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ABSTRACT

This report provides a brief introduction and summary of the overall review strategy that the Nuclear
Regulatory Commission (NRC) will use to review the License Application for the proposed high-level
radioactive waste (HLW) repository site at Yucca Mountain (YM), Nevada. The U.S. Department of
Energy (DOE) has recently developed a program approach designed to present high-level findings starting
in FY95 and continuing through FY98 regarding the suitability of the proposed repository site. In light
of the accelerated scheduling called for in the new program approach, the NRC and the Center for Nuclear
Waste Regulatory Analyses (CNWRA) staffs are developing an audit review approach that uses a "vertical
slice" through DOE technical programs to evaluate the sufficiency of DOE site suitability findings for
licensing. This approach is designed to focus on 10 Key Technical Issues (KTI) that the NRC staff
believes are most critical to repository performance.

Of the 10 KTIs identified by the NRC staff, four of them are related to issues in hydrology and
geochemistry. These include:

* Evolution of near-field groundwater chemistry and effects on the Engineered Barrier
System.

* Geochemical effects on radionuclide transport within and beyond the thermally affected
zone.

* Thermal effects and redistribution of moisture.

* Hydrologic characterization of structural features which significantly affect water and
vapor transport.

One goal of the vertical slice approach is to identify technical concerns as early as possible to provide
timely guidance to DOE as it prepares its high-level findings. For this reason, identifying data needs and
currently available data sources provides a key step in understanding the technical bases and approaches
that are likely to be used by DOE. This report identifies both broad and specific data needs for the
hydrology and geochemistry KTIs, with data sources taken from existing reports from DOE, NRC,
CNWRA, national laboratories, and the peer-reviewed literature. Given the current status of site
characterization activities at YM, while it is possible to make a preliminary identification of specific data
sources, much of the data currently available is sparse. Presumably many of the gaps will be filled in
through ongoing and future site characterization activities and prelicensing interactions between DOE,
NRC, and CNWRA staffs:

The report contains summaries of several technical assessment activities designed to provide information
relevant to the KTIs in hydrology and geochemistry. These include development of a limited-scale
radionuclide thermodynamic database, development of bounding values on deep infiltration and perched
water formation, and acquisition, installation, and preliminary evaluation of a DOE heat and mass transfer
computer code.
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1 INTRODUCTION

A geologic repository for the storage of high-level radioactive waste (HLW) is currently proposed for
Tertiary ash-flow tuffs at Yucca Mountain (YM), Nevada. To maintain the public health and safety, the
ability of this repository to isolate the waste from the accessible environment is of critical importance. A
multiple-barrier design is currently specified in the regulations governing the proposed repository. The
engineered barrier system (EBS) is to be designed to limit the release of radionuclides, while the geologic
setting will be relied upon to provide isolation of the waste should the EBS fail. The geologic setting,
made up of the geology, geochemistry, hydrology, and climatology of the system will also interact with
the EBS, and will likely influence to some extent the performance of the engineered barriers. The different
subsystems of the geologic setting therefore all contribute as key factors controlling the ability of the site
to isolate HLW. The U.S. Department of Energy (DOE) is currently conducting a combination of field-
scale activities to characterize the geology, hydrology, geochemistry, and climatology of the site, and
laboratory studies to investigate smaller scale phenomena such as solubility, sorption, fracture flow, and
wasteformn stability.

1.1 BACKGROUND

The Nuclear Waste Policy Act of 1982 (NWPA) charges DOE, the Nuclear Regulatory
Commission (NRC), and the U.S. Environmental Protection Agency (EPA) with particular responsibilities
in the siting, licensing, construction, operation, and permanent closure of a HLW geologic repository. The
NWPA was amended in 1987 to direct study of only one site at YM, Nevada. The role of NRC is to
establish regulations and technical criteria governing waste isolation in a geologic repository and then to
regulate repository operations. These requirements are given principally in 10 CFR Part 60 and are
designed to enforce standards imposed on radionuclide release to the accessible environment established
by the EPA in 40 CFR Part 191. The EPA standards for YM have been under evaluation by the National
Academy of Sciences (NAS) in the context of the Energy Policy Act of 1992, and a report was issued
during July 1995. Within one year of receiving the final findings and recommendations of the NAS, the
EPA is directed to develop individual dose standards. Following the promulgation of the EPA standards,
NRC will have one year to modify the technical criteria of 10 CFR Part 60 for consistency with the new
EPA standards and the NAS recommendations. The role of DOE is to evaluate site suitability, demonstrate
compliance with the standards and regulations given in 10 CFR Part 60, and submit a License Application
(LA) to NRC requesting authorization for construction of a HLW repository. Based on its interpretation
of 10 CFR Part 60, DOE has developed siting guidelines contained in 10 CFR Part 960.

Because of the multiple-barrier approach to waste isolation, hydrology, geochemistry, and climate
at YM represent important aspects of site suitability. Through site characterization activities designed to
meet the current requirements in 10 CFR Part 60 and described in detail elsewhere (e.g., U.S. Department
of Energy, 1988a-h), the LA submitted by DOE is required to provide general information on the ability
of YM to meet overall performance objectives. The LA must also include a Safety Analysis Report
(SAR)[10 CFR 60.21(c)] containing both specific information on the hydrogeologic and geochemical
properties of the system, and an analysis of the hydrogeology, geochemistry, climatology, and meteorology
of the site. The analyses and evaluations of individual systems required for the SAR are covered in
10 CFR 60.21(c)(1)(ii)(B) and 10 CFR 60.21(c)(1)(ii)(C). Hydrogeological, geochemical, and
climatological considerations are also identified in several places in the siting criteria identified in 10 CFR
60.122(b) and 10 CFR 60.122(c) as both favorable (FAC) and potentially adverse (PAC) conditions,
respectively.
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The overall system performance objective for the geologic repository after permanent closure
is defined in 10 CFR 60.112 and currently requires that "...releases of radioactive materials to the
accessible environment following permanent closure conform to such generally applicable environmental
standards for radioactivity as may have been established by the EPA with respect to both anticipated
processes and events and unanticipated processes and events" (10 CFR 60.112). Performance objectives
for the engineered barrier and the geologic setting are described in 10 CFR 60.113. In 10 CFR
60.113(a)(2), the performance of the hydrogeologic system is currently described such that
"...pre-waste-emplacement groundwater travel time along the fastest path of likely radionuclide travel from
the disturbed zone to the accessible environment shall be at least 1,000 years...," [10 CFR 60.113(a)(2)].
The role of geochemical processes in performance assessment is described in 10 CFR 60.113(b)(3).
Specifically, "The geochemical characteristics of the host rock, surrounding strata, and
groundwater...,"[10 CFR 60.113(b)(3)] can be a factor that the Commission may take into account if it
decides to "...approve or specify some other radionuclide release rate, designed containment period, or
pre-waste-emplacement groundwater travel time...," [10 CFR 60.113(b)]. Such a decision is contingent on
the satisfaction of the overall system performance objective (10 CFR 60.112) as it relates to anticipated
processes and events. For unanticipated processes and events, it may be necessary to specify additional
requirements to satisfy the overall performance objective [10 CFR 60.113(c)].

1.2 OVERALL REVIEW STRATEGY AND THE LICENSE APPLICATION
REVIEW PLAN (LARP)

The details of the review strategies for the LA that will be followed by NRC are described in
the Overall Review Strategy (ORS) (Johnson, 1994), and only a brief summary will be presented here.
Stated simply, upon receiving the LA from DOE, NRC staff will conduct an acceptance review to
determine if the application is complete and acceptable for docketing. Following docketing of the LA,
NRC staff must evaluate the technical and procedural aspects of the application and make a
recommendation to the Commission as to whether or not to grant a license for construction of the HLW
repository. As described in 10 CFR 60.31, the decision to authorize construction will be based on
consideration of three factors:

* Reasonable risk to the health and safety of the public [10 CFR 60.31(a)]

* Non-inimicability to the common defense and security [10 CFR 60.31(b)]

* Protection of environmental values [10 CFR 60.31(c)]

The statutory time period mandated by the NWPA for review is three years following the
docketing of the LA, including only 18 months for NRC staff to review the LA and prepare its safety
evaluation report (SER). The final 18 months of the review period is to allow the Commission to make
its construction authorization decision.

Because of the complex nature of the technical issues that are to be addressed in the LA and the
relatively short review time mandated by the NWPA, NRC has developed prelicensing guidance to help
streamline the review process. One such guidance document is the Draft Regulatory Guide DG-3003:
Format and Content for the License Application for the High-Level Waste Repository (FCRG) to indicate
what NRC staff considers to be acceptable format and content for the LA.
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Additionally, NRC is iteratively developing the License Application Review Plan (LARP)
(Nuclear Regulatory Commission, 1994). The LARP consists of more than 90 individual review plans that
provide guidance for compliance determination reviews of procedural and technical requirements identified
in 10 CFR Part 60. The LARP is comprised of three parts. Part A describes the overall review strategy.
Part B consists of eight plans developed for review of general information in the LA. The final section
(Part C) contains all other individual review plans for the technical information required as a part of the
SAR [10 CFR 60.2 1(c)].

The individual review plans contained in the LARP follow a standard format. The first part
identifies the applicable parts of 10 CFR Part 60 (regulatory requirements). The second part consists of
the Compliance Determination Strategies (CDSs) developed by NRC and Center for Nuclear Waste
Regulatory Analyses (CNWRA) staff to assess the compliance demonstrations of DOE with the applicable
10 CFR Part 60 regulatory requirements. The last two parts of the individual review plan are the
Compliance Determination Methods (CDMs) currently under development by NRC and CNWRA staffs.
When completed, the CDMs will contain the procedure and acceptance criteria to be used in evaluating
the adequacy DOE demonstrations of compliance with the performance objectives given in 10 CFR Part
60. It is this part of the LARP review plans that will deal specifically with the technical criteria for siting
a repository. As part of the LARP, 28 of the more than 90 individual review plans are related to issues
in hydrology, geochemistry, and climatology/meteorology (NRC, 1994).

To ensure that important issues associated with the regulatory requirements are given appropriate
emphasis, the review strategies specify review types of varying complexity (Johnson, 1994), including:

Type 1: Acceptance Review is required for all of the individual review plans, and is designed
to determine if the LA is complete and acceptable for docketing and further compliance
reviews. The Acceptance Review is designed to determine whether each of the technical and
procedural requirements in 10 CFR Part 60 that are related to the LA have been addressed.
It is not designed to determine the adequacy of the data in the LA. If the LA includes the
necessary elements, it will be accepted for docketing and the 3-year review period will begin.

The remaining review types are considered as compliance reviews, and involve determining the adequacy
of the information presented in the LA (Johnson, 1994).

* Type 2: General Infonnation Review is designed to determine the adequacy of the
compliance demonstrations with general information requirements of 10 CFR Part 60.

* Type 3: Safety Review is the first level of review of the compliance demonstrations for
requirements related to radiological health and safety or waste isolation. The focus of the
Safety Review is meant to be on the contents of the LA itself, and should not involve
extensive evaluation of referenced literature. The Safety Review is not designed to require
detailed independent analysis beyond the use of standard formula or simple hand calculations.

The most detailed types of review (Type 4 and 5) are associated with key technical uncertainties
(KTUs), which are those technical issues that the staff believes pose the highest risk of noncompliance
with one or more of the performance objectives of 10 CFR Part 60. These review types can be changed
to a lower or a higher type as understanding of the technical issues evolves. All of the review plans
requiring Type 4 and/or 5 reviews also require a Type 3 Safety Review.
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* Type 4: Detailed Safety Review Supported by Analyses requires the detailed review of
selected information, supported by analyses performed by the technical staff using
"...methods, developed by DOE or other parties, that have been reviewed and found
acceptable by the staff." (Johnson, 1994). This level of review may require complex
numerical analyses, but in general should not require the development of independent
methods.

* TVpe 5: Detailed Safety Review Supported by Independent Tests, Analyses, or Other
Investigations is given the highest priority, and is reserved for those technical issues that pose
the highest risk for noncompliance, with uncertainties most difficult to resolve. This level of
review requires the application of methods and analyses independently developed by the
technical staff. These independent analyses may be focused on verifying DOE data and model
interpretations, or they may be designed to improve the staffs understanding of important
processes. Johnson (1994) stresses that these independent investigations are not to be
considered a replacement for data or analyses presented by DOE in the LA.

The Compliance Review Types 2 through 5 all require some evaluation of the technical adequacy
of DOE compliance demonstrations. For this reason, these types of review will require significant technical
expertise on the part of NRC and CNWRA staff. This may include general expertise in a relevant field
such as hydrology or geochemistry, as well as knowledge of information that is site-specific to YM or
related to repository design. In addition, Type 4 and Type 5 Reviews will require some level of
confirmatory or independent analyses, conducted either through the NRC Office of Research or through
Technical Assistance work sponsored by the Division of Waste Management (DWM). The specific type
of expertise and information that will be necessary to evaluate the adequacy of the LA are to be described
in the CDMs. The current schedule calls for CDM completion in those areas that would best prepare
NRC/CNWRA staff to review DOE high-level findings (HLF) and other major milestone reports called
for in the new DOE program approach as described below in Section 1.3.

Beginning in FY95, the DOE began periodic submittals of the License Application Annotated
Outline (LAAO). These submittals contain information relating to the current status of the LA. NRC is
to use the LARP (Nuclear Regulatory Commission, 1994) to review the LAAO much like it will review
the final LA (Johnson, 1994). As part of the pre-licensing process, NRC and CNWRA staffs will prepare
a Prelicensing Evaluation Report (PER) containing staff evaluations of the sufficiency of the technical and
regulatory information contained in the LAAO for a final licensing review.

1.3 DOE PROGRAM APPROACH

In 1993, a DOE task force on an Alternative Program Strategy (U.S. Department of Energy,
1993a) proposed a program approach that would help to build confidence by "...tying the increased
commitments of resources to clear results and deciding the suitability of the site, developing the repository
and demonstrating its safety through a sequence of earlier, smaller, surer steps rather than a few later,
larger ones." This proposed program approach was adopted by DOE in 1994. DOE remains committed
to a multiple barrier repository, relying on a low ambient flux of water through the unsaturated zone, a
robust EBS (diffusion barriers, waste package), limited mobilization of radionuclides, and slow migration
through the engineered barriers and the natural system to provide waste isolation. In its performance
assessment calculations, DOE will rely extensively on the use of bounding assumptions.
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One of the key elements of the DOE program approach calls for periodic HLFs during site
characterization. These HLFs, based on DOE siting guidelines in 10 CFR Part 960, cover the different
aspects of the geologic setting, including hydrology, geochemistry, and radionuclide transport. Prior to
issuing each HLF, a technical basis report (TBR) containing the current level of DOE understanding of
the technical issues in the area of interest will be submitted for peer review to the NAS. Based on the
results of the peer review, DOE will revise the TBR and prepare a draft Guideline Compliance Assessment
(GCA) containing an assessment of the suitability of the site with regard to the particular technical area
under consideration. Following a period of public comment and workshops, DOE will revise the GCA as
appropriate and issue the final HLF.

Scheduling is accelerated under the DOE program approach. Submittal of the HLFs is currently
scheduled to begin in FY96 with Preclosure Rock Characteristics, continue into FY97 with submittal of
HLFs in Reasonably Available Technology, Seismic/Tectonics/Volcanism, Geochemistry/Postclosure Rock
Characteristics, and Preclosure Radiological Safety. The final HLFs on Geohydrology/Transport and Total
System Performance Assessment are currently scheduled to be issued by DOE in FY98. Following
completion of the HLF schedule in FY98, the DOE program approach anticipates making a technical site
suitability determination in FY98, followed by submittal of the full LA in FY01. To meet these accelerated
schedules, much of the information on site suitability is either already collected, or will need to be
completed in the next two years. DOE is proposing to delay much of the testing into the performance
confirmation period required prior to permanent closure in 10 CFR Part 60, Subpart F.

