loads on the GROA host rock mass and EBS was discussed in the NRC 'Staff
Technical Position (STP) on Geologic Repository Operations Area Underground Facility Design-Thermal
Loads" (Nataraja and Brandshaug, 1992). If the DOE chooses a methodology different from that in this
STP, the reviewer should assess whether the alternative methodology considers the coupling of TMH
processes in a manner that is not likely to underestimate the unfavorable aspects of repository
performance or to overestimate the favorable aspects of repository performance. To ensure that an
appropriate method is used, the NRC and the CNWRA will conduct independent studies to understand
and develop an independent capability for reviewing the TMH coupling effects on jointed rock mass and
EBS.

The DOE is addressing these various difficulties through ongoing and planned programs involving
laboratory experiments (mechanical and hydraulic properties of matrix and fractures, thermal properties
of rock and fluids, hydrological properties of waste package); field experiments (fluid flow in unsaturated
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fractured rock, drying and rewetting of matrix and fractures, TMH coupling); site characterization
(fracture and matrix flow, in situ hydrothermal responses, waste package); and modeling (TMH
coupling). From the perspective of the NRC, uncertainties in predicting the hydrological behavior of
jointed rock mass under dynamic and thermal conditions may preclude the satisfactory evaluation of the
approaches taken by the DOE and adequate interpretation of DOE results regarding spatial and temporal
distributions of hydraulic conductivity of jointed rock mass surrounding the EBS and the TMH response
of the EBS. It is, therefore, necessary for the NRC to develop an independent understanding of the
phenomena and associated processes relevant to TMH coupling including repetitive seismic load so that
DOE work may be evaluated. Alternatives to DOE concepts and models must be independently developed
by the NRC to assess the conservatism of DOE models and bounding conditions.

At present, methods to address uncertainties associated with the prediction of TMH, including repetitive
seismic load, effects on the host rock surrounding the EBS and the EBS are still under development.
Thus, it is difficult to identify the degree to which the KTU can be resolved by DOE activities or
understood by NRC/CNWRA research effort. In addition, heterogeneities in the geology of the site will
necessarily introduce uncertainty into predictions of TMH effects over the regulatory period of interest.

Technical Supoort Needs. Technical support needs have been established that will ensure that staff is
adequately prepared to determine if the DOE models and analyses to assess the prediction of TMH,
including repetitive seismic load, effects on the host rock surrounding the EBS and the EBS are
appropriate, adequate, and accurate.

Technical Assessment Needs. The technical assessment needs reflected in current NRC/CNWRA plans
include:

* Develop and/or modify TMH compliance determination codes for subsurface facilities.

* Develop the EBS performance assessment code engineered barrier system performance
assessment codes (EBSPAC).

* Develop the models and the code modules for the total system performance assessment.

Research Needs. The NRC/CNWRA need to develop an independent understanding of long-term TMH
behavior of the jointed host rock surrounding the EBS under thermal and dynamic loads and the EBS.
To achieve these goals, the following research should be conducted.

* Perform DECOVALEX TMH experiments and modeling.

* Develop an understanding of the constitutive laws of time-dependent rock properties under
heated, variably saturated, and stressed conditions.

* Develop a technique for extrapolation of laboratory-measured fracture flow data for field-scale
application.

* Determine when and the extent of rewetting of the waste package (container) and the chemistry
of the condensed phase.
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Identify near-field environment chemistry as altered by the thermal loading on construction
materials used for seals and shafts and the host rock leading to alteration in the pathways and
chemistry of ingressing groundwaters.
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2.16.1 Justification for Recommendations

The working group was composed of the following CNWRA personnel within the Repository
Design, Construction, and Operations and EBS elements: A.H. Chowdhury, S. Hsiung, A. Ghosh,
M.P. Ahola, E. Tschoepe, H. Manaktala, and R. Brient from WSE&I. No other disciplines were
considered necessary to perform this KTU integration.

The current KTU Topic-"Prediction of thermal-mechanical-hydrological-chemical responses
of the host rock, surrounding strata, and groundwater system to thermal loads" was determined, by the
KTU integration team, to be too broad in scope and should be broken down into more specific KTUs,
one dealing with the TM impact on the stability of the emplacement drifts and the other dealing with the
TMH effects on the host rock surrounding the EBS. As such, the second portion of this KTU was
sufficiently similar to the existing KTU topic entitled "Prediction of the thermal, mechanical, and
hydrological impact on the host rock and surrounding waste packages." The working group thus agreed
that these portions could be combined into a single KTU which would cover the TMH effects on the host
rock surrounding the EBS. In developing the recommended KTU, the original text from both the parent
KTUs was combined to enhance the transitions between different sections of the text, and redundancies
from the parent KTUs were eliminated where necessary. In addition, Technical Support Needs were
clearly identified.

2.17 PREDICTING THE LONG-TERM PERFORMANCE OF SEALS FOR
SHAFTS, RAMPS, AND SURFACE AND SUBSURFACE BOREHOLES

Review Type: 4

Affected Review Plan/Regulatory Requirement: 4.3.2/60.134

Description of Uncertainty. Review of the post-closure portion of the design for shafts, ramps, and
boreholes in 10 CFR 60.134 demands consideration of the performance of seals (and backfill materials)
and an evaluation of the impact of repository-generated thermal loads and repeated seismic loads on the
long-term performance of these repository features. For example, in order to have confidence in applying
current sealing technology to the repository environment, two considerations or factors relevant to the
effectiveness and performance of seals remain to be resolved. These uncertainties are: (i) whether the
seals will remain effective over the long period of regulatory interest (i.e., long-term seal performance),
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and (ii) whether technology exists to effectively install seals such that the intended performance of seals
can be achieved. There is little experience regarding long-term performance of seals. Although available
observations of the performance of some seal materials (e.g., low-permeability cements) seem to indicate
that these components may have great durability (Osende, 1985; Rissler, 1978), it is also uncertain what
impact thermal loads and repeated seismic loads will have on their performance. Also, other observations
(Roy and Langton, 1983 and 1986) of deterioration of high-quality cement grouts in dam foundations
within a decade after installation seem to indicate otherwise. Considerable uncertainty exists regarding
the installation of seals in the underground excavations (Schaffer and Daemen, 1987). This uncertainty
is especially true regarding the determination of optimum grouting conditions and preferable grouting
pressures to seal fractures around the excavations due to construction. It is uncertain how to prevent the
fractured zone created by the excavations from becoming dominant bypass flow paths around the seals
and thereby negating the effectiveness of the seals.

Performance Objectives at Risk. 60.112 and 60.113(a)(1)

Explanation of Nature of Risk. If the seals for shafts, ramps, and boreholes do not perform as well as
intended, it is possible that pathways could exist that would allow water to reach the waste packages and
accelerate corrosion of the waste packages, putting compliance with 10 CFR 60.113(a)(1) at risk.
Accelerated corrosion might produce situations in which the following could occur: containment is not
substantially complete, the release of radionuclides is not gradual, and the release rate is too large.

Besides allowing water to reach waste packages, malfunctioning seals might also allow radionuclides to
move away from the waste packages in such a fashion as to put the overall system performance objective
specified in 10 CFR 60.112 at risk.

It is possible that the net contribution of seals to the overall system performance of the geologic
repository may not be significant due to the unsaturated and fractured nature of the YM repository site.
If future research or field studies by the DOE indicate that the uncertainties regarding seal performance,
including the effects of thermal and repetitive seismic loads on the seal performance, can be significantly
reduced, or that it can be substantiated that the net contribution of seals to overall system performance
is negligible, the review strategy type will be downgraded. If, on the other hand, the KTU is not being
reduced, and the contribution of the seals is not negligible, then the review strategy type may have to be
upgraded.

Description of Resolution Difficulty. The installation of the seals for shafts, ramps, drifts, and boreholes
is not generally expected to be completed until the repository is ready for closure (Fernandez and
Richardson, 1994). As a result, a long period of testing and in situ observations of seal components,
placement methods, and overall seal performance under a variety of conditions, including thermal and
repetitive seismic loadings, can be evaluated before the final design of the sealing program is necessary.
This extended evaluation will result in a reduction in the uncertainty and better understanding of the
nature of risk with regard to the long-term seal performance from the initial design and sealing program
submitted at the time of the license application. However, the operations period is only a small fraction
of time in comparison to the post-closure period. Thus, some sort of methodology or conceptual models
will still be necessary to allow extrapolation of the available laboratory or field experimental seal data
to estimate the long term seal performance after closure of the repository.

The uncertainties would best be addressed through a comprehensive seal testing program by the DOE,
in the laboratory as well as in the field, which extends through the period of operations of the repository.
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The time available during site characterization and repository operations can be used to adapt the sealing
program to the particular geologic setting, as well as to the natural and environmental conditions.
However, it is likely that data and models will be incomplete at the time of license submittal and that the
DOE will use engineering judgment and expert opinion to resolve this uncertainty.

The DOE has recently developed a strategy (Fernandez et al., 1994) for sealing exploratory boreholes
in unsaturated tuff to satisfy the seal performance requirements in 10 CFR Part 60. This proposed
borehole sealing strategy focuses on addressing the following questions: (i) where to seal, relative to the
potential repository and geologic setting; (ii) how to seal, relative to the selection of seal materials,
geometry, and available technologies to seal exploratory boreholes (including casing removal, borehole
wall reconditioning, and seal emplacement); and (iii) when to seal during the stages of repository
operation. It has yet to be shown by the DOE whether this same sealing strategy could be applied to seals
for shafts and ramps.

From the NRC perspective, uncertainties about extrapolation of short-term data for prediction of
long-term performance of seals, including the long-term interaction between seals and the surrounding
rock mass, may preclude satisfactory evaluation of the approaches being taken by the DOE and adequate
interpretation of DOE results. It is therefore necessary for the NRC to perform selected independent
analyses and interpretations to evaluate the DOE predictions. The input for these independent analyses
shall be consistent with site characteristics, processes, and events, that are relevant to design of seals.

At present, since methods to address uncertainties associated with the long-term performance of seals are
still under development, it is difficult to identify the degree to which this KTU can be resolved by DOE
activities or understood by NRC or CNWRA research efforts. In addition, heterogeneities in the geology
and hydrology at the site will necessarily introduce uncertainty into predictions of seal performance over
the period of regulatory interest.

Technical Support Needs. Technical support needs have been established to determine whether the DOE
models and analyses to assess long-term performance of seals and their importance to repository
performance are appropriate, adequate, and accurate.