1.4 VERTICAL SLICE STRATEGY FOR REVIEWING DOE PROGRAM
APPROACH

Since it is likely that the technical bases and compliance assessments developed for the HLFs
will also be used in preparing the LA, it is critical that NRC make a timely assessment of whether the
DOE program approach will provide sufficient information for licensing. For this reason, it is important
that NRC be familiar with DOE technical research during the prelicensing period, and adopt a proactive
schedule that is integrated with the program approach schedule to ensure at an early stage that its technical
concerns are addressed by DOE. Because of the accelerated scheduling called for by the program
approach, NRC has adopted a "vertical slice" approach during the prelicensing period (until FY98) to
focus on a limited number of key technical issues (KTI). This approach is designed to examine all aspects
of the DOE site suitability program related to each KTI and determine its sufficiency. A full licensing
review of all the aspects of the proposed repository will be conducted as outlined in the ORS and the
LARP when the LA is received in FY01. The vertical slice approach will also examine the aspects of the
NRC HLW program for relevance to the different KTIs and compatibility with DOE schedules.

The NRC vertical slice approach focuses on 11 KTIs which pose the highest risk for non-
compliance with performance objectives. These KTIs were identified by NRC staff by consolidating the
KTUs previously identified during LARP development, using results from the iterative performance
assessments, as well as staff experience in prelicensing interactions with DOE and other stakeholders. Four
of these are associated with geochemistry and hydrology:

* Predicting the composition of the groundwater as it is affected by interactions with the host
rock and materials introduced into the repository

* Geochemical effects on radionuclide transport within and beyond the thermally affected zone

1-5



0 0

* Thermal effects and redistribution of moisture

* Hydrologic characterization of structural features which significantly affect water and vapor
transport

A team made up of NRC and CNWRA staff members will consider aspects of the DOE technical site
suitability program related to these KTIs, and NRC/CNWRA programmatic and technical research efforts
will be adjusted accordingly.

1-6



2 TECHNICAL ASSESSMENT FOR VERTICAL SLICES
RELATED TO GEOCHEMISTRY AND HYDROLOGY

2.1 DATA NEEDS

Earlier letter reports (Turner and Pickett, 1994; Turner et al., 1994) identified data needs and
existing data sources for CDMILARP section development. These data play an important role in helping
NRC/CNWRA staffs develop the procedures and acceptance criteria for reviewing the LA and determining
compliance. In light of the accelerated schedules called for in the DOE program approach, it is desirable
that NRC and CNWRA staff identify as early as possible technical data that will be necessary for the
vertical slice reviews of DOE programs and evaluation of the technical bases for the HLFs.

By allowing staff to become familiar with existing data and DOE approaches in concert with the
program approach scheduling, NRC will be in a better position to evaluate the adequacy of the site
suitability studies early in the prelicensing period. In addition, information that either is pre-existing or
is gathered outside of the DOE program through state and federal (other than DOE and NRC) agencies,
international programs, universities, and private companies may be very useful in helping the staff develop
an understanding of the hydrologic and geochemical systems present at YM. This understanding is
important to determine the uncertainties and limitations of these data and the effects on the computations
that use them.

Total System Performance Assessments conducted to date by DOE (e.g., Barnard et al., 1992;
Eslinger et al., 1993; Wilson et al., 1994) and NRC/CNWRA (Wescott et al., 1995) provide details on the
types of information that are currently available, the likely focus of DOE site suitability studies, and the
types of information that DOE is likely to use in future performance assessments. For the purposes of
developing the necessary background, it is possible to use current levels of understanding to identify broad
types of data that will be needed. Given the status of site characterization activities at YM, while it is
possible to make a preliminary identification of specific data sources, data currently available are sparse.
Because of the accelerated scheduling in DOEs program approach (HLFs made in FY98 or earlier), much
of the site characterization data is either already collected or will be collected in the near future. In
addition to the reports and articles identified here, much of the data will likely be obtained through
prelicensing interactions between NRC, CNWRA, and DOE staffs. Presumably many of the gaps will be
filled in through ongoing and future site characterization activities, and through prelicensing interactions
between DOE and the vertical slice teams such as technical exchanges, Appendix 7 meetings, and
observation/QA audits. The focus of the vertical slice approach is to integrate these data as they address
KTIs that the staff believes are vital for licensing.

Table 2-1 identifies the broad data needs for the KTIs related to geochemistry and hydrology.
Basic data, such as water properties and thermodynamic and kinetic rate data are applicable to all systems
and do not carry site-specific information. Site-specific data such as hydrologic properties, mineral and
water chemistry are necessary to define boundary and initial conditions at YM. Much of the data are
currently being generated as part of the YM site characterization, and will presumably be provided by
DOE in the TBRs submitted to NAS for review as part of the site suitability studies. Data that are
necessary to define the effects of the repository itself (e.g., repository design, waste package design, and
inventories of man-made materials) are dependent on final design decisions that have not yet been made.
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Table 2-1. Broad data needs for KTIs in geochemistry and hydrology

Thermo- Waste
KTl\ata Needs: dynamkc Kinetic Temperature Water Mineral Gas Repository Man-Made Characteristics/

GEOCHEMISTRY Data Rate Data Distribution Chemistry Chemistry Chemistry Design Materials Inventory

Predicting the composition of the
groundwater as it is affected by
interactions with the host rock and
materials introduced into the
repository

Geochemical Effects on Radionuclide
Transport Within] Beyond the X I
Thermally Affected Zone X X X X X X X

Hydr Matrix Fracture Rock Hydraulic Recharge/
KTI/Data Needs: geologIC Hydrologic Hydrologic Temperature Thermal Head/ Infiltration- Water Geologic Repository
HYDROLOGY Framework Properties Properties Distribution Properties Gradient Discharge Chemistry Structure Design

Thermal Effects and Redistribution of
Moisture X X I X t X _ _X | _X | _X | _X | _X |_X_|
Hydrologic Characterization of I I
Structural Features That Significantly X X X X X X I

|Affect Water/Vapor Movement X | X | X | X |T . . . . . .x .x x , x .

0

0
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2.2 SPECIFIC DATA NEEDS AND EXISTING SOURCES

In Section 2.1, broad data needs were outlined for those KTIs in geochemistry and hydrology.
While these matrices show areas of overlap and similarities in data needs among the different KTIs, there
is also interest in identifying more specific data needs and existing data sources.

Tables 2-2 through 2-5 are an attempt to identify specific data needs and geochemical (and other)
data sources that are currently available from the different DOE programs and from the general literature.
Since site characterization at YM will continue until license submittal (and beyond), much of this
information should be viewed as preliminary and subject to change. The list is not intended to be
exhaustive, nor is it intended as a critical review of the available data. The tables will be expanded and
updated as site characterization proceeds and additional data become available. In addition, although most
of the data have been selected from national laboratory and agency reports, and the peer-reviewed
literature, many of the data sets that are identified precede the development of approved procedures and
have not been collected under a DOE Quality Assurance (QA) program. It is expected that much of this
will change as DOE studies and activities, conducted under DOE QA procedures, progress and additional
data become available. Under these conditions, either DOE will bring existing data under QA control, or
new data generated under appropriate QA controls will supersede those data sources listed here.

The format of Tables 2-2 through 2-5 includes:

* Column 1-Specific Data Needs: These are specific types of data likely to be necessary for
addressing this issue as part of the KTI.

* Column 2-Data Source(s): These are the references for the data identified in Column 1.
Although some references identify DOE Study Plans that are designed to provide these types
of data, emphasis has been placed on those data that are known to exist currently. This is not
intended to be an exhaustive listing of data, nor is it intended as a critical review of the
available data. Additional data may be added or supersede the data given here as site
characterization proceeds.

* Column 3-Data Obtained?: This column indicates whether or not the current data have been
acquired by NRC/CNWRA. In the current version, this is usually "Yes" since most of the
data sources identified by the staff were based on hard copies or electronic copies in their
possession. It is expected that as electronic reference databases come on line, data sources
will be identified that exist in the DOE program, but have not been obtained.

* Column 4-QA Status: Most of the data identified have been generated and gathered outside
of the QA program developed by DOE for the YM Project. Where no indication is made in
the report of the QA status, a question mark is entered next to the agency or laboratory that
produced the data. It is assumed that as data are developed under the DOE program, many
of these uncertainties in QA status can be updated.

The final row under each broad data need gives a short summary of why the specific data types are
important for the vertical slice approach used to evaluate these KTIs.
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Table 2-2. KTI on predicting the composition of the groundwater as it is affected by interactions
with the host rock and materials introduced into the repository

Broad Data Need-Thermodynamic | Data 1
Data Data Source(s) Obtained? QA Status

1. Aqueous and Gaseous 1. EQ3/6 Database (Wolery, 1992) Yes '?LBL
Thermodynamic Data 2. GEMBOCHS (DOE, 1993b) No DOE

3. Aqueous Solutions Database Yes '?LBL
(Phillips et al., 1988)

4. Grenthe et al. (1992) Yes ?NEA
5. Fuger(1992; 1993) Yes ?

2. Solid Thermodynamic Data 1. EQ3/6 Database (Wolery, 1992) Yes ?LBL
2. GEMBOCHS (DOE, 1993b) No DOE
3. Aqueous Solutions Database Yes ?LBL

(Phillips et al., 1988)
4. Murphy and Pabalan (1994) Yes CNWRA
5. Grenthe et al. (1992) Yes ?NEA
6. Ward et al. (1986) Yes

Thermodynamic data are necessary to set boundary and initial conditions on models of YM groundwater
evolution. Thermodynamic data on the various phases involved in geochemical processes are of critical interest in
discussions on the stability of the waste package containers, the alteration of the wasteform, and the solubility and
retardation of radionuclides in the EBS.

Broad Data Need-Kinetic Rate 1 | Data
l Data Data Source(s) Obtained? QA Status

1. Reaction Rates-Silicate 1. Murphy and Helgeson (1989) Yes
Minerals 2. Sverdrup (1990) Yes ?

3. Dove (1994) Yes ?
4. Murphy and Pabalan (1994) Yes CNWRA

2. Corrosion Processes and 1. Stahl and Miller (1986) Yes ?
Corrosion Rates for Waste 2. Stephens et al. (1986) Yes ?
Package Materials 3. O'Connell et al. (1989) Yes ?LLNL

4. O'Connell (1990) Yes ?LLNL
5. Lichtner (1994) Yes CNWRA
6. Lichtner et al. (1995) Yes CNWRA
7. Sridhar et al. (1994; 1995) Yes CNWRA

3. Spent Fuel Dissolution 1. Forsyth and Werme (1992) Yes ?Swedish
2. Wronkiewicz et al. (1992) Yes ?ANL
3. Wilson (1990a,b) Yes ?PNL
4. Veleckis and Ho (1991) Yes ?ANL
5. Cordfunke and Konings (1993) Yes ?Netherlands
6. Bates et al. (1995) Yes *?ANL
7. Wronkiewicz (1993) Yes ?ANL

4. Glass Dissolution 1. Bates et al. (1992; 1993; 1994; 1995) Yes SANL
2. Bourcier (1994) Yes ?ANL
3. Buck et al. (1993) Yes ?ANL
4. Ebert and Bates (1992) Yes ?ANL
5. Ellison et al. (1994) Yes ?ANL
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Table 2-2. KTI on predicting the composition of the groundwater as it is affected by interactions
with the host rock and materials introduced into the repository (Cont'd)

Iq q(

This KTI is concerned with groundwater evolution in the near-field and conditions and processes that may affect
the ability of the EBS to effectively isolate waste. In this respect, kinetic rate data are necessary for determining
the stability of the waste packages (metal corrosion), the wasteforms (glass, spent fuel), and natural phases that
may be important in retarding radionuclide transport. Precipitation/dissolution of minerals phases will affect the
groundwater chemistry in the near-field.

Data
Broad Data Need-Temperature Data Source(s) Obtained? QA Status

1. Temperature Distribution 1. Bentley et al. (1983) Yes ?USGS
(Pre-emplacement) 2. Craig and Reed (1991) Yes ?USGS

3. Erickson and Waddell (1985) Yes ?USGS
4. Lahoud et al. (1984) Yes ?USGS
5. Rush et al. (1983) Yes ?USGS
6. Thordarson (1983) Yes ?USGS
7. Whitfield et al. (1985) Yes ?USGS
8. DOE (1988a) Yes DOE

2. Temperature Distributions 1. O'Neal et al. (1984) Yes ?LLNL
(Post-emplacement) 2. Buscheck and Nitao (1993a-c) Yes ?LLNL

3. Pruess and Tsang (1993) Yes ?LBL
4. Wilson et al. (1994) Yes ?SNL
5. Green et al. (1995) Yes CNWRA
6. Lichtner and Walton (1994) Yes CNWRA

All chemical reactions are sensitive to the effects of temperature. The overall temperature distribution through
space and time is subject to design parameters such as waste burnup history, the age of the waste, and the
distribution of the waste packages (thermal loading) planned for the repository that have not yet been finalized.
The effects of temperature will be especially important in the near-field environment, where the thermal effects of
the waste are likely to be the most pronounced.

Broad Data Need-Site Data: Data
Water Chemistry Data Source(s) Obtained? QA Status

1. Saturated Zone Waters I. Bentley et al., (1983) Yes ?USGS
2. Craig and Reed (1991) Yes ?USGS
3. Craig et al. (1983) Yes ?USGS
4. Lahoud et al. (1984) Yes ?USGS
5. Rush et al. (1983) Yes ?USGS
6. Thordarson (1983) Yes ?USGS
7. Whitfield et al. (1985; 1990) Yes ?USGS
8. McKinley et al. (1991) Yes ?USGS
9. Kerrisk (1987) Yes ?LANL
10. White et al. (1980) Yes ?USGS
11. Claassen (1985) Yes ?USGS
12. DOE (1988b,c) Yes DOE
13. DOE (1992a) Yes DOE

2. Unsaturated Zone Waters 1. Yang et al. (1988; 1993) Yes ?USGS
2. White et al. (1980) Yes ?USGS
3 DOE (1990a) Yes DOE
4. Kerrisk (1983) Yes ?LANL
5. Mower et al. (1993) Yes ?USGS
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Table 2-2. KTI on predicting the composition of the groundwater as it is affected by interactions
with the host rock and materials introduced into the repository (Cont'd)

3. Radionuclide Sorption Data 1. DOE (1988h) Yes DOE
2. Wilson et al. (1994) Yes ?SNL
3. Thomas (1987) Yes ?LANL
4. Pabalan and Turner (1994) Yes CNWRA
5. Turner (1995) Yes CNWRA
6. Wescott et al. (1995) Yes NRC

The corrosion of the waste package is controlled by the interaction of groundwater with the waste package
material. In addition, once the waste package has failed, the groundwater chemistry will control the rate of
dissolution of the wasteform, the release of radionuclides, and their sorption in and near the EBS. Through
interactions between the EBS (waste packages, wasteforms, backfill, etc) and the local environments at elevated
temperatures, the chemistry of the groundwaters in the EBS and in the near-field is likely to be significantly
different from the far-field groundwaters measured during site characterization. Nevertheless, current groundwater
compositions are a necessary starting point in modeling these interactions and predicting their effects on the
performance of the EBS.

l1

Broad Data Need-Site Data: Data
Mineral Chemistry Data Source(s) Obtained? QA Status

1. Primary Mineral 1. Warren et al. (1984) Yes ?LANL
Assemblages 2. DOE (1989) Yes DOE

3. Bish and Chipera (1989) Yes ?LANL
4. DOE (1988d) Yes DOE

2. Secondary Mineral 1. Warren et al. (1984) Yes ?LANL
Assemblages 2. Broxton et al. (1986; 1987) Yes ?LANL

3. Bish and Chipera (1989) Yes ?LANL
4. Carlos (1987; 1989) Yes ?LANL
5. Carlos et al. (1990; 1991) Yes ?LANL
6. Bish (1989) Yes ?LANL
7. WoldeGabriel et al. (1994) Yes ?LANL

Mineral chemistry will have a significant effect on the chemical evolution of groundwaters near and within the
EBS. Both primary and secondary minerals may play a role in controlling water chemistry (e.g., buffering), and
radionuclide retardation through sorption, ion exchange, and precipitation/dissolution.

Broad Data Need-Site Data: Gas Data
Chemistry J Data Source(s) j Obtained? I QA Status

1. Partial Gas Pressures/ 1. Thorstenson et al. (1989) Yes ?USGS
Pre-Waste Emplacement 2. Weeks (1987) Yes ?USGS

3. DOE (1991a) Yes DOE
4. DOE (1988e) Yes DOE

Partial pressures of gases, particularly CO2 and 02, can affect both the chemistry of the waters and the stability of
the EBS and of different minerals of the host units. It is also possible that the presence of gases such as CO2 will
lead to the formation of salts (e.g., Na 2CO 3) that may adversely affect the performance of the EBS. There is also
the possibility of the transport of certain radioelements such as 1291 and 14C in the gaseous phase.

Broad Data Need-Repository Data 1
Design Data Source(s) | Obtained? | QA Status

1. Rock/Soil conditions (along |1. DOE (1990b) Yes 1 DOE
shafts/ramps) 2. DOE (1992c) Yes | DOE
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Table 2-2. KTI on predicting the composition of the groundwater as it is affected
with the host rock and materials introduced into the repository (Cont'd)

by interactions

2. Repository Heating 1. O'Neal et al. (1984) Yes ?LLNL
2. Buscheck and Nitao (1993a-c) Yes ?LLNL
3. Pruess and Tsang (1993) Yes ?LBL
4. Wilson et al. (1994) Yes '?SNL
5. Wescott et al. (1995) Yes NRC

3. Water Infiltration into Repository 1. Wilson et al. (1994) Yes '?SNL
2. Dodge and Green (1994) Yes CNWRA
3. Green et al. (1995) Yes CNWRA
4. Lichtner and Walton (1994) Yes CNWRA
5. Fernandez et al. (1994) Yes ?SNL

4. Source Term Models 1. Manaktala (1993) Yes CNWRA
2. Codell and Weller (1994) Yes NRC
3. Ahola et al. (1994) Yes CNWRA
4. Wilson et al. (1994) Yes ?SNL
5. Barnard (1993) Yes ?SNL
6. Eslinger et al. (1993) Yes ?PNL
7. Barnard et al. (1992) Yes ?SNL
8. Wescott et al. (1995) Yes NRC

This KTI is specifically concerned with potential effects of near-field geochemistry on the EBS. Information on
repository design is necessary to adequately address these effects. Thermal and hydrologic conditions in the
repository are likely to be affected by the thermal loading and may be significantly altered from pre-waste
emplacement conditions.

Broad Data Need-Site Data: Man- 1 Data
Made Materials Data Source(s) Obtained?:I QA Status

1. Waste Package Design 1. DOE (1993c) Yes DOE

2. Test Data on Package 1. Zimmerman et al. (1986) Yes ?SNL
Performance 2. Ramirez et al. (1991) Yes ?LLNL

3. Sridhar et al. (1994) Yes CNWRA
4. Sridhar et al. (1995) Yes CNWRA

3. Matenals Inventory 1. West (1988) No ?LANL
2. Meike and Wittwer (1994a) Yes ?LLNL
3. Meike and Wittwer (1994b) Yes ?LLNL
4. Meike (1994) Yes ?LLNL

Introduced materials such as cements, drilling fluids, resins, and metals may have a significant effect on the near-
field groundwater evolution and EBS performance, especially with regard to corrosion, wasteform dissolution, and
radionuclide transport. These effects may include modifying system water chemistry, the generation of colloids,
elevated pH, organic chelation, and localized oxidation/reduction.

Broad Data Need-Waste Data
Characteristics/inventory Data Source(s) Obtained? I QA Status

1. Waste Stream 1. DOE (1988f) Yes DOE
2. Andress and McLeod (1988) Yes ?ORNL

2. Repository Layout 1. DOE (1988g) Yes DOE

3. Radionuclide Inventory 1. DOE (1992b) Yes DOE
2. DOE (1991b) Yes DOE

Knowledge of waste characteristics is essential to modeling the performance of the EBS. This will help to
determine what processes are important for controlling radionuclide releases from the EBS to the geologic setting.
These are also changeable, and the staff must keep track of evolving DOE plans.
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Table 2-3. KTI on geochemical effects on radionuclide transport within and beyond the thermally
affected zone

Broad Data Data
Need-Thermodynamic Data Data Source(s) jObtained? QA Status

1. Aqueous and Gaseous 1. EQ3/6 Database (Wolery, 1992) Yes ?LBL
Thermodynamic Data 2. GEMBOCHS (DOE, 1993b) No DOE

3. Aqueous Solutions Database Yes ?LBL
(Phillips et al., 1988)

4. Grenthe et al. (1992) Yes 9NEA
5. Fuger (1992; 1993) Yes ?

2. Solid Thermodynamic Data 1. EQ3/6 Database (Wolery, 1992) Yes '?LBL
2. GEMBOCHS (DOE, 1993b) No DOE
3. Aqueous Solutions Database Yes ?LBL

(Phillips et al., 1988)
4. Murphy and Pabalan (1994) Yes CNWRA
5. Grenthe et al. (1992) Yes ?NEA
6. Ward et al. (1986) Yes ?

With regard to this KTI, thermodynamic data on various phases involved in geochemical processes are of critical
interest in preparing mechanistic models and establishing boundary and initial conditions of the transport of
radionuclides from the repository to the accessible environment.

| Broad Data Need-Kinetic Rate Data
l Data Data Source(s) Obtained? QA Status

I. Reaction Rates-Silicate 1. Murphy and Helgeson (1989) Yes ?
Minerals 2. Sverdrup (1990) Yes ?

3. Dove (1994) Yes ?
4. Murphy and Pabalan (1994) Yes CNWRA

2. Corrosion Processes and 1. Stahl and Miller (1986) Yes ?
Corrosion Rates for Waste 2. Stephens et al. (1986) Yes ?
Package Materials 3. O'Connell et al. (1989) Yes ?LLNL

4. O'Connell (1990) Yes ?LLNL
5. Lichtner (1994) Yes CNWRA
6. Lichtner et al. (1995) Yes CNWRA
7. Sridhar et al. (1994; 1995) Yes CNWRA

3. Spent Fuel Dissolution 1. Forsyth and Werme (1992) Yes ?Swedish
2. Wronkiewicz et al. (1992) Yes ?ANL
3. Wilson (1990a,b) Yes ?PNL
4. Veleckis and Ho (1991) Yes ?ANL
5. Cordfunke and Konings (1993) Yes ?Netherlands
6. Bates et al. (1995) Yes ?ANL
7. Wronkiewicz (1993) Yes ?ANL

4. Glass Dissolution 1. Bates et al. (1992; 1993; 1994; 1995) Yes ?ANL
2. Bourcier (1994) Yes ?ANL
3. Buck et al. (1993) Yes ?ANL
4. Ebert and Bates (1992) Yes ?ANL
5. Ellison et al. (1994) Yes ?ANL
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Table 2-3. KTI on geochemical effects on radionuclide transport within and beyond the thermally
affected zone (Cont'd)

Kinetic rate data are necessary to determine the stability of natural phases and wasteforms that may be important
in radionuclide release and transport. Sorptive (or nonsorptive) minerals that are thermodynamically out of

equilibrium with a given system may still be metastable for significant times if the reaction(s) governing
dissolution are kinetically inhibited. In a similar fashion, precipitation processes that either result in minerals that

exhibit strong sorption for radionuclides, or sequester radioelements through precipitation and coprecipitation of
radionuclide bearing phases are likely to be controlled by reaction rates.

Data
Broad Data Need-Temperature Data Source(s) Obtained? QA Status

1. Temperature Distribution 1. Bentley et al. (1983) Yes ?USGS
(Pre-emplacement) 2. Craig and Reed (1991) Yes ?USGS

3. Erickson and Waddell (1985) Yes ?USGS
4. Lahoud et al. (1984) Yes ?USGS
5. Rush et al. (1983) Yes ?USGS
6. Thordarson (1983) Yes '?USGS
7. Whitfield et al. (1985) Yes ?USGS
8. DOE (1988a) Yes DOE

2. Temperature Distributions 1. O'Neal et al. (1984) Yes ?LLNL
(Post-emplacement) 2. Buscheck and Nitao (1993a-c) Yes ?LLNL

3. Pruess and Tsang (1993) Yes ?LBL
4. Wilson et al. (1994) Yes ?SNL
5. Green et al. (1995) Yes CNWRA
6. Lichtner and Walton (1994) Yes CNWRA

Because this KTI is intended to consider transport processes within and beyond the thermally affected zone, the
overall temperature distribution through space and time is important for how it might affect system geochemistry.
The temperature distribution is subject to design parameters that have not yet been finalized such as waste
burnup, the age of the waste, and the thermal loading planned for the repository.

Broad Data Need-Site Data: Data l

Water Chemistry Data Source(s) Obtained? QA Status

1. Saturated Zone Waters 1. Bentley et al., (1983) Yes ?USGS
2. Craig and Reed (1991) Yes '?USGS
3. Craig et al. (1983) Yes ?USGS
4. Lahoud et al. (1984) Yes ?USGS
5. Rush et al. (1983) Yes ?USGS
6. Thordarson (1983) Yes ?USGS
7. Whitfield et al. (1985; 1990) Yes ?USGS
8. McKinley et al. (1991) Yes *?USGS
9. Kerrisk (1987) Yes ?LANL
10. White et al. (1980) Yes ?USGS
l11. Claassen (1985) Yes ?USGS
12. DOE (1988b,c) Yes DOE
13. DOE (1992a) Yes DOE

2. Unsaturated Zone Waters 1. Yang et al. (1988; 1993) Yes ?USGS
2. White et al. (1980) Yes '?USGS
3 DOE (1990a) Yes DOE
4. Kerrisk (1983) Yes ?LANL
5. Mower et al. (1993) Yes ?USGS
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Table 2-3. KTI on geochemical effects on radionuclide transport within and beyond the thermally
affected zone (Cont'd)

3. Radionuclide Sorption Data 1. DOE (1988h) Yes DOE
2. Wilson et al. (1994) Yes '?SNL
3. Thomas (1987) Yes '?LANL
4. Pabalan and Turner (1994) Yes CNWRA
5. Turner (1995) Yes CNWRA
6. Wescott et al. (1995) Yes NRC

4. Colloid Chemistry 1. Buddemeier and Hunt (1988) Yes ?
2. Kerrisk (1987) Yes ?LANL
3. Kingston and Whitbeck (1991) Yes ?DRI
4. Triay et al. (1995) Yes ?LANL
5. Manaktala (1995) Yes CNWRA

The most likely path for the transport of radionuclides from the repository to the accessible environment will be
as dissolved constituents in groundwater or as a gas phase (e.g., 14C in C0 2). Waste package stability, wasteform
degradation, radioelement solubility and radionuclide transport are all dependent on the chemistry of the water. In
natural systems such as at YM, interactions between the gas, water, and solid phases control the water chemistry.
At YM, the location of the repository in the hydrologically unsaturated zone requires additional information on
these groundwaters. Saturated zone water compositions are necessary due to the inclusion of the saturated zone in
transporting radionuclides to the accessible environment.

Broad Data Need-Site Data: Data
Mineral Chemistry Data Source(s) Obtained? QA Status

1. Primary Mineral 1. Warren et al. (1984) Yes ?LANL
Assemblages 2. DOE (1989) Yes DOE

3. Bish and Chipera (1989) Yes '?LANL
4. DOE (1988d) Yes DOE

2. Secondary Mineral 1. Warren et al. (1984) Yes ' ?LANL
Assemblages 2. Broxton et al. (1986; 1987) Yes '?LANL

3. Bish and Chipera (1989) Yes ?LANL
4. Carlos (1987; 1989) Yes '?LANL
5. Carlos et al. (1990; 1991) Yes ?LANL
6. Bish (1989) Yes ?LANL
7. WoldeGabriel et al. (1994) Yes ?LANL

Like water chemistry, radionuclide transport is a function of the mineral chemistry in both the fractures and
matrix at YM. Both primary and secondary minerals may play a role in processes such as controlling the water
chemistry (e.g., buffering reactions), radionuclide retardation through sorption, ion exchange, precipitation, and
dissolution.

Broad Data Need-Site Data: Gas Data
Chemistry I Data Source(s) I Obtained? I QA Status

1. Gas Partial Pressures 1. Thorstenson et al. (1989) Yes ?USGS
(Pre-waste Emplacement) 2. Weeks (1987) Yes ?USGS

3. DOE (1991a) Yes DOE
4. DOE (1988e) Yes DOE

Because the proposed repository is to be located in the unsaturated zone, partial pressures of gases, particularly
CO2 and 02, can have an effect on both the chemistry of the waters at the site and the stability of the EBS and
the different minerals that make up the host units for the repository. There is also the possibility of the transport
of certain radioelements such as 1291 and 14C in the gaseous phase.

2-10



Table 2-3. KTI on geochemical effects on radionuclide transport within and beyond the thermally
affected zone (Cont'd)

Broad Data Need-Site Data: Man- Data
Made Materials Data Source(s) Obtained? | QA Status

1. Waste package design 1. DOE (1993c) Yes DOE

2. Test data on package 1. Zimmerman et al. (1986) Yes ?SNL
performance 2. Ramirez et al. (1991) Yes '?LLNL

3. Sridhar et al. (1994) Yes CNWRA
4. Sridhar et al. (1995) Yes CNWRA

3. Materials Inventory 1. West (1988) No ?LANL
2. Meike and Wittwer (1994a) Yes ?LLNL
3. Meike and Wittwer (1994b) Yes ?LLNL
4. Meike (1994) Yes ?LLNL

Introduced materials such as cements, organic drilling fluids, resins, and metals may have a significant effect on
the performance of the geologic setting, especially with regard to radionuclide transport. These effects may
include the generation of colloids, elevated pH, organic chelation, and localized oxidation/reduction.

Broad Data Need-Waste Data
Characteristicsfnventory Data Source(s) Obtained? I QA Status

1. Waste Stream 1. DOE (1988f) Yes DOE
2. Andress and McLeod (1988) Yes ?ORNL

2. Repository Layout 1. DOE (1988g) Yes DOE

3. Radionuclide Inventory 1. DOE (1992b) Yes DOE
2. DOE (1991b) Yes DOE

Knowledge of waste characteristics is essential to modeling EBS performance and radionuclide transport. This
will help determine what processes are important to controlling radionuclide releases to the geologic setting.
These are also changeable and the reviewer must keep track of evolving DOE plans.
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Table 2-4. Thermal effects and redistribution of moisture

Broad Data Need-Hydrogeologic
Framework and Physical Data

Boundaries Data Source(s) Obtained? QA Status

1. Hydrogeologic System Physical 1. Stirewalt et al. (1994) Yes CNWRA
Boundaries 2. Schenker et al. (1994) Yes '?SNL

3. Bagtzoglou et al. (1995) Yes CNWRA
4. Wittmeyer et al. (1995a,b) Yes CNWRA

2. Current Water Levels 1. Robison (1984) Yes ?USGS
2. Robison et al. (1988) Yes ?USGS
3. Wittmeyer et al. (199Sa,b) Yes CNWRA

Delineation of the hydrologic framework and physical boundaries is necessary to develop conceptual and
mathematical models of the YM subregion. This includes the relationship between the subregion around the
proposed repository and the surrounding regional groundwater system. Development of boundary and initial
conditions will require some representation of the hydrostratigraphic units, current water levels, and other physical
boundaries such as faults and drainages.

Broad Data Need-Matrix Data
Properties Data Source(s) Obtained? QA Status

[1. Saturated Hydraulic 1. Anderson (1981a,b) Yes ?USGS
Conductivities 2. Anderson (1992) Yes ?USGS

3. Craig and Reed (1991) Yes ?USGS
4. Flint and Flint (1990) Yes ?USGS
5. Lahoud et al. (1984) Yes ?USGS
6. Rush et al. (1983) Yes ?USGS
7. Whitfield et al. (1985) Yes ?USGS

2. Porosity 1. Anderson (1981a,b) Yes ?USGS
2. Anderson (1992) Yes ?USGS
3. Flint and Flint (1990) Yes J?USGS
4. Lahoud et al. (1984) Yes ?USGS
5. Rush et al. (1983) Yes ?USGS
6. Thordarson (1983) Yes ?USGS

3. In-Situ Water Content 1. Anderson (1981a,b) Yes ?USGS
2. Anderson (1984) Yes ?USGS
3. Kume and Hammermeister (1991) Yes ?USGS
4. Lahoud et al. (1984) Yes ?USGS
5. Loscot and Hammermeister (1992) Yes ?USGS
6. Rush et al. (1983) Yes ?USGS
7. Whitfield et al. (1990; 1993) Yes ?USGS

4. Van Genuchten Parameters (alpha, 1. Flint and Flint (1990) Yes ?USGS
beta, residual saturation) 2. Peters et al. (1984) Yes ?DOE

3. Rutherford et al. (1992) Yes ?DOE

These types of data are necessary to develop conceptual and mathematical models of groundwater and vapor flow
through the matrix in the saturated and unsaturated zones. This information is site-specific in nature, and will be
required for both site suitability studies and performance assessments. Hydraulic characterization information can
and should be consistent when used interchangeably for these analyses.