Technical Assessment Needs. Through efforts such as IPA and auxiliary analyses, the NRC and CNWRA
need to:

* Develop a better understanding of the importance of seals to the overall performance of the
repository, taking into account the specific conditions at the YM repository site (including
geologic and hydrologic properties of the intact matrix and fractures, infiltration, etc.)

* Evaluate, through sensitivity studies, which parameters (e.g., infiltration, fracture conductivities
of the host rock, fracture porosity of the host rock, etc.) would have the largest impact on seal
and repository performance, such that guidance can be given to site characterization activities
to focus on better characterization of such properties

Research Needs. The NRC/CNWRA needs to develop independent conceptual and mathematical models
for prediction of long-term performance of seals, including the long-term interaction between seals and
the surrounding rock mass. These models should be developed independently from those developed by
the DOE for use as compliance determination methods. Specifically, research should be conducted to
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* Evaluate long-term TM effects on the performance of seals.

* Evaluate long-term thermal-hydrological effects on the chemical properties of seal materials.

* Evaluate long-term TM (including repetitive seismic load) effects on the surrounding rock mass
and seal-rock interface.
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2.17.1 Justification for Recommendations

The CNWRA working group was composed of M. Ahola, S. Hsiung, A. Chowdhury, and
H. Karimi from the Repository Design, Construction, and Operations element, E. Tschoepe from the
Engineered Barrier System Element, and R. Brient from WSE&I. No other disciplines were considered
to be necessary to perform this KTU integration.

Based on decisions made by the working group, it was felt that the two previously existing
KTUs ("Predicting the long-term performance of seals for shafts, ramps, and boreholes," and "Predicting
the long-term performance of seals for the underground test boreholes") were sufficiently similar so as
to be consolidated into a single KTU that would cover both the long term performance of seals for
underground test boreholes as well as performance of seals for shafts, ramps, and surface boreholes. The
text making up the two parent KTUs was very similar such that the two could be combined easily. The
proposed KTU would reside in CDM 4.3 (Shafts and Ramps Design). The proposed KTU was
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supplemented in the Description of Resolution Difficulty with statements of the DOE action plans, the
NRC uncertainty in compliance determination, and the expected remaining uncertainty after DOE and
NRC actions. The KTU was also supplemented with Technical Support Needs.

2.18 DEMONSTRATION OF COMPLIANCE WITH THE REQUIREMENT TO
MAINTAIN THE ABILITY TO SAFELY RETRIEVE IIIGH-LEVEL
NUCLEAR WASTE

Type: 4

Affected Review Plans/Regulatory Requirements: 4.5.2/60.111(b)

Description of Uncertainty. The DOE is required to provide a plan that describes how HLW can be safely
retrieved and stored. Retrieval of waste package canisters on a mass scale from an underground repository
has never been attempted or accomplished. Also, the United States program is the only waste management
program considering retrieval; thus the U.S. HLW program participants cannot learn from the experience
of others. This lack of experience makes retrieval a riskier activity than one for which there is some
experience. The uncertain nature of retrieval is acknowledged in the Statement of Considerations for 10
CFR Part 60, in which it is said, "...the Commission recognizes that any actual retrieval operation would
be an unusual event and may be an involved and expensive operation" (Nuclear Regulatory Commission,
1983). Although the retrieval plan will probably be developed by the DOE using detailed analyses, the
NRC should still perform a detailed review with independent analyses to determine that radiological
health and safety will not be adversely affected by what will probably be a largely unproven retrieval
system.

Another aspect of this KTU is that the DOE will have only limited test results available at the time of
license application to convince the NRC staff of its ability to retrieve any or all of the inventory of waste.
The future conditions during which retrieval would take place, and upon which the retrieval plan is based,
will themselves be based on model predictions. Such predictions are bound to have uncertainties, some
of which will probably be significant. Examples of uncertain predictions include the effects of coupled
thermal-mechanical-hydrological-chemical processes on the waste package, rock, and rock support; the
effects of heating on material properties; and the effects of heating and then cooling on strengths and
material properties.

In addition to the predictive uncertainties, there will be uncertainties regarding the conduct of the retrieval
operation itself. Examples of operational uncertainties include how the possible presence of leaking waste
packages would affect worker health and safety, the ability to cool the repository, and the ability to safely
store contaminated material, particularly if large amounts of backfill or rock are contaminated. There will
likely be uncertainties regarding the conduct of the retrieval operation, which would result in uncertainties
regarding the radioactive doses that workers, and even the public, may receive. Because the retrieval
operations might rely upon or be affected by the shafts and ramps of the GROA, the uncertainty about
retrievability creates uncertainty regarding the design of the shafts and ramps.

It should be noted that this KTU consists of two specific parts: (i) prediction of TM effects on shafts,
ramps, and emplacement drifts for retrievability; and (ii) the lack of experience with retrieval operations.

Performance Objective at Risk. 10 CFR 60.11 1(b)
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Explanation of Nature of Risk. Understanding the response of the geologic repository to coupled TM
processes represents a KTU complicating review of DOE plans and designs for waste retrievability.
Because waste retrieval operations will necessitate activities in a repository that will be affected by these
processes with uncertain effects, it is reasonable to conclude that the impacts of TM processes on retrieval
are also uncertain, and may put the ability to safely retrieve and store waste at risk. The lack of an
adequate understanding of the TM processes could lead to a misjudgment of the response of the
repository's physical environment, perhaps putting the retrieval performance objective at risk.

There is also uncertainty regarding the waste emplacement configuration and scheme, and this uncertainty
poses a risk to retrievability and storage being done safely. It is not clear whether emplacement drifts will
be backfilled during the operations period. Complicated emplacement schemes in a backfilled repository
will probably make it more difficult to retrieve waste than would a simpler scheme. Such difficulties or
complexities will also make it more difficult to demonstrate compliance with the requirement that waste
retrievability be maintained. In addition, the heat generated by the waste (which is a function of the waste
emplacement configuration) makes it likely that the difficulties and uncertainties in retrieval will be
exacerbated as the repository becomes hotter. Retrieval of some, but not all, waste packages may
jeopardize the long-term performance of the remaining waste packages if those waste packages or their
environments are adversely affected during retrieval.

The decision to retrieve will not be made lightly. It may be prompted, for example, by early-time
performance problems such as waste packages corroding faster than anticipated. However, even if waste
packages are not significantly degraded, the complex process of retrieval raises the possibility of situations
that could expose workers to high levels of radiation. With a lack of prior experience, there is uncertainty
regarding the ability to retrieve waste and still be in compliance with radiation protection requirements.

Description of Resolution Difficult.. There is a lack of experience with retrieval operations in an
underground, heated repository. Thus, previous experience cannot be examined or utilized. In addition,
the determination of the ability to retrieve waste will be made at the time of license application, but the
decision to retrieve would be made later in the operational phase. Therefore, the demonstration and
determination of compliance with the retrievability requirement will be partly based on the uncertain
results of TMH models.

However, some of the uncertainty regarding retrievability can be reduced by the DOE. For example, the
following actions are among those that could reduce this KTU:

* The DOE designs a simple and straightforward waste emplacement configuration (for example,
emplacement with no backfill);

* The DOE develops, tests, and provides documentation showing that it has developed an
acceptable retrieval procedure and proposes using it in the design of the repository; and

* The results of site characterization activities show that site-related complexities do not preclude
the ability to retrieve waste.

The DOE is addressing these various difficulties through ongoing planning activities (pre-retrieval
considerations, normal retrieval operations, abnormal retrieval conditions and operations, retrieval
equipment considerations, and retrieval ventilation considerations) (TRW Environmental Safety Systems,
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Inc., 1994a; b). From the NRC perspective, uncertainties regarding the ability to conduct the planned
retrieval operation may preclude satisfactory evaluation of the DOE retrievability plan.

Technical Support Needs. Technical support needs have been established in order to determine if the DOE
retrievability plan, ability to conduct the planned retrieval operation; and the models and analyses to
assess the prediction of TM effects on the stability of shafts, ramps, and emplacement drifts are
appropriate, adequate, and accurate.

Technical Assessment Needs. The technical assessment needs reflected in current NRC/CNWRA plans
include:

* Review and assess ongoing DOE planning activities on waste retrievability

* Develop or modify TM compliance determination codes for subsurface facilities

Research Needs. No specific research needs are identified at this time regarding the lack of experience
with retrieval operations. However, the NRC/CNWRA need to develop an independent understanding
of TM behavior of the jointed rock surrounding the shafts, ramps, and emplacement drifts through the
period of retrievability. The research needs proposed in addressing the KTU on the prediction of TM
(including repetitive seismic load) effects on stability of emplacement drifts can be used to develop such
an understanding.
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2.18.1 Justification for Recommendations

The working group was composed of S. Hsiung, M. Ahola, and A. Chowdhury from the
Repository Design, Construction and Operations Element, and E. Tschoepe from the Engineered Barrier
System Element. R. Brient from WSE&I also contributed.

This KTU is a minor revision to the current KTU of the same topic. The current KTU was
modified to remove discussion related to the previous borehole emplacement scheme, which is no longer
a consideration for waste emplacement. In addition, it has been supplemented with Technical Support
Needs.
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2.19 UNCERTAINTY IN PREDICTION OF THE ENVIRONMENT NEAR AND
WITHIN THE ENGINEERED BARRIER SYSTEM

Review Type: 5

Affected Review Plans/Regulatory Requirements: 3.2.3.4/60.122(c)(7), 3.2.3.5/60.122(c)(8),
5.2/60.135, 5.3/60.133(h), 5.4/60.133(a,b)

Description of Uncertaint. To predict the long-term performance of the EBS for containment and gradual
release, it is necessary to understand the EBS environment at the time of emplacement, as well as changes
in the environment with time. The processes most likely to contribute to uncertainty in predicting
environmental conditions within the EBS are: (i) rock-water interactions; (ii) thermal effects due to waste
emplacement (evaporative concentration, condensate flow toward the waste package through fractures,
heat-pipe effects, etc.); (iii) microbiological effects; (iv) waste package and waste form corrosion; (v)
radiation and radiolysis; and (vi) effects of manmade materials such as grout, fuels, and lubricants, etc.
Other factors that determine the environmental conditions include: (i) hydrology and climatology, (ii)
geology, and (iii) tectonics of the site.