2-12



s

Table 2-4. Thermal effects and redistribution of moisture (Cont'd)

� q�

Broad Data Need-Fracture 1 Data 1
Properties J Data Source(s) Obtained? | QA Status

1. Saturated Hydraulic 1. Craig and Reed (1991) Yes ?USGS
Conductivities 2. Lahoud et al. (1984) Yes ?USGS

3. Whitfield et al. (1985) Yes ?USGS

2. Fracture Densities I. Craig and Reed (1991) Yes ?USGS
2. Erickson and Waddell (1985) Yes ?USGS
3. Lahoud et al. (1984) Yes ?USGS
4. Whitfield et al. (1985; 1990) Yes ?USGS

3. In-Situ Water Content Not available yet

4. Fracture Dimensions (e.g., 1. Erickson and Waddell (1985) Yes ?USGS
aperture, length, orientation) 2. Whitfield et al. (1990) Yes ?USGS

5. Van Genuchten Parameters Not available yet
(alpha, beta, residual saturation)

These types of data are necessary to develop conceptual and mathematical models of groundwater and vapor flow
through the fractures in the saturated and unsaturated zones. This information is site-specific in nature, and will
be required for both site suitability studies and performance assessments. Hydraulic characterization information
can and should be consistent when used interchangeably for these analyses. Fracture properties are poorly
characterized at YM, particularly for such properties as in-situ water content and van Genuchten parameters.

| Data
Broad Data Need-Temperature | Data Source(s) | Obtained? | QA Status

1. Temperature Distribution 1. Bentley et al. (1983) Yes ?USGS
(Pre-emplacement) 2. Craig and Reed (1991) Yes ?USGS

3. Erickson and Waddell (1985) Yes ?USGS
4. Lahoud et al. (1984) Yes ?USGS
5. Rush et al. (1983) Yes ?USGS
6. Thordarson (1983) Yes ?USGS
7. Whitfield et al. (1985) Yes ?USGS
8. DOE (1988a) Yes DOE

2. Temperature Distributions
(Post-emplacement)

1.
2.
5.
6.
7.
8.

O'Neal et al. (1984)
Buscheck and Nitao (1993a-c)
Pruess and Tsang (1993)
Wilson et al. (1994)
Green et al. (1995)
Lichtner and Walton (1994)

Yes
Yes
Yes
Yes
Yes
Yes

?LLNL
?LLNL
?LBL
?SNL

CNWRA
CNWRA

Because this KTI is intended to consider the effect of thermal loading on vapor and fluid flow in the vicinity of
the repository, a basic information need is the temperature profiles expected at the repository. Through
mechanisms such as vaporization and recondensation, there will be a feedback between vapor and fluid flow and
the temperature distribution. The temperature distribution is subject to design parameters that have not yet been
finalized such as waste burnup, the age of the waste, and the thermal loading planned for the repository.

T

Broad Data Need-Rock Thermal
Properties

Data
Obtained? I QA StatusData Source

1. Thermal Conductivity I 1. DOE (1990b) Yes I DOE

2-13



0 0

Table 2-4. Thermal effects and redistribution of moisture (Cont'd)

2. Density 1. DOE (1990b) Yes DOE
2. Schwartz (1990) Yes ?SNL

3. Specific Heat 1. DOE (1990b) Yes DOE

Because this KTI is intended to consider the effect of thermal loading on vapor and fluid flow in the vicinity of
the repository, site-specific rock thermal properties are necessary to predict thermal perturbations and temperature
gradients as a function of space and time.

Broad Data Need-Hydraulic Data
Head Gradient Data Source(s) Obtained? QA Status

1. Regional Hydrology Models 1. Rush (1971) Yes ?USGS
2. Burbey and Prudic (1991) Yes ?USGS
3. Winograd and Thordarson (1975) Yes ?USGS
4. Montazer and Wilson (1984) Yes ?USGS
5. Waddell (1982) Yes ?USGS
6. Czarnecki and Waddell (1984) Yes ?USGS
7. Rice (1984) Yes ?SNL
8. DOE (1990e) Yes DOE
9. DOE (1991g) Yes DOE
10. DOE (1992d) Yes DOE
11. DOE (1993i-n) Yes DOE

2. Current Water Levels 1. Robison (1984) Yes ?USGS
2. Robison et al. (1988) Yes ?USGS
3. Wittmeyer et al. (1995a,b) Yes CNWRA

Hydraulic gradients determine flow paths from the repository to the accessible environment. Hydraulic head
gradients are also necessary to determine a correlation between structural features and the regional groundwater
flow system. Regional hydrology models can provide boundary and initial conditions for the groundwater models
of the repository and the controlled area.

Broad Data Need- Data
Infiltration, Recharge/Discharge Data Source(s) j btained? QA Status

1. Long-Term Net Infiltration 1. Czarnecki (1985) Yes ?USGS
2. Czarnecki (1990a,b) Yes '?USGS
3. Flint et al. (1993) Yes ?DOE
4. Flint and Flint (1994) Yes ?DOE
5. Savard (1994) Yes ?DOE
6. Gauthier (1993) Yes ?SNL
7. Gauthier and Wilson (1994) Yes ?SNL
8. Hevesi and Flint (1993) Yes ?USGS
9. DOE (1991e,f) Yes DOE
10. DOE (1993o-q) Yes DOE
11. Wittmeyer and Klar (1995) Yes CNWRA
12. Stothoff (1994) Yes CNWRA
13. Stothoff et al. (1995) Yes CNWRA

This information is required to predict the rate of flow and amount of water that will pass through the proposed
repository. Changes in the current water table and hydraulic properties of the subsurface media, will depend upon
the rates of precipitation, infiltration, percolation, and recharge.
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Table 2-4. Thermal effects and redistribution of moisture (Cont'd)

Broad Data Need-Groundwater | | Data 1
Geochemistry Data Source(s) JObtained? | QA Status

1. Saturated Zone Waters 1. Bentley et al., (1983) Yes '?USGS
2. Craig and Reed (1991) Yes ?USGS
3. Craig et al. (1983) Yes ?USGS
4. Lahoud et al. (1984) Yes ?USGS
5. Rush et al. (1983) Yes ?USGS
6. Thordarson (1983) Yes ?USGS
7. Whitfield et al. (1985; 1990) Yes '?USGS
8. McKinley et al. (1991) Yes ?USGS
9. Kerrisk (1987) Yes ?LANL
10. White et al. (1980) Yes ?USGS
11. Claassen (1985) Yes ?USGS
12. DOE (1988b,c) Yes DOE
13. DOE (1992a) Yes DOE

2. Unsaturated Zone Waters 1. Yang et al. (1988; 1993) Yes ?USGS
2. White et al. (1980) Yes ?USGS
3 DOE (1990a) Yes DOE
4. Kerrisk (1983) Yes ?LANL
5. Mower et al. (1993) Yes ?USGS

Groundwater chemistry will have an effect on the thermal properties of water in and around the proposed
repository. This can include partitioning of carbon dioxide between the gas and liquid phase, raising or lowering
of the vapor-liquid phase boundary as a function of temperature. Groundwater chemistry will also influence the
precipitation and dissolution of mineral phases that may have an effect on the hydraulic properties of the
hydrostratigraphic units.

Broad Data Need-Geologic
Structure

Data
Obtained?Data Source(s) QA Status

l

1. Fault Maps and Data 1. Frizzell and Shulters (1990)
2. Scott and Bonk (1984)
3. DOE (1988i)
4. DOE (1990c)
5. DOE (1991c)
6. DOE (1993d-h)
7. Dohrenwend (1982)
8. Dohrenwend and Moring (1991a-c)
9. Dohrenwend and Moring (1993)
10. Dohrenwend et al. (199 la-f)
11. Dohrenwend et al. (1992a,b)
12. Jennings (1992)

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

?USGS
?USGS

DOE
DOE
DOE
DOE

?USGS
?USGS
?USGS
?USGS
?USGS
?CDMG

2. Fault Slip History Data 1. Young et al. (1992) Yes CNWRA
2. Ferrill et al. (1994) Yes CNWRA
3. Rogers et al. (1987) Yes DOE

Geologic structure and stratigraphy exert significant control on hydrologic processes, through providing conduits
and barriers to hydrologic flow. Changes in these structures may alter the subsurface hydrology. Much
information on geologic structure is subject to interpretation, and conceptual models may change as additional
data become available
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Table 2-4. Thermal effects and redistribution of moisture (Cont'd)

Broad Data Need-Repository Data
Design Data Source(s) Obtained? QA Status

1. Rock/Soil conditions (along 1. DOE (1990b) Yes DOE
shafts/ramps) 2. DOE (1992c) Yes DOE

2. Repository Heating 1. O'Neal et al. (1984) Yes ?LLNL
2. Buscheck and Nitao (1993a-c) Yes ?LLNL
3. Pruess and Tsang (1993) Yes ?LBL
4. Wilson et al. (1994) Yes '?SNL
5. Wescott et al. (1995) Yes NRC

3. Water Infiltration into Repository 1. Wilson et al. (1994) Yes ?SNL
2. Dodge and Green (1994) Yes CNWRA
3. Green et al. (1995) Yes CNWRA
4. Lichtner and Walton (1994) Yes CNWRA
5. Fernandez et al. (1994) Yes ?SNL
6. Wescott et al. (1995) Yes NRC

4. Hydraulic properties of the EBS Not available yet

Following waste emplacement, thermal and hydrologic conditions in the repository may be significantly altered.
This would affect groundwater flow velocities and water/vapor distribution in and around the repository. An
understanding of the potential effects of repository design is necessary for evaluating the effects of thermal
loading on liquid/vapor flow. Many of the repository design parameters such as bumup history and waste package
density, however, have not yet been finalized.
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Table 2-5. Hydrologic characterization of structural features which significantly affect water and
vapor transport

Broad Data Need-Hydrogeologic
Framework and Physical Data QA Status

Boundaries Data Source(s) Obtained?

1. Hydrogeologic System Physical 1. Stirewalt et al. (1994) Yes CNWRA
Boundaries 2. Schenker et al. (1994) Yes ?SNL

3. Bagtzoglou et al. (1995) Yes CNWRA
4. Wittmeyer et al. (1995a,b) Yes CNWRA

2. Current Water Levels 1. Robison (1984) Yes ?USGS
2. Robison et al. (1988) Yes ?USGS
3. Wittmeyer et al. (1995a,b) Yes CNWRA

Delineation of the hydrologic framework and physical boundaries is necessary to develop conceptual and
mathematical models of the structure and hydrology of the YM subregion. This includes the relationship
between the subregion around the proposed repository and the surrounding regional groundwater system.
Development of boundary and initial conditions will require some representation of geologic structure, the
hydrostratigraphic units, current water levels, and other boundaries such as faults and drainages.

Broad Data Need-Matrix | Data
Properties Data Source(s) Obtained? QA Status

1. Saturated Hydraulic 1. Anderson (198 la,b) Yes ?USGS
Conductivities 2. Anderson (1992) Yes ?USGS

3. Craig and Reed (1991) Yes ?USGS
4. Flint and Flint (1990) Yes ?USGS
5. Lahoud et al. (1984) Yes ?USGS
6. Rush et al. (1983) Yes ?USGS
7. Whitfield et al. (1985) Yes ?USGS

2. Porosity 1. Anderson (1981a,b) Yes ?USGS
2. Anderson (1992) Yes ?USGS
3. Flint and Flint (1990) Yes ?USGS
4. Lahoud et al. (1984) Yes ?USGS
5. Rush et al. (1983) Yes ?USGS
6. Thordarson (1983) Yes ?USGS

3. In-Situ Water Content 1. Anderson (1981a,b) Yes ?USGS
2. Anderson (1984) Yes ?USGS
3. Kume and Hammermeister (1991) Yes '?USGS
4. Lahoud et al. (1984) Yes ?USGS
5. Loscot and Hammermeister (1992) Yes '?USGS
6. Rush et al. (1983) Yes ?USGS
7. Whitfield et al. (1990; 1993) Yes ?USGS

4. Van Genuchten Parameters 1. Flint and Flint (1990) Yes ?USGS
(alpha, beta, residual saturation) 2. Peters et al. (1984) Yes ?DOE

3. Rutherford et al. (1992) Yes ?DOE
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Table 2-5. Hydrologic characterization of structural features which significantly affect water and
vapor transport (Cont'd)

These types of data are necessary to develop conceptual and mathematical models of groundwater and vapor
flow through the saturated and unsaturated zones and how they might be affected by regional and local structural
features. This information is site-specific in nature, and will be required for both site suitability studies and
performance assessments. Hydraulic characterization information can and should be consistent when used
interchangeably for these analyses.

Broad Data Need-Fracture Data
Properties Data Source(s) Obtained? QA Status

1. Saturated Hydraulic 1. Craig and Reed (1991) Yes ?USGS
Conductivities 2. Lahoud et al. (1984) Yes ?USGS

3. Whitfield et al. (1985) Yes '?USGS

2. Fracture Densities 1. Craig and Reed (1991) Yes ?USGS
2. Erickson and Waddell (1985) Yes ?USGS
3. Lahoud et al. (1984) Yes ?USGS
4. Whitfield et al. (1985; 1990) Yes ?USGS

3. In-Situ Water Content Not available yet

4. Fracture Dimensions (e.g., 1. Erickson and Waddell (1985) Yes ?USGS
aperture, length, orientation) 2. Whitfield et al. (1990) Yes ?USGS

5. Van Genuchten Parameters Not available yet
(alpha, beta, residual saturation)

These types of data are necessary to develop conceptual and mathematical models of groundwater and vapor
flow through fractures in the saturated and unsaturated zones and how they might be affected by regional and
local geologic structures. This information is site-specific in nature, and will be required for both site suitability
studies and performance assessments. Hydraulic characterization information can and should be consistent when
used interchangeably for these analyses. Fracture properties are poorly characterized at YM, particularly for such
properties as in-situ water content and van Genuchten parameters.

Broad Data Need-Hydraulic Data
Head Gradient Data Source(s) Obtained? QA Status

1. Regional Hydrology Models 1. Rush (1971) Yes ?USGS
2. Burbey and Prudic (1991) Yes ?USGS
3. Winograd and Thordarson (1975) Yes ?USGS
4. Montazer and Wilson (1984) Yes ?USGS
5. Waddell (1982) Yes ?USGS
6. Czarnecki and Waddell (1984) Yes ?USGS
7. Rice (1984) Yes '?SNL
8. DOE (1990e) Yes DOE
9. DOE (1991g) Yes DOE
10. DOE (1992d) Yes DOE
I1. DOE (1993i-n) Yes DOE

2. Current Water Levels 1. Robison (1984) Yes ?USGS
2. Robison et al. (1988) Yes ?USGS
3. Wittmeyer et al. (1995a) Yes CNWRA
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Table 2-5. Hydrologic characterization of structural features which significantly affect water and
vapor transport (Cont'd)

Hydraulic gradients determine flow paths from the repository to the accessible environment. Hydraulic head
gradients are also necessary to determine a correlation between structural features and the regional groundwater
flow system. Regional hydrology models can provide boundary and initial conditions for the groundwater
models of the repository and the controlled area.

Broad Data Need-Infiltration, | Data
Recharge/Discharge | Data Source(s) Obtained? QA Status

1. Long-Term Net Infiltration L. Czarnecki (1985) Yes ?USGS
2. Czarnecki (1990a,b) Yes ?USGS
3. Flint et al. (1993) Yes '?DOE
4. Flint and Flint (1994) Yes '?DOE
5. Savard (1994) Yes ?DOE
6. Gauthier (1993) Yes ?SNL
7. Gauthier and Wilson (1994) Yes ?SNL
8. Hevesi and Flint (1993) Yes ?USGS
9. DOE (199 le,f) Yes DOE
10. DOE (1993o-q) Yes DOE
I1. Wittmeyr and Klar (1995) Yes CNWRA
12. Stothoff (1994) Yes CNWRA
13. Stothoffet al. (1995) Yes CNWRA

This information is required to predict the rate of flow and amount of water that will pass through the proposed
repository. Changes in the current water table and hydraulic properties of the subsurface media as well as the
magnitude of the effects of geologic structral, will depend upon the rates of precipitation, infiltration, percolation
and recharge.

Broad Data Need-Groundwater Data
Geochemistry Data Source(s) Obtained? | QA Status

1. Saturated Zone Waters 1. Bentley et al., (1983) Yes ??USGS
2. Craig and Reed (1991) Yes ?USGS
3. Craig et al. (1983) Yes ?USGS
4. Lahoud et al. (1984) Yes ?USGS
5. Rush et al. (1983) Yes ?USGS
6. Thordarson (1983) Yes ?USGS
7. Whitfield et al. (1985; 1990) Yes ?USGS
8. McKinley et al. (1991) Yes ?USGS
9. Kerrisk (1987) Yes ?LANL
10. White et al. (1980) Yes 'USGS
11. Claassen (1985) Yes '?USGS
12. DOE (1988b,c) Yes DOE
13. DOE (1992a) Yes DOE

2. Unsaturated Zone Waters 1. Yang et al. (1988; 1993) Yes 'USGS
2. White et al. (1980) Yes ?USGS
3 DOE 1990a) Yes DOE
4. Kerrisk (1983) Yes ?LANL
5. Mower et al. (1993) Yes ?USGS
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Table 2-5. Hydrologic characterization of structural features which significantly affect water and
vapor transport (Cont'd)

Groundwater chemistry is an important means for establishing the hydrogeologic framework by tracing
groundwater flow, tying together recharge sources and discharge points, and determining flow rates.
Geochemical tracers may be useful to identify regions in the past that have experienced changes in flow
systematics due to tectonic processes and whether structural features such as faults have acted as conduits or
barriers to groundwater flow.

Broad Data Need-Geologic Data
Structure Data Source(s) I Obtained? J QA Status

1. Fault Maps and Data 1. Frizzell and Shulters (1990) Yes ?USGS
2. Scott and Bonk (1984) Yes ?USGS
3. DOE (1988i) Yes DOE
4. DOE (1990c) Yes DOE
5. DOE (1991c) Yes DOE
6. DOE (1993d-h) Yes DOE
7. Dohrenwend (1982) Yes ?USGS
8. Dohrenwend and Moring (1991a-c) Yes ?USGS
9. Dohrenwend and Moring (1993) Yes ?USGS
10. Dohrenwer~d et al. (1991a-f) Yes ?USGS
11. Dohrenwend et al. (1992a,b) Yes ?USGS
12. Jennings (1992) Yes ?CDMG

2. Fault Slip History Data 1. Young et al. (1992) Yes CNWRA
2. Ferrill et al. (1994) Yes CNWRA
3. Rogers et al. (1987) Yes DOE

3. Structural Mechanisms That 1. Ahola and Sagar (1992) Yes CNWRA
Could Cause Water Level Rises: 2. Czarnecki (1990c) Yes '?USGS
Faulting Movement 3. Czarnecki and Waddell (1984) Yes ?USGS

4. NaRC (1992) Yes ?NaRC
5. Wittmeyer et al. (1994) Yes CNWRA
6. Harmsen (1994) Yes ?USGS
7. DOE (199Id) Yes DOE
8. DOE (1993r-t) Yes DOE

4. Structural Mechanisms That 1. Ahola and Sagar (1992) Yes CNWRA
Could Cause Water Level Rises: 2. Carrigan et al (1990) Yes ?LLNL
Igneous Intrusion 3. Crowe et al. (1983a,b) Yes ?LANL

4. Crowe (1986) Yes ?LANL
5. Crowe et al. (1986; 1993) Yes ?LANL
6. Evans and Smith (1992) Yes ?USGS
7. Kuiper (1991) Yes
8. National Research Council (1992) Yes ?NaRC
9. Smith et al. (1990) Yes
10. Trapp (1989) Yes NRC
11. DOE (1990d) Yes DOE
12. Connor and Hill (1994a,b) Yes CNWRA
13. Hill et al. (1994) Yes CNWRA
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Table 2-5. Hydrologic characterization of structural features which significantly affect water and
vapor transport (Cont'd)

5. Structural Mechanisms That I . Carrigan and King (1991) Yes ?LLNL
Could Cause Water Level Rises: 2. Carrigan et al. (1991) Yes '?LLNL
Earthquakes 3. Cook and Kemeny (1991) Yes '

4. National Research Council (1992) Yes ?NaRC
5. DOE (1991h) Yes DOE
6. DOE (1992e) Yes DOE

This KTI is concerned with the extent to which geologic structure and stratigraphy provide control on hydrologic
processes, through providing conduits and barriers to hydrologic flow. Changes in these structures may alter the
subsurface hydrology. Much information on geologic structure is subject to interpretation, and conceptual models
may change as additional data become available. Each of the mechanisms listed above could cause water levels
at YM to approach the proposed repository: (1) A steep hydraulic gradient exists approximately 2 km north of
the proposed repository. Water levels on the north side of this gradient are approximately 300 m higher than on
the south. If the gradient is related to structural features, southward movement of this steep gradient, or a sudden
release of water behind the gradient due to fault slip, could saturate the proposed repository. (2) A future
igneous intrusion south of the site could act as a dam, causing groundwater to rise to the level of the repository.
High temperatures and increased pore pressures associated with an intrusion could also cause a rise in water
levels. (3) Earthquakes may increase pore pressures in the vicinity of the repository, causing water levels to rise.
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3 SUMMARY AND CONCLUSIONS

3.1 KEY TECHNICAL ISSUES AND DATA NEEDS

Because of the accelerated scheduling called for in DOEs program approach, a more proactive
role is required on the part of NRC to determine as early as possible whether or not DOE site suitability
studies are likely to meet the needs for licensing. NRC has adopted a vertical slice approach to examine
DOE and NRC programs as they relate to II key technical issues that are considered to be most critical
to meeting licensing requirements. Technical issues related to geochemistry and hydrology represent four
out of the II KTIs identified for the vertical slice approach. To assure timely implementation of the
vertical slice approach for the review and evaluation of DOE technical bases reports and HLFs, it is
reasonable to identify the data needs and existing data sources as early as possible. This will enable
NRC/CNWRA staffs to become familiar with existing data, and current levels of understanding that are
likely to be presented by DOE as part of the technical bases for the HLFs.

In this letter report, an initial attempt has been made to identify broad data needs for those KTIs
related to geochemistry and hydrology. Once the broad data needs are identified, the next step is to
identify specific data needs and the currently existing sources for these data. At this time, this effort has
been conducted by CNWRA staff using their familiarity with the current literature. Where they are known,
the appropriate DOE study plans have been identified as a future data source. As the capability to access
DOE on-line electronic databases improves, the effort can focus more tightly on data generated under these
study plans.

In identifying specific data needs, several points are noted:

* Because the program approach calls for completion of the HLFs by FY98, much of the data
must either already be available or completed in the next two years. In its program approach,
DOE is likely to delay some of the planned site characterization studies until the performance
confirmation period. For this reason, much of the data identified here is likely to be
representative of the type, quality, and quantity of data that will be presented in the HLFs.

* Geochemical, hydrological, and related data have tended to come out in a number of small
reports and papers rather than as large compilations. This is particularly true with regard to
site-specific data, which tend to be reported in the proceedings from conferences, such as the
annual International High Level Radioactive Waste Management Conference or the Materials
Research Symposia on the Scientific Basis for Nuclear Waste Management, or as USGS
Open-File Reports. Presumably more recent and comprehensive data will be made available
to the different vertical slice teams through prelicensing interactions such as Appendix 7
meetings, technical exchanges, and on-site audits.

* Some of the specific data such as water chemistry and pre-waste emplacement temperature
are measured values. However, some information such as the post-waste emplacement
temperature distribution are derived from models, predictions, and expert elicitations.
Statistical extrapolation of limited data may also be required to provide the desired spatial
coverage. Such extrapolation may be as simple as contouring the existing data, or may
require more detailed modeling such as kriging or stochastic analysis.
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* In some cases, the same data are applicable to more than one KTI. Identifying these sources
at this stage will help to reduce the amount of duplication in integrating the different vertical
slice efforts. It may be appropriate to identify these cross-linkages explicitly.

* The QA status of many of these data is uncertain. Many of the data were gathered prior to
the development of DOE QA procedures, but in most cases, they are the only data currently
available. As site characterization proceeds, it may be appropriate for DOE to bring these
existing data into compliance with QA procedures, or for results from current site
characterization activities to supersede these data. It is important for the vertical slice teams
and other NRC/CNWRA staff to keep current with regard to these issues so that QA status
can be monitored and data can be updated accordingly in the databases being developed.

3.2 CURRENT EFFORTS

In addition to identifying data types, several technical assessment efforts are currently underway
to provide support for the vertical slice approach. These include:

* Compilation of a limited-scale thermodynamic database for key radionuclides. Both of the
KTIs related to geochemistry require thermodynamic data for model development and
interpretation of the available site data. The available thermodynamic data for key
radionuclides such as Pu, U, Np, Tc, and Se are limited. It is beyond the scope of this project
to develop a comprehensive database, but a small database focused on key phases such as
uranyl silicates that identifies data quality issues such as experimental artifacts and
inconsistencies would be useful. A summary of the current efforts underway is provided in
Appendix A.

* Appendix B provides a summary of research efforts to constrain infiltration and perched
water development at YM using a stochastic approach and site-specific data on hydrologic
properties. These types of analyses using alternative conceptual models may provide
bounding conditions and values that can be used in evaluating DOE data and model results.

* The heat and mass-transport code FEHMN (Zyvoloski et al., 1995a,b) has been developed
by DOE for use in its performance assessments. Type 4 and Type 5 analyses called for in
some CDMs may require exercising this code with DOE or independently generated data.
This code has been acquired from DOE and adapted to CNWRA computer facilities.
Preliminary investigations have focused on testing the geochemical modules of this code.
Results of these investigations are summarized in Appendix C.

3.3 FUTURE EFFORTS

Future efforts will continue to focus in several areas:

* More work will be done to identify specific data sources. As on-line databases become
available, these will be used to identify the most current data sources and obtain electronic
copies where possible. More recent and comprehensive data will be incorporated as they are
made available to the different vertical slice teams through prelicensing interactions such as
Appendix 7 meetings, technical exchanges, and on-site audits.
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* Additional work will be done to complete development of the thermodynamic database. Data

compilation is complete for many of the elements; notation of experimental procedures and
data quality will continue. Work will be initiated on developing sorption databases based on
mechanistic sorption models developed in the Sorption Modeling for HLW Performance
Assessment Research Project.

* Work will continue with the FEHMN code to test its capabilities and explore its limitations.
Work will be undertaken to bring this code under CNWRA configuration management for
future use in licensing activities.

* Models of infiltration will be refined and extended to three dimensions using EarthVision
software and the hydrogeologic framework model developed through this task and the
Subregional Hydrogeologic Flow and Transport Processes Research Project.

3-3



S 0
4 REFERENCES

Ahola, M.P., and B. Sagar. 1992. Regional Groundwater Modeling of the Saturated Zone in the Vicinity
of Yucca Mountain, Nevada. CNWRA 92-001. San Antonio, TX: Center for Nuclear Waste
Regulatory Analyses.

Ahola, M.P., A.H. Chowdury, S.M. Hsiung, and J. Philip. 1994. Comparison of coupled thermal-
mechanical-hydrological analyses of a fractured rock mass. Proceedings of the Fifth International
Conference on High Level Radioactive Waste Management. La Grange Park, IL: American
Nuclear Society: 2,492-2,499.

Anderson, L.A. 1981 a. Rock Property Analysis of Core Samples from the Calico Hills UE25a-3 Borehole,
Nevada Test Site, Nevada. U.S. Geological Survey Open-File Report 81-1337. Denver, CO: U.S.
Geological Survey.

Anderson, L.A. 1981b. Rock Property Analysis of Core Samples from the Yucca Mountain UE25a-1
Borehole, Nevada Test Site, Nevada. U.S. Geological Survey Open-File Report 81-1338. Denver,
CO: U.S. Geological Survey.

Anderson, L.A. 1984. Rock Property Measurements on Large-Volume Core Samples from Yucca Mountain
USW GU-31G-3 and USW G-4 Boreholes, Nevada Test Site, Nevada. U.S. Geological Survey
Open-File Report 84-552. Denver, CO: U.S. Geological Survey.

Anderson, L.A. 1992. Water Permeability and Related Rock Properties Measured on Core Samples from
the Yucca Mountain USW GU-31G-3 and G-4 Boreholes, Nevada Test Site, Nevada. U.S.
Geological Survey Open-File Report 92-201. Denver, CO: U.S. Geological Survey.

Andress, D., and N.B. McLeod. 1988. Waste Stream Analysis Model. Albuquerque, NM: Sandia National
Laboratories and Oak Ridge, TN: Oak Ridge National Laboratory.

Andrews, R.W., T.C. Dale, and J.A. McNeish. 1994. Total System Performance Assessment-1993: An
Evaluation of the Potential Yucca Mountain Repository. INTERA Report WBS: 1.2.5.4.1. Las
Vegas, NV: INTERA Inc.

Bagtzoglou, A.C., P.C. Lichtner, S.A. Stothoff, and D.R. Turner. 1995. Subregional hydrogeologic flow
and transport processes. NRC High-Level Radioactive Waste Research at the CNWRA
January-June 1995. B. Sagar, ed. CNWRA 95-01S. San Antonio, TX: Center for Nuclear Waste
Regulatory Analyses: 9-1 to 9-26.

Barnard, R.W. 1993. Review of Radionuclide Source Terms Used for Performance Assessment Analyses.
SAND92-2431. Albuquerque, NM: Sandia National Laboratories.

Barnard, R.W., M.L. Wilson, H.A. Dockery, J.H. Gauthier, P.G. Kaplan, R.R. Eaton, F.W. Bingham, and
T.H. Robey. 1992. TSPA 1991: An Initial Total-System Performance Assessment for Yucca
Mountain. SAND91-2795. Albuquerque, NM: Sandia National Laboratories.

Bates, J.K., W.L. Ebert, X. Feng, and W.L. Bourcier. 1992. Issues affecting the prediction of glass
reactivity in an unsaturated environment. Journal of Nuclear Materials 190: 198-227.

4-1



* 0

Bates, J.K., W.L. Bourcier, C.R. Bradley, E.C. Buck, and J.C. Cunnane, et. al. 1993. ANL Technical
Support Program for DOE Environmental Restoration and Waste Management. Annual Report,
October 1991-September 1992. ANL-93/13. Argonne, IL: Argonne National Laboratory.

Bates, J.K., W.L. Bourcier, C.R. Bradley, N.R. Brown, and E.C. Buck, et. al. 1994. ANL Technical
Support Program for DOE Environmental Restoration and Waste Management. Annual Report,
October 1992-September 1993. ANL-94/19. Argonne, IL: Argonne National Laboratory.

Bates, J.K., J.A. Forner, P.A. Finn, D.J. Wronkiewicz, J.C. Hoh, J.W. Emery, E.C. Buck, and S.F. Wolf.
1995. Yucca Mountain Project-Argonne National Laboratory Annual Progress Report, FY 1994.
ANL-94/42. Argonne, IL: Argonne National Laboratory.

Bentley, C.B., J.H. Robison, and R.W. Spengler. 1983. Geohydrologic Data for Test Well USW H-5,
Yucca Mountain Area, Nye County, Nevada. U.S. Geological Survey Open-File Report 83-853.
Denver, CO: U.S. Geological Survey.