Geochemical Processes That May Adversely Affect the EBS.
Many geochemical processes, such as oxidation/reduction and precipitation/dissolution, may have an
adverse effect on the EBS. These processes operate under most geochemical conditions encountered in
nature, but the extent to which these different processes are important to the performance of the EBS will
depend on the repository and EBS design and thermal-loading strategy. Predictions of geochemical
processes over the containment and post-containment periods are highly uncertain. Radiolysis, elevated
temperature, and chemical reactions with the host rock and the waste form could alter the concentration
of chemical and ionic species, the pH, and the redox potential (Eh) of the groundwater. Also, the cyclic
evaporation/condensation of groundwater in the vicinity of the waste package could affect the
concentration of salts in that region (Interrante et al., 1990; Walton et al., 1993). However, the manner
in which these phenomena and processes interact, and the temporal and spatial scales over which they
occur, have considerable uncertainty (Davis et al., 1990).

Corrosion of Containers.
The near-field environment can be affected by the dissolution of container materials. Although some of
the mechanisms by which the near-field environment can be affected by corrosion are known, quantitative
understanding of these effects has still not been achieved. This lack of quantitative understanding is
especially valid for multibarrier designs. For example, the localized corrosion cracking of a steel outer
barrier can lead to a locally acidic environment due to the hydrolysis of ferrous ions within pits or cracks.
Such a local environment may affect the performance of the inner barriers. The corrosion product of iron,
magnetite, may affect the corrosion potential of the container material since magnetite is electrochemically
active. On the other hand, the corrosion of steel may consume oxygen and create a locally reducing
environment. The thinning of an outer steel barrier may also result in increased radiolysis effects, thus
affecting further performance of the inner barriers. The dissolution of iron and copper may also enable
the formation of colloids, which may affect subsequent release of radionuclides from the EBS.

Dissolution of Waste Form.
Groundwater conditions, particularly chemical conditions, will play a major role on the dissolution of
both vitrified waste and spent nuclear fuel (Stephens et al., 1986; Apted, 1989; Sadeghi et al.. 199;

2-82



* 0

O'Connell, 1990; Manaktala, 1992). Similarly, the groundwater conditions will be affected by chemical
alterations resulting from the dissolution of vitrified waste and spent fuel. Predictions of long-term
interactions between waste forms and the groundwater chemistry are likely to be complex and highly
uncertain. Releases of radionuclides from the waste form will be limited by the dissolution rate. However,
the specific mechanisms by which groundwater conditions affect waste form dissolution, and the resultant
changes in groundwater conditions, seem to be highly speculative (Apted, 1989). For vitrified waste, the
chemistry of the groundwater in contact with the waste form is believed to govern the dissolution or
precipitation of various primary and secondary solid phases that can form during the course of reaction
(Apted, 1989). Calculations suggest that formation of alteration phases changes the groundwater chemistry
sufficiently to change the solubility limits of radionuclides (Apted, 1989). In addition, a large fraction
of low-solubility radionuclides, particularly actinides, may be released in the form of colloids (Manaktala
et al., 1994). Spent fuel is more complex because of its heterogeneous composition, e.g., the U02 matrix,
the cladding, the gap region between the fuel matrix and the cladding, and the grain boundaries
(Manaktala, 1993). Each of these sources contains a different radionuclide inventory, and they react
differently with groundwater (Apted, 1989). There is also a small possibility of container failure as a
result of residual moisture trapped inside the container during sealing (Manaktala, 1992; 1993). The
internal environment may be altered by leaching of vitrified waste form or spent fuel, radiolysis, and
reaction of the internal environment with fillers.

Effects of Fillers, Backfill, and Other Man-Made Materials.
The interaction of fillers, such as iron shots or glass beads can significantly alter the pH and the Eh of
the environment contacting the waste form after the overpacks are breached. Other materials resulting
from repository operations, such as cement, can result in an alkaline environment. The organic fluids
resulting from repository operations can act as nutrients for microbiological organisms. Thus the
interactions with the fillers, backfill, and other man-made materials can broaden the range of possible
near-field environmental compositions, resulting in an uncertainty in the prediction of the performance
of waste packages and waste form.

Performance Objective at Risk. 10 CFR 60.113(a)(1)(i)(A), 10 CFR 60.112, and 10 CFR
60.113(a)(1)(i)(B)

Explanation of Nature of Risk.
Geochemical Processes That May Adversely Affect the EBS.
Failure to consider a broad range of environmental conditions near and within the EBS may make it
difficult for the Department of Energy (DOE) to adequately demonstrate compliance with the subsystem
performance objectives. For example, corrosion studies using J-13 well water may not be sufficiently
conservative in predicting the performance of container materials because of possible concentration of
certain ionic species due to evaporation. Modeling of geochemical processes that may affect the
performance of the EBS includes consideration of numerous combinations of processes, components, and
conditions, many of which may have significant uncertainties associated with them.

Corrosion of Containers.
It is generally understood that the presence of groundwater within the repository will enhance waste
package corrosion either by accelerating known corrosion modes or perhaps by introducing new ones.
The interactions between the waste packages and the groundwater could change groundwater conditions
to augment corrosive action (e.g., salt formation and dissolution, hydrolysis, etc.). Such synergistic
effects could lead to more severe corrosive conditions than if the groundwater conditions were considered
individually (Manaktala and Interrante, 1990).
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Dissolution of Waste Form.
Failure to understand the evolution of groundwater conditions associated with the dissolution of the waste
form can lead to gross underestimation of the release rates of radionuclides, particularly the contribution
of radionuclides present in colloidal form. This is an area of concern as groundwater composition and
release rate will change with time. Thus, release estimates based on either prewaste-emplacement
conditions or early post-closure conditions may not be representative at longer times. The radioactive
contents of the waste package provide a unique environment that could interact with and change the
existing repository near-field environment, as well as the materials that comprise the waste package itself.
For example, alpha radiolysis of the environment within the EBS can create oxidizing conditions that can
enhance dissolution of the waste form (Shoesmith and Sunder, 1992).

Effects of Fillers, Backfill, and Other Man-Made Materials.
Materials originating from various repository operations such as grouts, machinery fluids, and steel rails
can influence the near-field environment. For example, it is well known that groundwater in equilibrium
with cement attains a very alkaline pH (greater than ten). Such alkaline pH can adversely affect some
waste package materials such as carbon steel by promoting localized corrosion. The alkaline pH can also
increase the dissolution rate of vitrified waste forms. The machinery fluids, many of which are organic,
can provide a rich nutrient source for microbial organisms, which, in turn, can adversely affect the
performance of waste package materials. Iron shot, proposed to be used as filler, can alter the Eh, thus
affecting the waste form dissolution rate.

Description of Resolution Difficulty.
Geochemical Processes That May Adversely Affect the EBS.
The range of conditions to be considered in demonstrating compliance with the EBS performance
objectives of containment and gradual release is to be determined through measuring the environment near
and within the EBS and predicting the evolution of this environment through the use of chemical models.
For example, temperatures may vary up to 250 'C, and groundwaters could be as dilute as rainwater or
as concentrated as brine. Geochemical modeling, which will be used to demonstrate compliance with the
subsystem performance objectives, involves the simultaneous solution of linear and nonlinear equations
representing mass balance and mass action, respectively, of the chemical components.

Corrosion of Container.
Waste package corrosion can influence the near-field environment in a number of ways: (i) by the
hydrolysis of dissolved cations in crevices and cracks resulting in lowering of pH and migration of
anionic species such as chloride, (ii) by the formation of cationic species such as ferrous ions which can
be oxidized to ferric ions thus altering the redox potential of the environment, and (iii) by the formation
of ionic species which can complex dissolved radionuclides or form colloids. Rigorous modeling of local
changes in pH and ionic concentration due to the formation of cationic species in crevices and cracks
involves solving coupled nonlinear differential equations and attendant mathematical complexities. Thus
simplifications have to be made which can result in uncertainties in the predicted evolution of the
near-field environment due to corrosion. Evolution of the redox potential near the waste packages due
to waste package/waste form dissolution is complicated because of the coupling of the redox potential to
the dissolution rate. Finally, there are uncertainties in the data regarding the complexation of
radionuclides due to dissolved ionic species such as ferrous ions.

Dissolution of Waste Form.
The dissolution of the waste form and, hence, the release rate of radionuclides will depend on the
solubility limits and on the concentration and characteristics of radiocolloids in the aqueous phase Both
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the solubility limit and the concentration of radionuclides in colloidal form can be affected by changes
in the near-field environment. The main driving forces for geochemical changes in the near field are
degradation products from waste packages (mainly the container) and radiolysis of the aqueous solutions.
Currently, the waste package materials selection and the amount and effectiveness of the shielding have
considerable uncertainty which leads to uncertainty in the waste form dissolution characteristics and
kinetics.

In addition, there are uncertainties related to both the measurements and calculations of solubilities. For
example, problems are associated with estimating the solubilities due to: (i) limitations in the data base,
(ii) uncertainties in interpreting measured steady-state concentrations of radionuclides, and (iii)
uncertainties in the formation of precipitates that govern the concentration of solutes (Sadeghi et al.,
1990). Comparisons between predicted solubilities and experimental values have cast doubt on the validity
of the calculated values (Sadeghi et al., 1990), thus rendering the estimation of release rates unreliable.
Most data for solubility limits are obtained at -25 0C. The usefulness of these data is questionable when
temperatures near the waste package are expected to be well above 100 'C (e.g., - 300 'C at time of
closure and - 100 0C at - 300 yr) (Interrante et al., 1990). Furthermore, geochemical codes such as
EQ3/6, which are typically used for calculating solubilities, do not account for the radionuclides in
colloidal form. Low-solubility radionuclides, particularly the actinides, could be present predominantly
in the form of colloids.

Effects of Fillers, Backfill, and Other Man-made Materials.
Prediction of the effect of fillers on EBS environment is dependent on the type of filler material selected
and the effect of waste form on the environment. For example, use of iron shots can result in the
consumption of oxygen by the dissolution of iron to give rise to ferrous ions, thus giving rise to an anoxic
environment. However, alpha radiation from the spent fuel can oxidize the ferrous ion to ferric ion
through radiolysis products such as hydrogen peroxide. The presence of ferric ion can accelerate the
dissolution of spent fuel and filler. Additionally, the hydrolysis of ferrous ion can lower the pH in the
near-field environment. Thus predicting near-field environmental changes due to fillers during the
post-containment period becomes complex because of the combined interactions of filler and waste form
with the environment. The principal affect of man-made materials on the near-field environment is to
introduce and provide nutrients for growth of microbiological organisms. Quantitative assessment of the
kinetics of biofilm formation and their effects on the near-field chemistry is difficult due to lack of
knowledge of relevant mechanisms and fundamental data on the type of organisms and their behavior.

The DOE is addressing the uncertainty in the prediction of the environment near and within the EBS by
laboratory and field experiments, modeling, and site characterization (e.g., Integrated Radionuclide
Release: Tests and Models [Work Breakdown Structure Number (WBS) 1.2.3.10.3.1]; Chemical and
Mineralogic Properties of the Waste Package Environment (WBS 1.2.3.12. 1); Hydrologic Properties of
the Waste Package Environment (WBS 1.2.3.12.2); Mechanical Attributes of the Waste Package
Environment (WBS 1.2.3.12.3); EBS Field Tests (WBS 1.2.3.12.4); and Characterization of the Effects
of Man-Made Materials on the Chemical and Mineralogic Changes in the Post-Emplacement Environment
(WBS 1.2.3.12.5)}. The large number of components, processes, and conditions expected at the site can
result in significant uncertainty in the quantitative characterization of all possible (and expected)
combinations of these parameters (O'Connell et al., 1989; Davis et al., 1990; Manaktala and Interrante,
1990).

At present, it is difficult to identify the degree to which the KTU can be resolved by DOE activities or
understood by NRC/CNWRA efforts. Although, in some cases, models exist for evaluating different
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processes that contribute to the EBS environment, it is likely that there will remain uncertainty in
developing appropriate conceptual models and in providing necessary input parameters such as ranges in
groundwater chemistry, hydrologic parameters, anionic concentration, pH, and microbial metabolic
products. It is also likely that considerable uncertainty will still be related to the characterization of the
EBS environment in both space and time. Such uncertainty will necessarily introduce uncertainty into
predictions of effects on waste package performance for containment and on EBS performance for
controlling radionuclide releases.

Technical Support Needs. In order to determine whether the DOE models and analyses regarding
prediction of the EBS environment are appropriate, adequate, and accurate, the following Technical
Support Needs have been identified.

Technical Assessment Needs. The NRC/CNWRA should:

* Develop a more general and comprehensive near-field environment model that can fully couple
transport processes and corrosion electrochemistry with aqueous complexing reactions and
kinetic reaction of minerals.

* Develop the technical basis for EBSPAC.

* Critically evaluate the role of colloids in the release of radionuclides and the nucleation,
stability, and transport of colloids in the geologic medium.

Research Needs. The NRC and the CNWRA need to develop an independent understanding of models
for predicting future EBS environments, and the NRC/CNWRA need to develop models independent from
those developed by the DOE for use as compliance determination methods. Specifically, research is
needed to:

* Develop an independent assessment of the evolution of the near-field environment due to
thermal output of the waste packages. Specifically, the changes in the chemical composition of
the environment near the waste package surface due to evaporation and the resultant
redistribution of moisture have to be understood. For this purpose, two-phase fluid transport
in a partially saturated medium has to be modeled in combination with multi-component solute
transport and reactions.

* Develop an understanding of the changes in chemistry inside defects in the overpack and due
to the reaction of fillers and backfill with groundwater that may affect the performance of inner
containers, multipurpose canister, and waste form.

* Develop an understanding of the effect of repository operations (grouting, organic fluids, etc.)
on the changes in environment, such as groundwater pH, redox conditions, and aqueous species
which may be detrimental to the performance of waste packages and waste forms.

* Determine the time at which rewetting of the containers occurs, and determine the chemistry
of the condensed phase.

* Determine the possible effects of man-made materials introduced into the natural system on the
near-field environment.
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* Identify the near-field environment chemistry as affected by components of the EBS, such as

grouting, microbiological organisms, and container corrosion.

* Understand the effects of design on the thermal fields near the waste packages.
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2.19.1 Justification for Recommendations

The working group was composed of CNWRA staff involved with the development of the
CDSs; EBS staff H. Manaktala, P. Nair (currently a consultant), N. Sridhar, and E. Tschoepe,
geochemist D. Turner, RDCO staff M. Ahola, and R. Brient of WSE&I. P. Lichtner and G. Cragnolino
of EBS also contributed.

The current KTUs that contributed to the revised KTU are "Understanding the effect of
groundwater conditions on mode and rate of waste package corrosion," "Understanding/predicting the
effect of groundwater conditions on dissolution of waste form," "Prediction of the evolution of
groundwater conditions near and within the engineered barrier system," "Uncertainty in identifying
geochemical processes that adversely affect the EBS," "Prediction of environmental effects on the
performance of waste packages and the EBS." These KTUs are found in two of the siting criteria PACs:
3.2.3.4 (Groundwater conditions and the EBS) and 3.2.3.5 (Geochemical processes), and with the EBS
CDSs: 5.2 (Assessment for compliance with the design criteria for the waste package and its
components), 5.3 (Assessment for compliance with the design criteria for the post-closure features of the
underground facility), and 5.4 (Assessment of engineered barrier system compliance with the performance
objectives).

The five current KTUs contributing to the recommended new KTU all addressed a lack of
certitude regarding prediction of the environment near and within the EBS. Although each represents
slightly different perspectives and reasons for needing uncertainty resolution, the working group believed
that the common uncertainty could be addressed by similar types of research in an integrated approach.
Combining the current KTUs into a single KTU was the consensus of the working group. The intent of
the original KTUs was retained by keeping the original text of the source KTUs to the largest extent
possible. In the process, some editing was done to avoid repetition and to provide for transition among
the unique perspectives presented in the current KTUs. Preliminary comments received from NRC staff
were also taken into consideration and used to modify the text appropriately.

2.20 UNCERTAINTY IN PREDICTION OF EFFECTS OF ENVIRONMENTAL
CONDITIONS ON THE WASTE PACKAGE DURING THE
CONTAINMENT PERIOD

Review Type: 5

Affected Review Plans/Regulatory Requirements: 3.2.3.4/60.122(c)(7), 3.2.3.5/60.122(c)(8),
5.2/60.135, 5.3/60.133(h), 5.4/60.133(a,b)
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Description of Uncertainty.
Extrapolation of Short-Term Data or Experience to Long-Term Prediction.
The length of time specified in the regulations for containment by the waste package (300 to 1,000 yr)
and for gradual release from the EBS (following the containment period) exceeds the functional times
commonly required in engineering design and far exceeds the functional times that will be available for
the testing and analysis of materials. Also, the large number of waste packages expected to be emplaced
at the geologic repository implies that scaling up from laboratory and prototype tests to the size of the
repository is a unique endeavor. After the repository is closed and sealed, the waste packages will be
inaccessible during the required containment and isolation periods. Therefore, a determination of
reasonable assurance for containment and subsequent gradual release must come from a very high level
of confidence in a scientific understanding of the effects of time and the environment on a repository
system composed of a large number of waste packages (Manaktala and Interrante, 1990).

The advanced conceptual design of waste packages involves the use of multiple barriers consisting of
corrosion-resistant austenitic alloys and corrosion-allowance materials such as carbon steels and
copper-based alloys. Some of these materials have a short service and experience history (Tschoepe et al.,
1994). Also, for such materials, natural analogs may not exist. Considerable uncertainties are associated
with extrapolating short-term laboratory or field data and experience to long-term periods of radionuclide
isolation. Even for materials for which human experience encompasses thousands of years, (e.g., iron
and copper) there are considerable uncertainties in translating that experience to repository-relevant
conditions.

Thermomechanical Effects on the Waste Packages.
There are uncertainties related to the magnitude and frequency of occurrence of mechanical forces, and
the effect these forces will have on the waste package materials. The uncertainties related to the
magnitude and frequency of occurrence of mechanical forces are addressed elsewhere. The uncertainty
related to the effect of these forces on the waste package material is addressed in this KTU. This
uncertainty stems from the potential changes in the microstructure and the resultant mechanical properties
of the waste package materials due to thermal exposure over long periods of time. Such changes are
dependent upon the materials selected for the design and the thermal loading strategy. Under some
circumstances, degradation of the fracture toughness of the materials may occur, resulting in greater
susceptibility to catastrophic failure of the waste packages due to external mechanical loads such as may
occur from seismic activity.

Criticality Control.
For control of criticality, there are several potential long-term effects in the EBS environment that may
jeopardize the ability to maintain Kff less than or equal to 0.95, as required in 10 CFR 60.131(b)(7). If
criticality control is lost, the performance objectives of containment and gradual release by the EBS may
be at risk. Long-term effects in the EBS environment that may contribute to loss of adequate control of
criticality include changes in the configurations of structural components and poisons within the waste
package, future effectiveness of poisons relied upon for criticality control, and future presence or absence
of water as a moderator for criticality.

Performance Objective at Risk. 10 CFR 60.113(a)(1)(i)(A).
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Explanation of Nature of Risk.
Extrapolation of short-term data or experience to long-term predictions.
For some material degradation modes, the rate of degradation decreases with time. For example, in
general corrosion, insoluble corrosion products or other protective films are often formed which tend to
diminish the corrosion rate. For these degradation modes, extrapolation of short-term data and analyses
to long times will be conservative. However, there are many other degradation modes that may operate
on the outside or inside surfaces of the container (e.g., crevice-, pitting-, and galvanic-corrosion,
stress-corrosion cracking, and interaction of condensate within the container with the waste form prior
to contacting the container surface) in which an initial incubation period occurs with little or no
degradation, followed by rapidly increasing degradation. For these degradation modes, there is the highest
risk that extrapolation of results from short-term tests and analyses will not provide reasonable assurance
of compliance with the EBS performance objectives of substantially complete containment and gradual
release. Extrapolation of data generated on small-scale specimens to container-size scale involves
additional uncertainties, especially for stochastic processes such as localized corrosion.

Thermomechanical Effects on the Waste Packages.
While much attention is given to the corrosive processes in predicting the long-term performance of
waste, failure of the waste package components due to mechanical forces (seismic loads, residual stresses
from closure operations) also needs to be considered. Such a mechanical failure mode can be exacerbated
by the long-term exposure of the waste package materials to the thermal conditions of the repository.
Some of the waste package materials, such as the carbon steel overpack, may suffer a reduction in
fracture toughness due to low temperature aging (Sridhar et al., 1994). Other waste package components
that may be embrittled include the weldments of the multipurpose canister (MPC) and basket materials.
The mechanical loads may be a result of seismic activity. In addition, since post-closure annealing cannot
be performed due to temperature limitations related to spent fuel cladding, considerable residual stresses
may exist on the welds. Another example describing the difficulty in providing reasonable assurance that
the degradation modes due to environmental effects have been adequately considered is as follows. The
host rock may deteriorate due to the cumulative effect of seismic motions, such as earthquakes or those
associated with weapons testing, in conjunction with in situ and thermally induced stresses. The result
may be displaced rock that impacts the waste package and leads to loss of containment directly (for
thin-walled or highly corroded containers), or indirectly through formation of crevices.