Bish, D.L. 1989. Evaluation of Past and Future Alterations in Tuff at Yucca Mountain, Nevada, Based
on the Clay Mineralogy of Drill Cores USW G-J, G-2, and G-3. LA-10667-MS. Los Alamos,
NM: Los Alamos National Laboratory.

Bish, D.L., and S.J. Chipera. 1989. Revised Mineralogic Summary of Yucca Mountain, Nevada.
LA- 11497-MS. Los Alamos, NM: Los Alamos National Laboratory.

Bourcier, W.L. 1994. Critical Review of Glass Performance Modeling. ANL-94/17. Argonne, IL: Argonne
National Laboratory.

Broxton, D.E., R.G. Warren, R.C. Hagan, and G. Luedemann. 1986. Chemistry of Diagenetically Altered
Tuffs at a Potential Nuclear Waste Repository, Yucca Mountain, Nye County, Nevada. LA-
10802-MS. Los Alamos, NM: Los Alamos National Laboratory.

Broxton, D.E., D.L. Bish, and R.G. Warren. 1987. Distribution and chemistry of diagenetic minerals at
Yucca Mountain, Nye County, Nevada. Clays and Clay Minerals 35: 89-110.

Buck, E.C., J.K. Bates, J.C. Cunnane, and W.L. Ebert. 1993. Analytical electron microscopy study of
colloids from nuclear waste glass reaction. Scientific Basis for Nuclear Waste Management XVI.
C.G. Interrante and R.T. Pabalan, eds. Pittsburgh, PA: Materials Research Society: 199-206.

Buddemeier, R.W., and J.R. Hunt. 1988. Transport of colloidal contaminants in groundwater Radionuclide
migration at the Nevada Test Site. Applied Geochemistry 3: 535-548.

Burbey, T.J., and D.E. Prudic. 1991. Conceptual Evaluation of Regional Ground-Water Flow in the
Carbonate-Rock Province of the Great Basin, Nevada, Utah, and Adjacent States. U.S.
Geological Survey Professional Paper 1409-D. Washington, DC: U.S. Geological Survey.

Buscheck, T.A., and J.J. Nitao. 1993a. The analysis of repository-heat-driven hydrothermal flow at Yucca
Mountain. Proceedings of the Fourth Annual International Conference on High Level
Radioactive Waste Management. La Grange Park, IL: American Nuclear Society: 847-867.

4-2



S . (1

Buscheck, T.A., and J.J. Nitao. 1993b. Repository-heat-driven hydrothermal flow at Yucca Mountain,

Part 1: Modeling and analysis. Nuclear Technology 104: 418-448.

Buscheck, T.A., and J.J. Nitao. 1993c. The impact of repository-heat on thermo-hydrological performance

at Yucca Mountain. Proceedings of the Topical Meeting on Site Characterization and Model

Validation, Focus '93. La Grange Park, IL: American Nuclear Society: 127-144.

Carlos, B.A. 1987. Minerals in Fractures of the Saturated Zone from Drill Core USW G-4, Yucca

Mountain, Nye County, Nevada. LA- 10927-MS. Los Alamos, NM: Los Alamos National

Laboratory.

Carlos, B.A. 1989. Fracture-Coating Minerals in the Topopah Spring Member and Upper Tuff of Calico

Hills from Drill Hole J-13. LA-i 1504-MS. Los Alamos, NM: Los Alamos National Laboratory.

Carlos, B.A., D.L. Bish, and S.J. Chipera. 1990. Manganese-Oxide Minerals in Fractures of the Crater

Flat Tuff in Drill Core USW G-4, Yucca Mountain, Nevada. LA-1 1787-MS. Los Alamos, NM:
Los Alamos National Laboratory.

Carlos, B.A., D.L. Bish, and S.J. Chipera. 1991. Fracture-lining minerals in the lower Topopah Spring

Tuff at Yucca Mountain. Proceedings of the Second Annual International Conference on High

Level Radioactive Waste Management. La Grange Park, IL: American Nuclear Society: 486-493.

Carrigan, C.R., G.P. King, and G.E. Barr. 1990. A Scoping Study of Water Table Excursions Induced by

Seismic and Volcanic Events. UCRL-ID-105340. Livermore, CA: Lawrence Livermore National

Laboratory.

Carrigan, C.R., and G.P. King. 1991. Models of water table excursions induced by seismic events at
Yucca Mountain, Nevada. Abstract. EOS 72: 116.

Carrigan, C.R., G.P. King, G.E. Barr, and N.E. Bixler. 1991. Potential for water table excursions induced

by seismic events at Yucca Mountain, Nevada. Geology 19: 1,157-1,160.

Claassen, H.C. 1985. Sources and Mechanisms of Recharge for Groundwater in the West Central
Amargosa Desert, Nevada: A Geochemical Interpretation. U.S. Geological Survey Professional

Paper 712F. Reston, VA: U.S. Geological Survey.

Codell, R., and R. Weller. 1994. Further development of a source term model for a repository in

unsaturated tuff. Proceedings of the Fifth Annual International Conference on High Level

Radioactive Waste Management. La Grange Park, IL: American Nuclear Society: 477-484.

Connor, C.B., and B.E. Hill. 1994a. The CNWRA Volcanism Geographic Information System Data Base.

CNWRA 94004. San Antonio, TX: Center for Nuclear Waste Regulatory Analyses.

Connor, C.B., and B.E. Hill. 1994b. Field volcanism research. NRC High-Level Radioactive Waste

Research at CNWRA January-June 1994. B. Sagar, ed. CNWRA 94-01S. San Antonio, TX:

Center for Nuclear Waste Regulatory Analyses: 161-187.

4-3



* 0

Cook, W., and J.M. Kemeny. 1991. A mechanical estimate for water level change due to a normal faulting
earthquake. Abstract. EOS 71: 116

Cordfunke, E.H.P., and R.J.M. Konings. 1993. The release of fission products from degraded U0 2 fuel:
Thermochemical aspects. Journal of Nuclear Materials 201: 57-69.

Craig, R.W., and R.L. Reed. 1991. Geohydrology of Rocks Penetrated by Test Well USW H-6, Yucca
Mountain, Nye County, Nevada. U.S. Geological Survey Water-Resources Investigations Report
89-4025. Denver, CO: U.S. Geological Survey.

Craig, R.W., R.L. Reed, and R.W. Spengler. 1983. Geohydrologic Data for Test Well USW H-6, Yucca
Mountain Area, Nye County, Nevada. U.S. Geological Survey Open-File Report 83-856. Denver,
CO: U.S. Geological Survey.

Crowe, B.M. 1986. Volcanic Hazard Assessment for Disposal of High-Level Radioactive Waste, In: Active
Tectonics. Washington, DC: National Academy Press.

Crowe, B.M., K.H. Wohlrtz, D.T. Vaniman, E. Gladney, and B. Bower. 1986. Status of Volcanic Hazards
Studies for the Nevada Nuclear Waste Storage Investigations. LA-9325-MS-2. Los Alamos, NM:
Los Alamos National Laboratory.

Crowe, B.M., D.T. Vaniman, and W.J. Carr. 1983a. Status of Volcanic Hazards Studies for the Nevada
Nuclear Waste Storage Investigations. LA-9325-MS. Los Alamos, NM: Los Alamos National
Laboratory.

Crowe, B.M., S. Self, D.T. Vaniman, R. Amos, and F. Perry. 1983b. Aspects of potential magmatic
disruption of a high-level radioactive waste repository in southern Nevada. Journal of Geology
91: 259-276.

Crowe, B.M., F.V. Perry, and G.A. Valentine. 1993. Status of Volcanic Hazard Studies for the Yucca
Mountain Site Characterization Project. LA-9325. Los Alamos, NM: Los Alamos National
Laboratory.

Czarnecki, J.B. 1985. Simulated Effects of Increased Recharge on the Ground-Water Flow System of
Yucca Mountain and Vicinity, Nevada-California. U.S. Geological Survey Water-Resources
Investigations Report 84-4344. Denver, CO: U.S. Geological Survey.

Czamecki, J.B. 1990a. Geohydrology and Evapotranspiration at Franklin Lake Playa, Inyo County,
California. U.S. Geological Survey Open-File Report 90-356. Denver, CO: U.S. Geological
Survey.

Czamecki, J.B. 1990b. Geohydrologic and Evapotranspiration Data from Franklin Lake Playa, Inyo
County, California. U.S. Geological Survey Open-File Report 89-595. Denver, CO: U.S.
Geological Survey.

Czarnecki, J.B. 1990c. Preliminary simulations related to a large horizontal hydraulic gradient at the north
end of Yucca Mountain, Nevada. Proceedings of the American Institute of Hydrology Spring
Meeting. Las Vegas, NV: American Institute of Hydrology.

4-4



Czarnecki, J.B., and R.K. Waddell. 1984. Finite-Element Simulation of Ground-Water Flow in the Vicinity

of Yucca Mountain, Nevada-California. U.S. Geological Survey Water-Resources Investigations
Report 84-4349. Denver, CO: U.S. Geological Survey.

Dodge, F.T., and R.T. Green. 1994. Thermohydrology. NRC High-Level Radioactive Waste Research at

CNWRA, July-December 1993. B. Sagar, ed. CNWRA 93-02S. San Antonio, TX: Center for
Nuclear Waste Regulatory Analyses: 2-I to 2-20.

Dohrenwend, J.C. 1982. Surficial Geologic Map of the Walker Lake 1 by 20 Quadrangle, Nevada-
California. Scale 1:250,000. U.S. Geological Survey Miscellaneous Field Studies Map MF-2174,
Reston, VA: U.S. Geological Survey.

Dohrenwend, J.C., and B.C. Moring. 1991a. Reconnaissance Photogeologic Map of Young Faults in the
Vya 1° by 20 Quadrangle, Nevada, Oregon, and California. Scale 1:250,000. U.S. Geological
Survey Miscellaneous Field Studies Map MF2174. Reston, VA: U.S. Geological Survey.

Dohrenwend, J.C., and B.C. Moring. 1991b. Reconnaissance Photogeologic Map of Young Faults in the
Winnemucca 1° by 20 Quadrangle, Nevada, Oregon, and California. Scale 1:250,000. U.S.
Geological Survey Miscellaneous Field Studies Map MF2175. Reston, VA: U.S. Geological
Survey.

Dohrenwend, J.C., and B.C. Moring. 199 1c. Reconnaissance Photogeologic Map of Young Faults in the
McDermitt 1° by 2° Quadrangle, Nevada, Oregon, and California. Scale 1:250,000. U.S.
Geological Survey Miscellaneous Field Studies Map MF2177. Reston, VA: U.S. Geological
Survey.

Dohrenwend, J.C., M.A. McKittrick, and B.C. Moring. 1991a. Reconnaissance Photogeologic Map of
Young Faults in the Lovelock 1° by 20 Quadrangle, Nevada and California. Scale 1:250,000.
U.S. Geological Survey Miscellaneous Field Studies Map MF2178 Reston, VA: U.S. Geological
Survey.

Dohrenwend, J.C., M.A. McKittrick, and B.C. Moring. 1991b. Reconnaissance Photogeologic Map of
Young Faults in the Wells 1° by 20 Quadrangle, Nevada, Utah, and Idaho. Scale 1:250,000. U.S.
Geological Survey Miscellaneous Field Studies Map MF2184. Reston, VA: U.S. Geological
Survey.

Dohrenwend, J.C., C.M. Menges, B.A. Schell, and B.C. Moring. 1991c. Reconnaissance Photogeologic
Map of Young Faults in the Las Vegas 1° by 20 Quadrangle, Nevada, California, and Arizona.
Scale 1:250,000. U.S. Geological Survey Miscellaneous Field Studies Map MF2184. Reston,
VA: U.S. Geological Survey.

Dohrenwend, J.C., M.A. McKittrick, and B.C. Moring. 1991d. Reconnaissance Photogeologic Map of
Young Faults in the Elko 1° by 20 Quadrangle, Nevada and Utah. Scale 1:250,000. U.S.
Geological Survey Miscellaneous Field Studies Map MF2179. Reston, VA: U.S. Geological
Survey.

4-5



Dohrenwend, J.C., B.A. Schell, and B.C. Moring. 199 le. Reconnaissance Photogeologic Map of Young
Faults in the Lund 1° by 20 Quadrangle, Nevada and Utah. Scale 1:250,000. U.S. Geological
Survey Miscellaneous Field Studies Map MF2180. Reston, VA: U.S. Geological Survey.

Dohrenwend, J.C., B.A. Schell, and B.C. Moring. 199 If. Reconnaissance Photogeologic Map of Young
Faults in the Ely I' by 20 Quadrangle, Nevada and Utah. Scale 1:250,000. U.S. Geological
Survey Miscellaneous Field Studies Map MF2181. Reston, VA: U.S. Geological Survey.

Dohrenwend, J.C., B.A. Schell, and B.C. Moring. 1992a. Reconnaissance Photogeologic Map of Young
Faults in the Goldfield 1° by 2° Quadrangle, Nevada and California. Scale 1:250,000. U.S.
Geological Survey Miscellaneous Field Studies Map MF2183. Reston, VA: U.S. Geological
Survey.

Dohrenwend, J.C., and B.C. Moring. 1992b. Reconnaissance Photogeologic Map of Young Faults in the
Millett 1° by 20 Quadrangle, Nevada, Oregon, and California. Scale 1:250,000. U.S. Geological
Survey Miscellaneous Field Studies Map MF2176. Reston, VA: U.S. Geological Survey.

Dohrenwend, J.C., and B.C. Moring. 1993. Reconnaissance photogeologic map of late tertiary and
quatemary faults in Nevada. Cordilleran and Rocky Mountain Section Meeting, Geological
Society of America, May 19-21. Abstracts with Programs. Reno, NV: Geological Society of
America.

Dove, P.M. 1994. The dissolution kinetics of quartz in sodium chloride solutions at 250 to 300'C.
American Journal of Science 294: 665-712.

Ebert, W.L., and J.K. Bates. 1992. A comparison of glass reaction at high and low SA/V: PCT versus
MCC- 1. Proceedings of the Third International Conference on High Level Radioactive Waste
Management. La Grange Park, IL: American Nuclear Society: 934-942.

Ellison, A.J.G., J.J. Mazer, and W.L. Ebert. 1994. Effect of Glass Composition on Waste Form Durability:
A Critical Review. ANL-94/28. Argonne, IL: Argonne National Laboratory.

Erickson, J.R., and R.K. Waddell. 1985. Identification and Characterization of Hydrologic Properties of
Fractured Tuff Using Hydraulic and Tracer Tests-Test Well USW H-4, Yucca Mountain, Nye
County, Nevada. U.S. Geological Survey Water-Resources Investigations Report 85-4066.
Denver, CO: U.S. Geological Survey.

Eslinger, P.W., L.A. Doremus, D.W. Engel, T.B. Miley, M.T. Murphy, W.E. Nichols, M.D. White, D.W.
Langford, and S.J. Ouderkirk. 1993. Preliminary Total-System Analysis of a Potential High-Level
Nuclear Waste Repository at Yucca Mountain. PNL-8444. Richland, WA: Pacific Northwest
Laboratory.

Evans, J.R., and M. Smith. 1992. Teleseismic tomography of the Yucca Mountain region: Volcanism and
tectonism. Proceedings of the Third International Conference on High Level Radioactive Waste
Management. La Grange Park, IL: American Nuclear Society: 2,372-2,380.

Fernandez, J.A., J.B. Case, C.A. Givens, and B.C. Carney. 1994. A Strategy to Seal Exploratory Boreholes
in Unsaturated Tuff. SAND93-1184. Albuquerque, NM: Sandia National Laboratories.

4-6



Ferrill, D.A., S.R. Young, G.L. Stirewalt, A.D. Morris, and D.B. Henderson. 1994. Tectonic processes in
the central Basin and Range region. NRC High-Level Radioactive Waste Research at CNWRA
January-June 1994. B. Sagar, ed. CNWRA 94-01S. San Antonio, TX: Center for Nuclear Waste
Regulatory Analyses: 139-160.