Criticality Control.
To control criticality, the waste package design may rely on the stability of the internal geometry so that
fuel rod spacings and poisons intended to control criticality are located as needed. The degradation of
borated stainless steel or other waste package internals is likely to be highly uncertain. The design may
also rely on borated materials used as poisons and the exclusion of moderators such as water, the stability
of both which may be very difficult to predict. Additionally, mechanical forces from seismic activity may
lead to loss of integrity of waste package internal geometry such that the neutron absorbers cannot control
criticality as intended.

Description of Resolution Difficulty.
Extrapolation of Short-Term Data or Experience to Long-Term Prediction.
Closure of this issue will be difficult because, currently, there is no accepted, rational scientific method
for extrapolating relatively short-term data and experience to the long performance periods required for
a geological repository. Such an extrapolation method, based on a mechanistic understanding of the
materials alteration (degradation) phenomena with time and changing environment, is needed to provide
reasonable assurance that all significant waste package degradation modes have been identified and that
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predictions of waste package degradation rates will not underestimate the actual degradation rates.
Obtaining a data base from which to elucidate the effect of groundwater conditions on waste package
corrosion is imperative. Although the DOE site characterization program for YM should generate data
to address this issue, it is difficult to ascertain a priori if the data will cover the range of conditions
representative of the repository environment over the length of the regulatory period. One area of
particular concern is the ability of the DOE to extrapolate short-term data to represent conditions far into
the future and to demonstrate the validity and reliability of such extrapolation.

As a minimum, reasonable assurance is needed in a model that incorporates a bounding approach, for
which the level of detailed understanding of the future EBS environment is not as constricting. In
addition, the NRC needs to perform sensitivity analyses to determine the relative importance of the
various factors that can influence the EBS environment, such as temperature, moisture content, ionic
species, and concentration in groundwater. For example, the effect of various anionic species on localized
corrosion of austenitic container materials was examined using a full-factorial statistical matrix (Sridhar
et al., 1993), and it was found that chloride was the most detrimental anionic species, while nitrate was
the most beneficial.

Therinomechanical Effects on the Waste Packages.
Predicting the long-term changes in the mechanical properties of waste package materials, such as fracture
toughness, requires a mechanistic understanding of the microstructural changes, such as the kinetics of
phase transformations; solute segregation to grain boundaries in alloys; a quantitative description of the
residual stresses in welds; and mechanical loads resulting from seismic activity. The microstructural
changes occurring in waste package materials, including containers, fillers, packing, and basket materials,
depend upon the specific materials chosen and can vary from one heat (lot) of the same material to
another.

Criticality Control.
Predicting the long-term performance of waste package internal components, such as borated aluminum,
is likely to be very difficult, considering the complexity of the anticipated design and uncertainty with
respect to long-term performance of materials that have only recently been introduced and used. Borated
materials used for poisons to control criticality also fall into the category of recently introduced materials
for which long-term performance is uncertain.

With respect to addressing the uncertainty in prediction of the effects on the waste package during the
containment period, the DOE is pursuing laboratory and field experiments, modeling, and site
characterization (e.g., Integrated Radionuclide Release: Tests and Models [Work Breakdown Structure
(WBS) Number 1.2.3.10.3.1]}.

From the NRC perspective, the current uncertainty in predicting the EBS environment is likely to prevent
an assessment with reasonable assurance of the DOE demonstration that the waste package will provide
containment and that the EBS will meet gradual release requirements. The NRC therefore needs to
develop an independent understanding of the limitations of available methods that the DOE applies to
predict the EBS environment over the long periods of performance for containment and gradual release.

At present, it is difficult to identify the degree to which the KTU can be resolved by DOE activities or
understood by NRC and CNWRA efforts. Although, in some cases, models exist for evaluating different
processes that contribute to the loss of containment in waste packages, it is likely that uncertainty will
remain in developing appropriate conceptual models and in providing necessary input parameters such
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as the repassivation and corrosion potentials. It is also likely that considerable uncertainty will still be
related to the characterization of waste package degradation processes in both space and time. Such
uncertainty will necessarily introduce uncertainty into predictions of effects on waste package performance
for containment.

Technical Support Needs. In order to adequately determine if the DOE models and analyses regarding
prediction of effects on the waste package during the containment period are appropriate, adequate, and
accurate, the following Technical Support Needs have been identified.

Technical Assessment Needs. Technical assessment needs reflected in current NRC and CNWRA plans
include development of the technical basis for models developed within the EBSPAC, development of a
quantitative model of stress corrosion cracking, and development of a near-field environment model to
assist in corrosion predictions. The include:

* Examine the methodologies for extrapolating short-term laboratory or field performance data
to long-term performance through a combination of mechanistic modeling and experimentation.

* Evaluate the effect of interactions between various waste package materials on their
performance. This evaluation will include such effects as galvanic corrosion and hydrogen
embrittlement.

* Mode the effect of long-term thermal exposure and various repository mechanical loads on the
mechanical stability of waste package materials.

* Evaluate the engineering experience in terms of initial defect population after fabrication and
reliability of components.

* Systematically evaluate the effect of modifications to the waste package design and the
multipurpose canister on repository performance.

* Evaluate the effect of internal basket material stability on criticality control.

Research Needs. The NRC and CNWRA need to develop an independent understanding of the
performance of the waste package during the containment period. To develop such an understanding may
entail independent development of models for use as compliance determination methods. Specifically,
research is needed to:

* Demonstrate the adequacy and conservatism of repassivation potential in predicting the
long-term localized corrosion and stress corrosion cracking of austenitic materials.

* Determine the existence of critical potentials for localized corrosion or stress corrosion cracking
of other waste package materials.

* Develop a quantitative methodology to assess the effect of microbial organisms on corrosion.

* Develop an understanding of the long-term thermal exposure of carbon steel and stainless steel
components on their mechanical stability.
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* Develop a quantitative understanding of the kinetics of embrittlement of basket material and its
affect on criticality control.
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2.20.1 Justification for Recommendations

The working group was composed of CNWRA staff involved with the development of the
CDSs; EBS staff H. Manaktala, P. Nair, N. Sridhar, and E. Tschoepe, geochemist D. Turner, RDCO
staff M. Ahola, and R. Brient of WSE&I. P. Lichtner and G. Cragnolino of EBS also contributed.

The current KTU that contributed to the recommended KTU is primarily "Extrapolation of
short-term laboratory and prototype test results to predict long-term performance of waste packages and
Engineered Barrier Systems." In addition, current KTUs that also contributed are "Understanding the
effect of groundwater conditions on mode and rate of waste package corrosion," "Uncertainty in
determining the magnitude of the effect of the geochemical processes that adversely affect the EBS,"
"Prediction of environmental effects on the performance of waste packages and the EBS," and
"Prediction of release path parameters (such as the size, shape, and distribution of penetrations of waste
packages) due to thermomechanical, environmental, or criticality effects." These KTUs are found in the
EBS CDSs; 5.2 (Assessment for compliance with the design criteria for the waste package and its
components), 5.3 (Assessment for compliance with the design criteria for the post-closure features of the
underground facility), and 5.4 (Assessment of engineered barrier system compliance with the performance
objectives), and in two siting criteria PAC CDSs; 3.2.3.4. (Groundwater conditions and the engineered
barrier system) and 3.2.3.5 (Geochemical processes).

The five current KTUs all addressed a lack of certitude regarding predictions of environmental
effects on waste packages during the containment period, which ultimately expresses itself as uncertainty
in predicting whether the containment performance objective will be met. Many factors affecting the
waste package were individually expressed in the current KTUs, including extrapolation of short-term
data to long-term predictions, the mode and rate of corrosion, geochemical processes, thermomechanical
effects, and criticality. The working group agreed that similar types of research, in an integrated approach
in which multiple factors are considered, could be used to address the current KTUs from the perspective
of a single KTU. The original intent was retained by keeping the original text of the source KTUs to the
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largest extent possible. In the process, some editing was done to avoid repetition and to provide for
transition among the unique perspectives presented in the current KTUs. Preliminary comments received
from NRC staff were also taken into consideration and used to modify text appropriately.

2.21 UNCERTAINTY IN PREDICTION OF THE EFFECTS OF
ENVIRONMENTAL CONDITIONS ON THE ENGINEERED BARRIER
SYSTEMS DURING THE POST-CONTAINMENT PERIOD

Review Type: 5

Affected Review Plans/Regulatory Requirements: 3.2.3.5/60.122(c)(8), 5.2/60.135,
5.3/60.133(h), 5.4/60.133(a,b)

Description of Uncertainty. The length of time specified in the regulations for controlling gradual release
from the EBS is measured in thousands of years and far exceeds the functional times commonly required
in engineering design. It also far exceeds the functional times that will be available for testing and
analysis of materials. After the repository is closed and sealed, the EBS will be inaccessible (isolation
period). Therefore, a determination of reasonable assurance for gradual release must come from a very
high level of confidence in a scientific understanding of the effects of time and the environment on a
repository system composed of a large number of waste packages (Manaktala and Interrante, 1990).

Release Path Parameters.
For any particular waste package degradation mode, it is difficult to accurately predict release path
parameters (such as the size, shape, and distribution of the resulting waste package penetrations) as
functions of time, and simplifying assumptions are required. These release paths are determined by the
interaction of the waste package with the environment.

Nonvolatile (Liquid-Phase) Radionuclides.
Two significant mechanisms for the release of nongaseous radionuclides from penetrated waste packages
and the EBS will be: (i) diffusion, and (ii) convective transport by air or water. Estimating the diffusion
of radionuclides from a penetrated waste package or from the EBS will likely be difficult and will require
the use of simplifying assumptions. Estimating the flow rate of air or water through the waste package
or the EBS will also likely be difficult and will require the use of assumptions of uncertain accuracy.
Furthermore, even if the flow rate of air or water effluent streams could be accurately estimated, the
concentration of the individual radionuclide species in these effluent streams will likely be uncertain,
because of the uncertainties in the environmental pH, Eh, etc.

Dissolution of Waste Form.
Groundwater conditions, particularly chemical conditions, will play a major role on the dissolution of
both vitrified waste and spent nuclear fuel (Stephens et al., 1986; Apted, 1989; Sadeghi et al., 1990;
O'Connell, 1990). Consequent releases of radionuclides from the waste form will be limited by the
dissolution rate. However, the concentration of radionuclides, especially for actinides, can far exceed their
solubility limit (Manaktala et al., 1994). The specific mechanisms by which groundwater conditions affect
waste form dissolution seem to be highly speculative (Apted, 1989). For vitrified waste, the chemistry
of the groundwater in contact with the waste form is believed to govern the dissolution or precipitation
of various primary and secondary solid phases that can form during the course of reaction (Apted, 1989).
Calculations suggest that formation of alteration phases changes the groundwater chemistry sufficiently
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to change the solubility limits of radionuclides (Apted, 1989). In addition, a large fraction of
low-solubility radionuclides, particularly actinides, may be released in the form of colloids (Manaktala
et al., 1994). Spent fuel is more complex because of its heterogeneous composition, for example, U0 2

matrix, the cladding, the gap region between the fuel matrix and the cladding, and the grain boundaries
(Manaktala, 1993). Each of these sources contains a different radionuclide inventory, and the different
inventories react differently with groundwater (Apted, 1989). There are also considerable uncertainties
related to the acceleration of the degradation of HLW (particularly the vitrified waste form) as a result
of unfavorable interactions of the waste package materials (both container and intervals) with the waste
form. The presence of iron and aluminum in the groundwaters is especially detrimental to glass waste
forms (Manaktala, 1992).

Criticality Control.
For control of criticality, several potential long-term effects in the EBS environment may jeopardize the
ability to maintain Kff less than or equal to 0.95 as required in 10 CFR 60.131(b)(7). If criticality control
is lost, the performance objectives of containment and gradual release by the EBS may be at risk.
Long-term effects in the EBS environment, which may contribute to loss of adequate control of criticality
include changes in the configurations of structural components and poisons within the waste package,
future effectiveness of poisons relied upon for criticality control, and future presence or absence of water
as a moderator for criticality.

Performance Objective at Risk. 10 CFR 60.113(a)(1)(i)(B), 10 CFR 60.112

Explanation of Nature of Risk.
Release Path Parameters.
If the release path parameters (such as the size, shape, and distribution of the waste package penetrations)
are unknown or highly uncertain, the predicted releases of radionuclides from the waste package during
the containment period and from the EBS during the post-containment period will not be reliably
predictable.

Nonvolatile (Liquid-Phase) Radionuclides.
Release rates of nongaseous radionuclides can be significant from waste packages that have been
penetrated. This condition would be particularly true for the assemblies with breached fuel rods
(Manaktala, 1993). Releases through small apertures and cracks in a waste package could affect
compliance with the EBS performance objectives (Chambre et al., 1986).

Dissolution of Waste Form.
For EBS degradation modes and effects of interacting environmental factors, there is a high risk that
extrapolation of results from short-term tests, field experience, and analyses will not provide reasonable
assurance of complying with the EBS performance objective of controlling gradual release of
radionuclides over the long performance period of thousands of years (Tschoepe et al., 1994).

The radioactive contents of the waste package provide a unique environment that could interact with and
change the existing repository near-field environment. The interactions could possibly lead to new release
mechanisms or an acceleration in the rates of release observed in the absence of a radiation field.
Synergistic effects of two or more of these factors could lead to more severe environmental effects than
consideration of the environmental factors separately (Manaktala and Interrante, 1990). This increased
severity might affect the ability to meet the long-term performance objective of gradual release as well
as the overall performance objective. In conducting a degradation analysis of a system such as the EBS
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for which there is no precedent, it is difficult to provide reasonable assurance that the degradation modes
due to environmental effects have been adequately considered. Modeling of geochemical processes that
may affect the performance of the EBS, such as the formation of colloids, will include consideration of
numerous combinations of processes, components, and conditions. Failure to establish accurate values
for the parameters associated with these processes may make it difficult for the DOE to demonstrate
compliance with the requirement for gradual release.

Criticality Control.
To control criticality, the waste package design may rely on the stability of the internal geometry, so that
poisons intended to control criticality are located as needed. The degradation of borated stainless steel
or other waste package internals is likely to be highly uncertain. The design may also rely on stability
of borated materials used as poisons and the exclusion of moderators such as water, both of which may
be very difficult to predict.

Description of Resolution Difficulty.
Release Path Parameters.
Most existing models predict only the onset of waste package penetration and do not predict the release
path parameters. It is anticipated that the DOE will develop analytical models that will predict release path
parameters (such as the size, shape, and distribution of penetrations of the waste packages). However,
such analytical models will likely contain simplifying assumptions, which may carry with them large
uncertainties.

Nonvolatile (Liquid-Phase) Radionuclides.
The calculation of diffusion or fluid flow of nongaseous radionuclides when a large number of
perforations coexist on a waste package is difficult, and simplifying assumptions are necessary (Chambre
et al., 1986; Pescatore and Sastre, 1987). Considerable uncertainties currently exist (and are likely to
persist) in modeling the dissolution of radionuclides in effluent streams (Apted et al., 1990). For example,
there is uncertainty in determining which solubility-limiting solids will form and the characteristics of
these solids, and the concentration and species of radionuclides in colloidal form (Manaktala et al., 1994).
Use of iron and aluminum as waste package construction materials increases the uncertainties to the
source term (Manaktala et al., 1994).

Waste Form Dissolution.
Some of the interacting environmental processes that are to be considered in demonstrating compliance
with this regulatory requirement may involve chemical and isotopic species that are not traditionally
considered in geochemical modeling. As a result, thermodynamic and kinetic data do not exist for those
species and would have to be determined. The complexity of the interactions of the factors may make it
difficult to reduce the uncertainties involved. Currently, there is no accepted scientific method for
extrapolating relatively short-term data and experience to the long performance periods required for the
EBS. A method for extrapolating short-term data to periods of thousands of years is needed to provide
reasonable assurance that all release path parameters have been identified and that predictions of
radionuclide releases will not underestimate the actual rates. However, there is no assurance that an
acceptable method will be available at the time this safety review is performed. It is expected that a
significant amount of expert judgment will be used by the DOE in extrapolating short-term data and
analysis.

At present, it is difficult to identify the degree to which this KTU can be resolved by DOE activities or
understood by NRC and CNWRA efforts. Although, in some cases, models exist for evaluating different
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processes that contribute to the control of releases of radionuclides from the EBS, it is likely that
uncertainty will remain in developing appropriate conceptual models and providing necessary input
parameters such as the mode of dissolution (electrochemical versus chemical), generation and stability
of radionuclides in colloidal form both from spent fuel and vitrified waste forms (Manaktala et al., 1994),
the volume changes and spallation of secondary minerals formed on spent fuel, and the electrochemical
parameters involved in calculating the dissolution rates. It is also likely that considerable uncertainty will
still be related to the characterization of processes that affect EBS performance in both space and time.

Criticality Control.
Predicting the long-term performance of waste package internal components, such as borated stainless
steel, is likely to be very difficult, considering the complexity of the anticipated design and uncertainty
with respect to long-term performance of materials that have only recently been introduced and used.
Borated materials used for poisons to control criticality also fall into the category of recently introduced
materials for which long-term performance is uncertain.

The DOE efforts toward prediction of the effects on the EBS during the post-containment period include
laboratory and field experiments, modeling, and site characterization {e.g., Integrated Radionuclide
Release: Tests and Models [Work Breakdown Structure (WBS) Number 1.2.3.10.3.1]).

For the NRC, current uncertainty in predicting the effects of environmental conditions on the EBS during
the post-containment period is likely to prevent an assessment with reasonable assurance of the DOE
demonstration that the EBS will meet gradual release requirements. It is, therefore, necessary that the
NRC develop an independent understanding of the limitations of available methods that the DOE applies
to predict the EBS performance for gradual release over the long period of performance for gradual
release (10,000+ yr).

Technical Support Needs. In order to adequately determine if the DOE models and analyses regarding
prediction of effects of environmental conditions on the EBS during the post-containment period are
appropriate, adequate, and accurate, the following Technical Support Needs have been identified.

Technical Assessment Needs. Through efforts such as Iterative Performance Assessment, EBS Subsystem
Performance Assessment, and auxiliary analyses, the NRC and CNWRA need to:

* Assess the rate-controlling processes in the dissolution of spent fuel and release of matrix
radionuclides.

* Assess the effects of colloids in controlling the transport of radionuclides near the EBS.

Technical assessment needs reflected in current NRC and CNWRA plans include development of the
technical basis for EBSPAC, modeling of the release rate of radionuclides from spent fuel, and waste
form characterization studies (including colloids and spent fuel).

Research Needs. The NRC and the CNWRA need to develop an independent understanding of models
for predicting future effects of environmental conditions on the EBS during the post-containment period,
and the NRC and CNWRA need to develop models independently from those developed by the DOE for
use as compliance determination methods. Specifically, research is needed to:

* Determine the role of electrochemical versus chemical dissolution of spent fuel.
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* Determine the role of secondary mineral formation on dissolution rate.

* Model the formation of secondary minerals and comparing them to those observed in natural
analog studies as well as long-term laboratory drip tests.
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2.21.1 Justification for Recommendations

The working group was composed of CNWRA staff involved with the development of the
CDSs; EBS staff H. Manaktala, P. Nair, N. Sridhar, and E. Tschoepe, geochemist D. Turner, RDCO
staff M. Ahola, and R. Brient of WSE&I. P. Lichtner and G. Cragnolino of EBS also contributed.

The current KTUs that contributed to the recommended KTU are primarily "Prediction of
criticality events in waste packages," "Prediction of release path parameters (such as the size, shape, and
distribution of penetrations of waste packages) due to thermomechanical, environmental, or criticality
effects," "Prediction of the releases of gaseous radionuclides from waste packages during the containment
period and from the EBS during the post-containment period," and "Prediction of the releases of
nongaseous radionuclides from waste packages during the containment period and from the EBS during
the post-containment period." A current KTU that contributed, but to a lesser extent, was "Extrapolation
of short-term laboratory and prototype test results to predict long-term performance of waste packages
and engineered barrier systems." These KTUs are found in the EBS CDSs; 5.2 (Assessment for
compliance with the design criteria for the waste package and its components), 5.3 (Assessment for
compliance with the design criteria for the post-closure features of the underground facility), and 5.4
(Assessment of engineered barrier system compliance with the performance objectives), and in two siting
criteria PAC CDSs; 3.2.3.4. (Groundwater conditions and the engineered barrier system) and 3.2.3.5
(Geochemical processes).

The current KTUs all addressed a lack of certitude regarding predictions of the effects
environmental conditions on the EBS during the post-containment period, which ultimately expresses itself
as uncertainty in predicting if the EBS release rate performance objective will be met. Several aspects on
EBS performance were individually expressed in the current KTUs, including extrapolation of short-term
data to long-term predictions, prediction of parameters that characterize waste package penetrations, and
prediction of gaseous and nongaseous releases. The working group agreed that similar types of research,
in an integrated approach in which multiple aspects are considered, could be used to address the current
KTUs from the perspective of a single KTU. The original intent was retained by keeping the original text
of the source KTUs to the largest extent possible. In the process, some editing was done to avoid
repetition and to provide for transition among the unique perspectives presented in the current KTUs.
Preliminary comments received from NRC staff were also taken into consideration and used to modify
text appropriately.