Flint, A.L., L.E. Flint, and J.A. Hevesi. 1993. The influence of long term climate change on net
infiltration at Yucca Mountain, Nevada. Proceedings of the Fourth International Conference on
High Level Radioactive Waste Management. La Grange Park, IL: American Nuclear Society:
152-159.

Flint, L.E., and A.L. Flint. 1990. Preliminary Permeability and Water-Retention Data for Nonwelded and
Bedded Tuff Samples, Yucca Mountain Area, Nye County, Nevada. U.S. Geological Survey
Open-File Report 90-569. Denver, CO: U.S. Geological Survey.

Flint, A.L., and L.E. Flint. 1994. Spatial distribution of potential near surface moisture flux at Yucca
Mountain. Proceedings of the Fifth Annual International Conference on High Level Radioactive
Waste Management. La Grange Park, IL: American Nuclear Society: 2,352-2,358.

Forsyth, R.S., and L.O. Werme. 1992. Spent fuel corrosion and dissolution. Journal of Nuclear Materials
190: 3-19.

Frizzel, V.A., and J. Shulters. 1990. Geologic Map of the Nevada Test Site, Southern Nevada. 1: 100,000.
U.S. Geological Survey Miscellaneous Investigations Series Map 1-2046. Washington, DC: U.S.
Geological Survey.

Fuger, J. 1992. Thermodynamic properties of actinide aqueous species relevant to geochemical problems.
Radiochimica Acta 58/59: 81-91.

Fuger, J. 1993. Problems in the thermodynamics of the actinides in relation with the back-end of the
nuclear fuel cycle. Journal of Nuclear Materials 201: 3-14.

Gauthier, J.A. 1993. The most likely groundwater flux through the unsaturated tuff matrix at USW H-i.
Proceedings of the Fourth Annual International Conference on High Level Radioactive Waste
Management. La Grange Park, IL: American Nuclear Society: 146-151.

Gauthier, J.A., and M.L. Wilson. 1994. Chapter 8: Infiltration and percolation rates. Total System
Performance Assessment for Yucca Mountain-SNL Second Iteration (TSPA-1993). M.L. Wilson,
ed. SAND93-2675. Albuquerque, NM: Sandia National Laboratories.

Green, R.T., F.T. Dodge, S.J. Svedeman, R.D. Manteufel, G. Rice, K.A. Meyer, and R.G. Baca. 1995.
Thermally Driven Moisture Redistribution in Partially Saturated Porous Media. CNWRA
95-005. San Antonio, TX: Center for Nuclear Waste Regulatory Analyses.

Grenthe, I., J. Fuger, R.J. Lemire, A.B. Muller, C. Nguyen-Trung, and H. Wanner. 1992. Chemical
Thermodynamics Series, Volume 1: Chemical Thermodynamics of Uranium. Nuclear Energy
Agency, Organization for Economic Cooperation and Development. New York, NY: Elsevier.

4-7



Harmsen, S.C. 1994. Preliminary Seismicity and Focal Mechanisms for the Southern Great Basin of
Nevada and California: January 1992 Through September 1992. U.S. Geological Survey Open-
File Report 93-369. Denver, CO: U.S. Geological Survey.

Hevesi, J.A., and A.L. Flint. 1993. The influence of seasonal climatic variability on shallow infiltration
at Yucca Mountain. Proceedings of the Fourth Annual International Conference on High Level
Radioactive Waste Management. La Grange Park, IL: American Nuclear Society: 122-131.

Hill, B.E., G.L. Stirewalt, and C.B. Connor. 1994. Volcanism research. NRC High-Level Radioactive
Waste Research at CNWRA January-June 1994. B. Sagar, ed. CNWRA 94-OIS. San Antonio,
TX: Center for Nuclear Waste Regulatory Analyses: 117-137.

Jennings, C.W. 1992. A Preliminary Fault Map of California. CDMG Open-File Report 92-03.
Sacramento, CA: The Resources Agency: California Department of Conservation: Division of
Mines and Geology.

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.

Kerrisk, J.F. 1983. Reaction-Path Calculations of Groundwater Chemistry and Mineral Formation at
Rainier Mesa, Nevada. LA-9912-MS. Los Alamos, NM: Los Alamos National Laboratory.

Kerrisk, J.F. 1987. Groundwater Chemistry at Yucca Mountain, Nevada, and Vicinity. LA- 10929-MS. Los
Alamos, NM: Los Alamos National Laboratory.

Kingston, W.L., and M. Whitbeck. 1991. Characterization of Colloids Found in Various Groundwater
Environments in Central and Southern Nevada. DOE/NV/10384-36. Washington, DC: U.S.
Department of Energy.

Kuiper, L.K. 1991. Water table rise due to magma intrusion beneath Yucca Mountain. Abstract. EOS
72: 121.

Kume, J., and D.P. Hammermeister. 1991. Geohydrologic Data from Drill-Bit Cuttings and Rotary Cores
from Test Hole USW UZ-13, Yucca Mountain Area, Nye County, Nevada. U.S. Geological
Survey Open-File Report 90-362. Denver, CO: U.S. Geological Survey.

Lahoud, R.G., D.H. Lobmeyer, and M.S. Whitfield. 1984. Geohydrology of Volcanic Tuff Penetrated by
Test Well UE-25b#J, Yucca Mountain, Nye County, Nevada. U.S. Geological Survey Water-
Resources Investigations Report 84-4253. Denver, CO: U.S. Geological Survey.

Lichtner, P.C. 1994. Engineered Barrier System Performance Assessment Codes (EBSPAC) Progress
Report, October 1, 1993, through September 25, 1994. CNWRA 94-026. San Antonio, TX:
Center for Nuclear Waste Regulatory Analyses.

Lichtner, P.C., and J.C. Walton. 1994. Near-Field Liquid-Vapor Transport in a Partially Saturated
High-Level Nuclear Waste Repository. CNWRA 94-022. San Antonio, TX: Center for Nuclear
Waste Regulatory Analyses.

4-8



* * MfqI

Lichtner, P.C., J. Song, T. Torng, and J.C. Walton. 1995. SCCEX: A Computer Code for Substantially
Complete Containment Example Analysis of a Reference Container, Version 1.01. Letter Report
to NRC. San Antonio, TX: Center for Nuclear Waste Regulatory Analyses.

Loscot, C.L., and D.P. Hammermeister. 1992. Geohydrologic Data from Test Holes UE-25 UZ#4 and UE-
25 UZ#5, Yucca Mountain Area, Nye County, Nevada. U.S. Geological Survey Open-File Report
90-369. Denver, CO: U.S. Geological Survey.

Manaktala, H.K. 1993. Characteristics of Spent Nuclear Fuel and Cladding Relevant to High-Level Waste
Source Term. CNWRA 93-006. San Antonio, TX: Center for Nuclear Waste Regulatory
Analyses.

Manaktala, H.K. 1995. Potential Implications of Colloids on the Long-Term Performance of a High-Level
Radioactive Waste Repository. CNWRA 95-015. San Antonio, TX: Center for Nuclear Waste
Regulatory Analyses.

McKinley, P.W., M.P. Long, and L.V. Benson. 1991. Chemical Analyses of Waterfor Selected Wells and
Springs in the Yucca Mountain Area, Nevada, and Southeastern California. U.S. Geological
Survey Open-File Report 90-355. Denver, CO: U.S. Geological Survey.

Meike, A. 1994. Chemical implications for the presence of introduced materials in the post-emplacement
environment. Scientific Basis for Nuclear Waste Management XVII. A. Barkatt and R.A. Van
Konynenburg, eds. Pittsburgh, PA: Materials Research Society: 835-840.

Meike, A., and C. Wittwer. 1994a. Introduced materials and colloid formation: A report on the current
state of knowledge. Scientific Basis for Nuclear Waste Management XVII. A. Barkatt and
R.A. Van Konyenburg, eds. Pittsburgh, PA: Materials Research Society: 783-789.

Meike, A., and C. Wittwer. 1994b. Formation of colloids from introduced materials in the post-
emplacement environment: A report on the state of understanding. Proceedings of the Topical
Meeting on Site Characterization and Model Validation Focus '93. La Grange Park, IL:
American Nuclear Society: 127-144.

Montazer, P., and W.E. Wilson. 1984. Conceptual Hydrologic Model of Flow in the Unsaturated Zone,
Yucca Mountain, Nevada. U.S. Geological Survey Water-Resources Investigations Report 84-
4345. Denver, CO: U.S. Geological Survey.

Mower, T.E., J.D. Higgins, I.C. Yang, and C.A. Peters. 1993. Pore-Water Extraction from Unsaturated
Tuff by Triaxial and One-Dimensional Compression Methods, Nevada Test Site, Nevada. Water-
Resources Investigations Report 93-4144. Denver, CO: U.S. Geological Survey.

Murphy, W.M., and H.C. Helgeson. 1989. Thermodynamic and kinetic constraints on reaction rates among
minerals and aqueous solutions. IV. Retrieval of rate constants and activation parameters for the
hydrolysis of pyroxene, wollastonite, olivine, andalusite, quartz, and nepheline. American Journal
of Science 289: 17-101.

4-9



Murphy, W.M., and R.T. Pabalan. 1994. Geochemical Investigations Related to the Yucca Mountain
Environment and Potential Nuclear Waste Repository. NUREG/CR-6288. Washington, DC:
Nuclear Regulatory Commission.

National Research Council. 1992. Ground Water at Yucca Mountain: How High Can It Rise? Final
Report of the Panel on Coupled Hydrologic Tectonic/Hydrothermal Systems at Yucca Mountain.
Washington, DC: National Academy Press.

Nuclear Regulatory Commission. 1994. License Application Review Plan for the Review of a License
Application for a Geologic Repository for Spent Nuclear Fuel and High-Level Radioactive Waste
Yucca Mountain Site, Nevada. NUREG-1323, Rev. 0. Washington, DC: Nuclear Regulatory
Commission.

O'Connell, W.J. 1990. Status of integrated performance assessment of waste packages and engineered
barrier system. Proceedings of the First Annual International Conference on High Level
Radioactive Waste Management. La Grange Park, IL: American Nuclear Society: 122-131.

O'Connell, W.J., D.A. Lappa, and R.M. Thatcher. 1989. Waste Package Performance Assessment for the
Yucca Mountain Project. UCRL- 100395. Livermore, CA: Lawrence Livermore National
Laboratory.

O'Neal, W.C., D.W. Gregg, J.N. Hockman, E.W. Russell, and W. Stein. 1984. Preclosure Analysis of
Conceptual Waste Package Designs for a Nuclear Waste Repository in Tuff. UCRL-53595.
Livermore, CA: Lawrence Livermore National Laboratory.

Pabalan, R.T., and D.R. Turner. 1994. Sorption Modeling for HLW Performance Assessment. NRC
High-Level Radioactive Waste Research at CNWRA July-December, 1993. B. Sagar, ed.
CNWRA 93-02S. San Antonio, TX: Center for Nuclear Waste Regulatory Analyses: & I to 6-23.

Peters, R.R., E.A. Klavetter, I.J. Hall, S.C. Blair, P.R. Heller, and G.W. Gee. 1984. Fracture and Matrix
Hydrologic Characteristics of Tuffaceous Materials from Yucca Mountain, Nye County, Nevada.
SAND84-1471. Albuquerque, NM: Sandia National Laboratories.

Phillips, S.L., F.V. Hale, L.F. Silvester, and M.D. Siegel. 1988. Thermodynamic Tables for Nuclear Waste
Isolation. NUREG/CR-4864. LBL-22860. SAND87-0323. Washington, DC: Nuclear Regulatory
Commission.

Pruess, K., and Y. Tsang. 1993. Modeling of strongly heat-driven flow processes at a potential high-level
nuclear waste repository at Yucca Mountain, Nevada. Proceedings of the Fourth Annual
International Conference on High Level Radioactive Waste Management. La Grange Park, IL:
American Nuclear Society: 568-575.

Ramirez, A.L., T.A. Buscheck, R. Carlson, W. Daily, K. Lee, W. Lin, N. Mao, T.S. Ueng, H. Wang, and
D. Watwood. 1991. Prototype Engineered Barrier System Field Test (PEBSFT) Final Report.
UCRL-ID-106159. Livermore, CA: Lawrence Livermore National Laboratory.

Rice, W.A. 1984. Preliminary Two-Dimensional Regional Hydrologic Model of the Nevada Test Site and
Vicinity. SAND83-7466/UC-70: Albuquerque, NM: Pacific Northwest Laboratory.

4-10



Robison, J.H. 1984. Ground-Water Level Data and Preliminary Potentiometric-Surface Maps. Yucca
Mountain and Vicinity, Nye County, Nevada. U.S. Geological Survey Water-Resources
Investigations Report, 84-4197. Denver, CO: U.S. Geological Survey.

Robison, J.H., D.M. Stephens, R.R. Luckey, and D.A. Baldwin. 1988. Water Levels in Periodically
Measured Wells in the Yucca Mountain Area, Nevada, 1981-87. U.S. Geological Survey Open-
File Report 88-468. Denver, CO: U.S. Geological Survey.

Rogers, A.M., S.C. Harmsen, and M.E. Meremonte. 1987. Evaluation of the Seismicity of the Southern
Great Basin and its Relationship to the Tectonic Framework of the Region. U.S. Geological
Survey Open-File Report 87-408. Denver, CO: U.S. Geological Survey.

Rush, F.E. 1971. Regional Ground-Water Systems in the Nevada Test Site Area, Nye, Lincoln, and Clark
Counties, Nevada. U.S. Geological Survey Water-Resources Reconnaissance Series Report 54.
Denver, CO: U.S. Geological Survey.

Rush, F.E., W. Thordarson, and L. Bruckheimer. 1983. Geohydrologic and Drill-Hole Data for Test Well
USW H-I, Adjacent to Nevada Test Site, Nye County, Nevada. U.S. Geological Survey Open-File
Report 83-141. Denver, CO: U.S. Geological Survey.

Rutherford, B.M., I.J. Hall, R.R. Peters, R.G Easterling, and E.A. Klavetter. 1992. Statistical Analysis of
Hydrologic Data for Yucca Mountain. SAND87-2380. Albuquerque, NM: Sandia National
Laboratories.

Savard, C.S. 1994. Groundwater recharge in Fortymile Wash near Yucca Mountain, Nevada, 1992-93.
Proceedings of the Fifth Annual International Conference on High-Level Radioactive Waste
Management. La Grange Park, IL: American Nuclear Society: 2,805-1,813.

Schenker, A.R., D.C. Guerin, and T.H. Robey. 1994. Stratigraphy and Hydrogeologic Properties
Development for the Total-System Performance Assessment 1993. SAND94-0244. Albuquerque,
NM: Sandia National Laboratories.

Schwartz, B.M. 1990. SNL Yucca Mountain Project Data Report: Density and Porosity Data for Tuffs
from the Unsaturated Zone at Yucca Mountain Nevada. SAND88-08 11. Albuquerque, NM:
Sandia National Laboratories.

Scott, R.B., and J. Bonk. 1984. Preliminary Geologic Map (1:12,000 scale) of Yucca Mountain, Nye
County, Nevada, with Geologic Cross Sections. U.S. Geological Survey Open-File Report 84-
494. Denver, CO: U.S. Geological Survey.

Smith, E.I., D.L. Feuerback, T.R. Naumann, and J.E. Faulds. 1990. The area of most recent volcanism
near Yucca Mountain, Nevada. Implications for volcanic risk assessment. Proceedings of the
First International Conference on High Level Radioactive Waste Management. La Grange Park,
IL: American Nuclear Society: 81-90.

Sridhar, N., G.A. Cragnolino, and D.S. Dunn. 1994. Integrated waste package experiments. NRC
High-Level Radioactive Waste Research at CNWRA, July-December 1993. B. Sagar, ed.
CNWRA 93-02S. San Antonio, TX: Center for Nuclear Waste Regulatory Analyses: 4-I to 4-35.

4-11



0 0

Sridhar, N., G.A. Cragnolino, and D.S. Dunn. 1995. Experimental Investigations of Failure Processes of
High-Level Radioactive Waste Container Materials. CNWRA 95-010. San Antonio, TX: Center
for Nuclear Waste Regulatory Analyses.