2.22 UNCERTAINTIES ASSOCIATED WITH VARIABILITY OF MODEL
PARAMETER VALUES

Review Type: 4

Affected Review Plans/Regulatory Requirements: 6.1/60.112, 6.2/60.112
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Description of Uncertainty. Many features of a repository system can be measured directly in situ or in
a laboratory (e.g., groundwater levels or corrosion rates) or can be inferred from direct measurements
(e.g., hydraulic conductivity). In the heterogeneous geologic media at YM, site model parameters will
vary spatially while parameters related to the repository design vary temporally. In addition, even in
direct measurements, significant uncertainties may be associated with the applicability of test methods and
scaling of the parameter values for applicability to site scale. Thus, it is not uncommon to have large
uncertainty bands for site parameters; in some cases, the standard deviations of these parameters may be
orders of magnitude greater than their mean values.

The DOE, through performance allocation tables in its SCP (U.S. Department of Energy, 1988), has
stated a target for acceptable levels of uncertainties. Some of these targets will invariably be revised as
site characterization proceeds, but some may not be met in the end. Under this eventuality, the DOE is
expected to modify its initial performance allocation. At issue in all these iterations of performance
allocation is technical support for the estimated uncertainty bands. The DOE is expected to estimate
parameter values for its PA models, based on a combination of site and design data and expert elicitation.

Performance Objective at Risk. 10 CFR 60.112

Explanation of Nature of Risk. Results obtained from the overall PA models are strongly dependent upon
the various site (e.g., infiltration rate) and design parameters (e.g., container lifetime) included in the
models and the statistical values (e.g., range, mean, and variance) used in probability density functions
(PDFs) deemed appropriate to represent the variability and uncertainty in the parameters. Inappropriate
treatment of parameter variability and uncertainty can lead to unwarranted conclusions.

Description of Resolution Difficulty. Model parameters often are not directly measured, but instead are
derived from measured data through the application of "accepted" theories. In addition, the physical
dimensions of the site preclude a complete understanding and measurement of the entire range in the site
and design parameter values.

The DOE is addressing this difficulty in a generic manner through a synthesis of laboratory- and
field-scale experiments, site characterization, and use of expert judgment (U.S. Department of Energy,
1994). The activities are designed to provide data that will allow: (i) the identification of key parameters,
and (ii) the determination of the range of values of the parameters. Field experiments and site
characterization are also designed to investigate and determine spatial variability in the values of the
parameters. For key parameters, the uncertainty in their numerical value is expected to be represented
using PDFs. In certain cases, conservative or bounding values may be used instead of PDFs to
compensate for uncertainties.

From the NRC perspective, uncertainties in model parameters due to their variability may impact arriving
at a definitive determination of compliance as may be asserted by DOE Total-System Performance
Assessment (TSPA) calculations and other technical analyses. Uncertainties are introduced from a variety
of sources as mentioned previously. Perhaps the most significant uncertainty is the considerable reliance
on expert judgment for the interpretation of the measured data and the inference of parameter values from
the data. Expert judgment is expected to be the principal means for developing PDFs and bounding
parameter values. The NRC is currently developing a staff Technical Position on an acceptable procedure
for the formal elicitation of expert judgment.
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It is not possible at the present time to establish the degree to which this KTU will be resolved by the
DOE. This inability stems primarily from the absence of a unique procedure or technique to interpret
measured data and develop PDFs for key parameters or bounding parameter values.

Technical Supoort Needs. In order to adequately evaluate the approaches used by the DOE to address the
variability in the parameter values associated with the site and repository, the following technical support
needs have been established.

Technical Assessment Needs. Through a combination of TSPA calculations, auxiliary analyses, and
sensitivity analyses, the NRC needs to:

* Determine the site and design parameters that have significant influence on the calculation of
the complementary cumulative distribution function (CCDF) for radionuclide release.

* Characterize the parameter variabilities and uncertainties using geostatistical techniques, Monte
Carlo simulation, the Fast Probabilistic Performance Assessment (Wu and Nair, 1988) and
expert judgment.

* Independently evaluate the techniques used by the DOE to account for spatial and temporal
variability.

* Investigate techniques for use of expert judgment in characterizing uncertainties in data, models,
and future system states.

Each iteration of IPA will reassess the list of key parameters. The NRC will utilize this information in
its review and comment on: (i) the adequacy of the DOE site characterization and repository design, and
(ii) the DOE iterative TSPAs for YM.

Research Needs. Through its ongoing research projects, the NRC needs to conduct research in site and
design aspects of the proposed repository in order to:

* Delineate the nature of parameter variability and uncertainties.

* Develop methods for describing the spatial or temporal variability of model parameters.

* Develop scaling theories that permit relating laboratory- or field-scale parameter values to
site-scale model parameters.

Such research activities will provide the NRC with the knowledge base and tools for appropriately
treating the variability of models parameters in TSPA calculations.

References.
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2.22.1 Justification for Recommendations

The working group was composed of CNWRA PA specialists that have contributed to CDS
development. No other disciplines were considered to be necessary to perform this KTU integration.
Contributors to this revision included R. Baca, T. Bonano, and B. Sagar.

The current KTU of the same title, residing in Overall System Performance Objective CDSs
6.1 (Assessment of compliance with the requirement for cumulative releases of radioactive material, and
6.2 (Assessment for compliance with individual protection requirements), formed the basis for this KTU.
The principal changes consisted of the addition of the Technical Assessment Needs and Research Needs
Sections. In addition, the narrative was editorially improved.

2.23 UNCERTAINTIES ASSOCIATED WITH PREDICTION OF FUTURE
SYSTEM STATES

Review Type: 5

Affected Review Plans/Regulatory Requirements: 6.1/60.112, 6.2/60.112

Description of UncertaintM. The overall system performance objective requires that repository
performance be estimated (in terms of cumulative radionuclides released to the accessible environment)
for a period of 10,000 yr following permanent closure, for both anticipated and unanticipated processes
and events. Such calculations necessitate the identification of appropriate future conditions to consider
and estimate their probabilities of occurrence. The Environmental Protection Agency (EPA) radiation
protection standards (40 CFR Part 191) require some precision in the estimation of these probabilities.
If not entirely subjective, a significant amount of expert judgment will be required in this process. Thus,
substantial uncertainty is expected to remain through the time of License Application submittal.

To identify likely future states of the repository system, it is necessary to gain an understanding of the
processes that have operated and the events that have occurred in the past within the geologic setting of
the site. Based on this understanding, reasonable projections about those potential processes and events
that could affect a geologic repository during the period of performance are possible. This projection
appears to work very well in a qualitative sense, especially if the time periods involved are long-on the
order of millions of years. The regulatory period.of interest-10,000 yr-is short for such geologic
predictions (both of the processes and events of interest and their probabilities of occurrence). It is for
this reason that a significant dependence on expert elicitation is inevitable for selecting and defining
scenarios.

Performance Objective at Risk. 10 CFR 60.112

Explanation of Nature of Risk. The Complementary Cumulative Distribution Function (CCDF) specified
by this regulatory requirement depends upon identification of the scenarios and their corresponding
probabilities of occurrence. Therefore, uncertainties with respect to the scenarios will be reflected in the

2-102



0 0

CCDF which may cause difficulties in arriving at a finding of "reasonable assurance" that this regulatory
requirement has been met.

Description of Resolution Difficulty. It is not possible to fully resolve this uncertainty because: (i) there
is no current methodology that can objectively predict the future system states, (ii) there is no general
agreement among the experts about which disruptive scenarios must be included in the analyses, and
(iii) assigning probabilities to rare events and processes is subject to argument and debate within the
technical community. There can be significant residual uncertainties because either some of the scenarios
were not included in the analyses or because the probability assignments were not representative. The
scenarios defined by other repository programs internationally can provide a basis for review, but
significant uncertainties are expected to remain.

The DOE, as part of its PA program, is exploring different approaches for the formulation of scenarios
that represent plausible future states of the system. For example, Barr and Dunn (1993) and Barr et al.
(1993) have proposed a generalized event tree approach. This approach is designed to generate a sequence
of processes and events, starting from an initiating event and ending with a release to the accessible
environment. In principle, each sequence represents a scenario; however, Barr and Dunn (1993) state that
multiple scenarios could be generated for each sequence of events and processes depending on how many
plausible conceptual models could be postulated for each of the events in the sequence.

The DOE is expected to rely on expert judgment to arrive at the probability of occurrence of the
individual events and processes and of the scenarios. Because of the long time over which the probability
needs to be considered, estimates of the probabilities of occurrence are likely to be controversial. The
subjective nature of expert judgment is likely to add to the controversy.

Bonano and Baca (1994) conducted a review of scenario selection approaches within member countries
of the Organization of Economic Cooperation and Development. One of the key conclusions of that
review was that there is considerable similarity in the scenario selection approaches used by different
groups within the waste management community. While the majority of the groups follow a general
framework developed in the early 1980s by Sandia National Laboratories for NRC, each group has
customized the framework to accommodate the specific needs of its program. In the case of DOE and
NRC, these changes or differences are significant enough that they could potentially lead to distinct
scenarios as well as differences in the conceptualization and interrelationships of those scenarios. These
differences may create controversy regarding the appropriateness, completeness, and the characteristics
of the selected scenarios. In addition, the distinct methodologies currently used by NRC and DOE to
incorporate scenarios in TSPA may lead to controversy because of the difficulty in making consistent and
proper comparisons of calculational results. The uncertainties associated with the differences in scenario
methodologies, however, will be largely overshadowed by uncertainties associated with the fundamental
understanding of geologic phenomena and the problem of developing mechanistic models that can reliably
predict geologic events and processes.

At present, it is expected that this KTU may, in part, be addressed by issuance of a Staff Technical
Position outlining the NRC recommendations on scenario methods and CCDF construction. However,
with regard to uncertainties in fundamental understanding of geologic events and processes, it is not
possible to determine the degree to which the KTU can be resolved by DOE or addressed by the NRC
research efforts.
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At present, it is not possible to determine the degree to which this KTU can be resolved by the DOE or
addressed in current NRC research efforts.

Technical Support Needs. In order to determine if the DOE approach for selection of scenarios is
adequate to address the uncertainty in predicting the future states of the system, the following Technical
Support Needs have been established.

Technical Assessment Needs. Through the IPA activity and review of the DOE TSPAs, the NRC needs
to:

* Independently analyze scenarios and evaluate scenario models utilized by the DOE and Electric
Power Research Institute in their TSPAs for YM

* Review and evaluate the basis for the DOE estimates of the probability of occurrence for each
scenario

Research Needs. Through its ongoing research projects, the NRC needs to establish both detailed and
abstracted models of site- and repository-induced disruptive scenarios. Research should continue to be
performed to:

* Provide improved estimates of scenario probabilities based on site-specific geologic data and
information

* Provide improved models of the physical characteristics and consequences of the disruptive
events and processes

* Identify additional scenarios potentially having direct and indirect effects on repository
performance

* Evaluate different approaches to enhance the likelihood of completeness in the generation of the
initial list of events and processes
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2.23.1 Justification for Recommendations

The working group was composed of CNWRA PA specialists who have contributed to CDS
development. No other disciplines were considered to be necessary to perform this KTU integration.
Contributors to this revision included R. Baca, T. Bonano, and B. Sagar.

The source for the recommended KTU is the current KTU of the same title, which is found in
CDS 6.1 (Assessment for compliance with the requirement for cumulative releases of radioactive
material). The principal revisions to this KTU consist of the addition of the Technical Assessment Needs
and Research Needs Sections. In addition, the narrative was expanded and editorially improved.

2.24 UNCERTAINTIES ASSOCIATED WITH DEVELOPMENT AND
VALIDATION OF CONCEPTUAL AND MATHEMATICAL MODELS

Review Type: 5

Affected Review Plans/Regulatory Requirements: 6.1/60.112, 6.2/60.112

Description of UncertaintM. In order to perform analyses designed to predict long-term repository
performance, mathematical models and computer codes will be developed that represent the conceptual
understanding of the important processes operative at the site. The foundation for the mathematical
models and computer codes is the development of conceptual models that capture the salient features of
the systems important to repository performance. A conceptual model typically includes a description of
the attendant processes, the dimensionality of the processes (one-, two-, or three-dimensional), the
temporal and spatial scales over which the processes occur, the parameters governing the processes, and
the initial and boundary conditions acting on the processes.

The conceptual model is, of necessity, a simplified representation because of the complexity of the actual
physical system. That is, it is not possible or necessary to capture every process or physical detail of the
actual system. Instead, assumptions are used to develop the conceptual model. These assumptions are
invoked so that the resulting mathematical models are sufficiently realistic, but not so detailed or
complicated that they cannot be implemented in a computer code. The credibility and, hence, the utility
of the results from PA and other analyses depend on the ability to demonstrate the validity of the
assumptions used in the development of the conceptual model. The provisions in 10 CFR 60.21(c)(1)(ii)
require that a synthesis of field tests, in situ tests, laboratory tests, and natural analogs be used to validate
the models, that is, to confirm the appropriateness or correctness of the stated and unstated assumptions
used in formulating the conceptual model.

Development of conceptual models and subsequent validation of the conceptual models and the
corresponding mathematical models are likely to be very contentious issues in reviewing the DOE
approaches. There are no unique approaches for the development of conceptual models, although expert
judgment is expected to play a key role in this endeavor. Data from a variety of sources are likely to be
used in the development of conceptual models, and subject matter experts will be involved in the
interpretation of such data and formulation of conclusions about what assumptions and simplifications can
be used. This subjectivity will be exacerbated by the fact that the data are likely to be incomplete. and
opinions by experts will be used to fill the gaps. For these reasons, significant uncertainty will be
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associated with conceptual models. This uncertainty will most likely be represented by multiple conceptual
models being consistent with the available data.

At present, a definitive validation strategy has yet to be developed and applied by either the DOE or the
NRC. Consequently, significant uncertainty remains regarding how the adequacy of conceptual models
and of the associated mathematical model can be established. Currently, the NRC and the Swedish
Radiation Protection Inspectorate (referred to as SKI) are developing a paper on the regulatory perspective
to model validation. When finalized, this paper is expected to serve as a precursor to a technical position
on model validation.

Performance Objective at Risk. 10 CFR 60.112

Explanation of Nature of Risk. The risk associated with conceptual and mathematical models lies in the
sensitivity of the results of technical analysis on the assumptions used to develop the models, and the
credibility and usefulness of the results if the validity of the assumptions cannot be, or have not been,
established. The sensitivity of the results to the assumptions and the validity of the assumptions need to
be adequately investigated, understood, and established. Failure to do so could have serious adverse
impacts on the appropriateness of conclusions derived from results of analyses using such models.

Description of Resolution Difficult.. Because the complex repository system can only be approximately
represented in conceptual and mathematical models, this uncertainty cannot be completely resolved. The
use of laboratory- and field-scale tests, site characterization, and natural analogs by the DOE is expected
to contribute significantly to address this uncertainty. Such contribution notwithstanding, it will not be
possible to ascertain the completeness of a conceptual model. That is, the data generated from such
studies are not expected to allow the definitive conclusion that a given conceptual model completely
captures all aspects of the system relevant to repository performance.

If multiple conceptual models exist, the aforementioned studies are expected to generate information that
will allow the elimination of some conceptual models and the refinement of others. However, it is very
likely that, at the conclusion of the studies, two or more conceptual models remain that are consistent
with the available body of information.

Either due to the inability to establish the completeness of a given conceptual model or due to the inability
to screen all but one of the conceptual models, residual uncertainty in the conceptual model will remain
at the conclusion of the aforementioned studies. At present, there is no established or accepted approach
to address this residual uncertainty, and subjective judgment is expected to be the primary means for
addressing it.

Even after many years of study, model validation remains one of the most elusive and controversial issues
in the HLW program. Model validation is directly related to the development of conceptual models
because the essence of model validation is the determination of the appropriateness of the assumptions
in the conceptual models and the corresponding mathematical models. Model validation, in the strictest
sense of the term, is not possible because of the very large spatial and temporal scales associated with
calculation of repository performance. Thus, "partial validation" using smaller temporal and spatial scales
tests is the only possible avenue to gain some level of confidence about the appropriateness of the
conceptual and mathematical models. However, several difficulties arise with the concept of partial
validation. First, there is no universally accepted definition of the term or how criteria for determining
that partial validation has been achieved. Second, there is no unique approach to determine the number
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of smaller scale tests that should be conducted to achieve adequate validation. Third, it is not clear how
the results of partial validation studies can be extrapolated to repository system scales.

The DOE, as part of its site characterization program, is undertaking a variety of studies aimed at
formulating and screening conceptual models. The site characterization program is expected to generate
data that will be used to: (i) formulate conceptual models, and (ii) screen conceptual models when
multiple models exist for a given component or aspect of the repository system. However, formulating
and screening multiple conceptual models using the information generated from site characterization will
still require considerable interpretation from subject matter experts.

From the NRC perspective, uncertainties about the development of conceptual models, the subsequent
validation of these models, and the corresponding mathematical models may preclude satisfactory
evaluation of the results from the DOE PAs and other technical analyses. Therefore, it is important for
the NRC to investigate approaches for conceptual model development and model validation.

At present, it is not possible to determine the degree to which this uncertainty can be resolved by the
DOE activities or understood by NRC research programs. Regardless of the extent and success of either
the DOE activities or the NRC research efforts, it is expected that residual uncertainties will remain.

Technical Support Needs. In order to adequately determine if the DOE activities regarding conceptual
model development and the validation of conceptual and mathematical models are appropriate, the
following Technical Support Needs have been established.

Technical Assessment Needs. Through the IPA effort and its review of the DOE iterative TSPAs for YM,
the NRC needs to:

* Evaluate the impact of alternative conceptual models of the hydrogeologic setting and the
coupled phenomena that are expected to exist during the postclosure period.

* Investigate the potential impacts of simplifications used in the conceptual models on the results
of TSPA calculations and other analyses.

* Perform auxiliary analyses of the controlling processes and determine the sensitivities of
associated model parameters.

Research Needs. The NRC needs to investigate model validation approaches and strategies to:

* Define and specify "partial validation" requirements for both the detailed and abstracted models
used to assess subsystem and total-system performance.

* Define appropriate performance measures or acceptance criteria for partial validation.

* Investigate how results from partial validation studies may be used to determine a model's
predictive reliability over large spatial and temporal scales.

* Investigate the proper use of laboratory tests, in situ tests, field tests, and natural analogs in a
model validation strategy.
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2.24.1 Justification for Recommendations

The working group was composed of CNWRA PA specialists who have contributed to CDS
development. No other disciplines were considered to be necessary to perform this KTU integration.
Contributors to this revision included R. Baca, T. Bonano, and B. Sagar.

The current KTUs contributing to this recommended KTU are "Conceptual model
representations of the natural and engineered systems," "Appropriateness of assumptions and
simplifications in mathematical models," and "Validation of mathematical models." These are found in
the overall system performance objective CDSs 6.1 (Assessment for compliance with the requirement for
cumulative releases of radioactive materials), and 6.2 (Assessment for compliance with individual
protection requirements).

The working group felt that these three topics were so highly interrelated that it was appropriate
to combine them into one KTU. For example, the conceptual model is a necessary prerequisite to
formulate a mathematical model and is symbolically represented in the governing equations. Similarly,
the appropriateness of the conceptual and mathematical models to the specific application is a basic issue
of model validation. The revisions consisted of merging the narratives for the KTUs; however, in a
number of areas this narrative have been revised for clarity. In addition, the Technical Assessment Needs
and Research Needs Sections were added.
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3 KEY TECHNICAL UNCERTAINTIES RECOMMENDED FOR
DELETION

3.1 VOLATILITY AND STABILITY OF RADIONUCLIDES

3.1.1 Justification for Recommendations

The working group was composed of CNWRA geochemists involved with the development of
the CDSs; D. Turner, E. Pearcy, B. Pabalan, W. Murphy, radiochemists D. Pickett and R. Brient of
WSE&I. No other disciplines were considered necessary to perform this KTU integration.

The current KTU indicates that "CO2 is likely to be the dominant volatile radionuclide species,
and carbon dioxide chemistry is well understood. Other radionuclides may be present as volatile species,
but the KTU also points out that these can be conservatively estimated by using the vapor pressure over
pure oxide compounds. After considering these issues in combination with recently published data on the
vapor pressures of radioelements (Ward et al., 1986; Cordfunke and Konings, 1993; Gotzmann, 1993),
the working group believed that the remaining uncertainty was not sufficient to be considered as a KTU.
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