Stahl; D., and N.E. Miller. 1986. Long-Term Performance of Materials Used for High-Level Waste
Packaging. NUREG/CR-4379, BMI-2128. Columbus, OH: Battelle Memorial Institute.

Stephens, K., L. Boesch, B. Crane, R. Johnson, R. Moler, S. Smith, and L. Zaremba. 1986. Methodologies
Jbr Assessing Long-Term Performance of High-Level Radioactive Waste Packages. NUREG/CR-
4477. ATR-85(5810-01)1ND. Washington, DC: The Aerospace Corporation.

Stirewalt, G., B. Henderson, and S. Young. 1994. A Preliminary Three-Dimensional Geological
Framework Model for Yucca Mountain, Nevada: Report to Accompany Model Transfer to the
Nuclear Regulatory Commission. CNWRA 94-023. San Antonio, TX: Center for Nuclear Waste
Regulatory Analyses.

Stothoff, S.A. 1994. Breath Version 1.0-Coupled Flow and Energy Transport in Porous Media.
Simulator Description and User Guide. CNWRA 94-020. San Antonio, TX: Center for Nuclear
Waste Regulatory Analyses.

Stothoff, S.A., A.C. Bagtzoglou, and H.M. Castellaw. 1995. Estimation of the spatial distribution of
infiltration factors at Yucca Mountain, Nevada. Proceedings in the International Conference on
Application of Geographic Information Systems in Hydrology and Water Resources Management.
Vienna, Austria.

Sverdrup, H.U. 1990. The Kinetics of Base Cation Release Due to Chemical Weathering. Lund, Sweden:
Lund University Press.

Thomas, K.W. 1987. Summary of Sorption Measurements Performed with Yucca Mountain, Nevada, Tuff
Samples and Water from Well J-13. LA- 10960-MS. Los Alamos, NM: Los Alamos National
Laboratory.

Thordarson, W. 1983. Geohydrologic Data and Test Results from Well J-13, Nevada Test Site, Nye
County, Nevada. U.S. Geological Survey Open-File Report 83-4171. Denver, CO: U.S.
Geological Survey.

Thorstenson, D.C., H. Haas, E.P. Weeks, and J.C. Woodward. 1989. Physical and chemical characteristics
of topographically affected airflow in an open borehole at Yucca Mountain, Nevada. Proceedings
of the Topical Meeting on Nuclear Waste Isolation in the Unsaturated Zone, Focus '89. La
Grange Park, IL: American Nuclear Society: 256-270.

Trapp, J. 1989. Probability of Volcanism at Yucca Mountain. Memorandum. Washington, DC: Nuclear
Regulatory Commission.

Triay, I., A. Simmons, S. Levy, S. Nelson, H. Nuttall, B. Robinson, W. Steinkampf, and B. Viani. 1995.
Colloid-Facilitated Radionuclide Transport at Yucca Mountain. LA-12779-MS. Los Alamos,
NM: Los Alamos National Laboratory.

4-12



0 * 6q

Turner, D.R. 1995. A Uniform Approach to Surface Complexation Modeling of Radionuclide Sorption.

CNWRA 95-001. San Antonio, TX: Center for Nuclear Waste Regulatory Analyses.

Turner, D.R., and Pickett, D.A. 1994. Report on Geographic Database Development and Investigations

to Support CDM Development-Geochemistry FY94. Letter Report to NRC. San Antonio, TX:

Center for Nuclear Waste Regulatory Analyses.

Turner, D.R., M. Ahola, D. Ferrill, R. Green, A. Gureghian, R. Hofmann, R. Manteufel, M. Miklas,

G. Rice, S. Stothoff, and G. Wittmeyer. 1994. Report of Geographic Information System

Database Development and Investigations to Support Compliance Determination Method

Development-Hydrology FY94. Letter Report to NRC. San Antonio, TX: Center for Nuclear

Waste Regulatory Analyses.

U.S. Department of Energy. 1988a. Chapter 4. Temperature and pressure. Site Characterization Plan,

Yucca Mountain Site, Nevada Research and Development Area, Nevada. DOE/RW-0199.

Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1988b. Characterization of Yucca Mountain Saturated-Zone Hydrochemistry.

Study Plan No. 8.3.1.2.3.2. Denver, CO: U.S. Geological Survey.

U.S. Department of Energy. 1988c. Chapter 4. Major inorganic content. Site Characterization Plan, Yucca

Mountain Site, Nevada Research and Development Area, Nevada. DOE/RW-0 199. Washington,

DC: U.S. Department of Energy.

U.S. Department of Energy. 1988d. Chapter 4. Mineralogical, petrologic, and chemical composition of the

host rock and surrounding units. Site Characterization Plan, Yucca Mountain Site, Nevada

Research and Development Area, Nevada. DOE/RW-0199. Washington, DC: U.S. Department

of Energy.

U.S. Department of Energy. 1988e. Chapter 4. Dissolved gas. Site Characterization Plan, Yucca Mountain

Site, Nevada Research and Development Area, Nevada. DOE/RW-0199. Washington, DC: U.S.

Department of Energy.

U.S. Department of Energy. 1988f. Draft 1988 Mission Plan Amendment. DOE/RW-0187. Washington,

DC: U.S. Department of Energy: Office of Civilian Radioactive Waste Management.

U.S. Department of Energy. 1988g. Chapter 6. Current repository design description. Site Characterization

Plan, Yucca Mountain Site, Nevada Research and Development Area, Nevada. DOE/RW-0 199.

Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1988h. Chapter 4. Sorption. Site Characterization Plan, Yucca Mountain Site,

Nevada Research and Development Area, Nevada. DOE/RW-0199. Washington, DC: U.S.

Department of Energy.

U.S. Department of Energy. 1988i. Chapter 1. Structural geology and tectonics. Site Characterization

Plan, Yucca Mountain Site, Nevada Research and Development Area, Nevada. DOE/RW-0 199.

Washington, DC: U.S. Department of Energy.

4-13



* 0

U.S. Department of Energy. 1989. Mineralogy, Petrology, and Chemistry of Transport Pathways. Study
Plan No. 8.3.1.3.2.1. Los Alamos, NM: Los Alamos National Laboratory.

U.S. Department of Energy. 1990a. Hydrochemical Characterization of the Unsaturated Zone. Study Plan
No. 8.3.1.2.2.7. Denver, CO: U.S. Geological Survey.

U.S. Department of Energy. 1990b. Yucca Mountain Project Reference Information Base. YMP/CC-0002
(Version 04.002). Las Vegas, NV: U.S. Department of Energy.

U.S. Department of Energy. 1990c. Evaluating the Location and Recency of Faulting Near Prospective
Surface Facilities. Study Plan No. 8.3.1.17.4.2. Los Alamos, NM: Los Alamos National
Laboratory.

U.S. Department of Energy. 1990d. Characterization of Volcanic Features. Study Plan No. 8.3.1.8.5.1.
Los Alamos, NM: Los Alamos National Laboratory.

U.S. Department of Energy. 1990e. Characterization of Quaternary Regional Hydrology. Study Plan No.
8.3.1.5.2.1. Denver, CO: U.S. Geological Survey.

U.S. Department of Energy. 1991a. Characterization of Yucca Mountain Unsaturated-Zone Gaseous Phase
Movement. Study Plan No. 8.3.1.2.2.6. Denver, CO: U.S. Geological Survey.

U.S. Department of Energy. 199 lb. Integrated Data Base for 1991: U.S. Spent Fuel and Radioactive
Waste Inventories, Projections, and Characteristics. DOE/RW-0006, Rev. 7. Washington, DC:
U.S. Department of Energy: Office of Civilian Radioactive Waste Management.

U.S. Department of Energy. 1991c. Quaternary Faulting Within the Site Area. Study Plan No.
8.3.1.17.4.6. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1991d. Geodetic Leveling. Study Plan No. 8.3.1.17.4.10. Washington DC:
U.S. Department of Energy.

U.S. Department of Energy. 1991e. Characterization of Run-Off and Streamflow. Study Plan No.
8.3.1.2.1.2. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1991f. Characterization of Unsaturated Zone Infiltration. Study Plan No.
8.3.1.2.2.1. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1991g. Characterization of the Regional Groundwater Flow System. Study
Plan No. 8.3.1.2.1.3. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1991h. Historical and Current Seismicity. Study Plan No. 8.3.1.17.4.1.
Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1992a. Characterization of the Yucca Mountain Saturated-Zone
Hydrochemistry. Study Plan No. 8.3.1.2.3.2. U.S. Denver, CO: Geological Survey.

4-14



a a 63(q4
U.S. Department of Energy. 1992b. Characteristics of Potential Repository Waste. DOE/RW-0184-RI.

Washington, DC: U.S. Department of Energy: Office of Civilian Radioactive Waste
Management.

U.S. Department of Energy. 1992c. Studies to Provide Soil and Rock Properties of Potential Locations
of Surface and Subsurface Facilities. Study Plan No. 8.3.1.14.2. Washington, DC: U.S.
Department of Energy.

U.S. Department of Energy. 1992d. Regional Hydrologic Synthesis and Modeling. Study Plan No.
8.3.1.2.1.4. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1992e. Relevant Earthquake Sources. Study Plan No. 8.3.1.1.7.3.1.
Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993a. Proposed Alternative Strategy for the Department of Energy's Civilian
Radioactive Waste Management Program: A Task Force Report. Letter from T. Issacs and M.B.
Blanchard to L. Barrett, March 31, 1993.

U.S. Department of Energy. 1993b. Yucca Mountain Site Characterization Project Technical Data Catalog
(September 1993). Study Plan No. 8.3.1.2.3.2. Las Vegas, NV: U.S. Department of Energy.

U.S. Department of Energy. 1993c. Waste Package Design Status Report Fiscal Year 1993. BOOOOOOOO-
01717-570500007-00. Las Vegas, NV: U.S. Department of Energy: Yucca Mountain Site
Characterization Project Office.

U.S. Department of Energy. 1993d. Tectonic Models and Synthesis. Study Plan No. 8.3.1.17.4.12.
Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993e. Characterization of Structural Features Within the Site Area. Study
Plan No. 8.3.1.4.2.2 R2. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993f. Systematic Acquisition of Site Specific Subsurface Information. Study
Plan No. 8.3.1.4.3.1. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993g. Quaternary Faulting Within 100 km of the Site Including the Walker
Lane. Study Plan No. 8.3.1.17.4.3. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993h. Quaternary Faulting Proximal to the Site Within NE Trending Fault
Zones. Study Plan No. 8.3.1.17.4.4. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993i. Site Unsaturated Zone Synthesis and Modeling. Study Plan No.
8.3.1.2.2.9. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993j. Characterization of the Yucca Mountain Unsaturated Zone in the ESF.
Study Plan No. 8.3.1.2.2.4 RI. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993k. Fluid Flow in Unsaturated Fractured Rock. Study Plan No.
8.3.1.2.2.8. Washington, DC: U.S. Department of Energy.

4-15



U.S. Department of Energy. 19931. Water Movement Test. Study Plan No. 8.3.1.2.2.2 RI Washington, DC:
U.S. Department of Energy.

U.S. Department of Energy. 1993m. Characterization of Quaternary Regional Hydrology. Study Plan No.
8.3.1.5.2.1.1 R2. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993n. Characterization of Future Regional Hydrology. Study Plan No.
8.3.1.5.2.2. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993o. Meteorological Data Collection at the Yucca Mountain Site. Study
Plan No. 8.3.1.12.2.1. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993p. Characterization of Modern Regional Climate. Study Plan No.
8.3.1.5.1.1. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993q. Characterization of the Unsaturated-Zone Infiltration. Study Plan
No. 8.3.1.2.2.1. Denver, CO: U.S. Geological Survey.

U.S. Department of Energy. 1993r. Current and Historic Seismicity. Study Plan No. 8.3.1.17.4.1. RI.
Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993s. Effects of Local Site Geology on Surface and Subsurface Ground
Motion. Study Plan No. 8.3.1.17.3.4. Washington, DC: U.S. Department of Energy.

U.S. Department of Energy. 1993t. Ground Motion at the Site from Controlling Seismic Events. Study
Plan No. 8.3.1.17.3.5. Washington, DC: U.S. Department of Energy.

Veleckis, E., and J.C. Ho. 1991. Dissolution Characteristics of Mixed U02 Powders in J-13 Water Under
Saturated Conditions. ANL-91/8. Argonne, IL: Argonne National Laboratory.

Waddell, R.K. 1982. Two-Dimensional, Steady-State Model of Ground-Water Flow, Nevada Test Site and
Vicinity, Nevada-California. U.S. Geological Survey Water-Resources Investigations Report
82-4085: Denver, CO: U.S. Geological Survey.

Ward, J.W., P.D. Kleinschmidt, and D.E. Peterson. 1986. Thermochemical properties of the actinide
elements and selected actinide-noble metal intermetallics. Handbook on the Physics and
Chemistry of the Actinides. A.J. Freeman and C. Keller, eds. Amsterdam: North-Holland
Publishing Company: 309-413.

Warren, R.G., F.M. Byers, Jr., and L.A. Caporuscio. 1984. Petrography and Mineral Chemistry of Units
of the Topopah Spring, Calico Hills, and Crater Flat Tuffs, and Older Volcanic Units, with
Emphasis on Samples from Drill Hole USW G-1, Yucca Mountain, Nevada Test Site.
LA-10003-MS. Los Alamos, NM: Los Alamos National Laboratory.

Weeks, E.P. 1987. Effect of topography on gas flow in unsaturated-fractured rock: Concepts and
observations. Flow and Transport Through Unsaturated Fractured Rock. D.D. Evans and
T.J. Nicholson, eds. Washington, DC: American Geophysical Union: 42: 165-170.

4-16



Wescott, R.G., M.P. Lee, N.A. Eisenberg, and T.J. McCartin. 1995. NRC Iterative Performance
Assessment Phase 2: Development of Capabilities for Review of a Performance Assessment for
a High-Level Waste Repository. NUREG-1464. Washington, DC: Nuclear Regulatory
Commission.

West, K.A. 1988. Nevada Nuclear Waste Storage Investigations Exploratory Shaft Facility Fluids and
Materials Evaluation. LA- 11398-MS. Los Alamos, NM: Los Alamos National Laboratory.

White, A.F., H.C. Claassen, and L.V. Benson. 1980. The Effect of Dissolution of Volcanic Glass on the
Water Chemistry in a Tuffaceous Aquifer, Rainier Mesa, Nevada. U.S. Geological Survey Water
Supply Paper WSP-1535-Q. Denver, CO: U.S. Geological Survey.

Whitfield, M.S., E.P. Eshom, W. Thordarson, and D.H. Schaefer. 1985. Geohydrology of Rocks
Penetrated by Test Well USW H-4, Yucca Mountain, Nye County, Nevada. U.S. Geological
Survey Water-Resources Investigations Report 85-4030. Denver, CO: U.S. Geological Survey.

Whitfield, M.S., W. Thordarson, and D.P. Hammermeister. 1990. Drilling and Geohydrologic Data for
Test Hole USW UZ-1, Yucca Mountain, Nye County, Nevada. U.S. Geological Survey Open-File
Report 90-354. Denver, CO: U.S. Geological Survey.

Whitfield, M.S., C.M. Cope, and C.L. Loscot. 1993. Borehole and Geohydrologic Data for Test Hole
USW UZ-6, Yucca Mountain Area, Nye County, Nevada. U.S. Geological Survey Open-File
Report 92-28. Denver, CO: U.S. Geological Survey.

Wilson, C.N. 1990a. Results from NNWSI Series 2 Bare Fuel Dissolution Tests. PNL-7169. Richland,
WA: Pacific Northwest Laboratory.

Wilson, C.N. 1990b. Results from NNWSI Series 3 Bare Fuel Dissolution Tests. PNL-7170. Richland,
WA: Pacific Northwest Laboratory.

Wilson, M.L., J.H. Gauthier, R.W. Barnard, G.E. Barr, and H.A. Dockery, et. al. 1994. Total System
Performance Assessment for Yucca Mountain-SNL Second Iteration (TSPA-1993).
SAND93-2675. Albuquerque, NM: Sandia National Laboratories.

Winograd, I.J., and W. Thordarson. 1975. Hydrogeologic and Hydrochemical Framework, South-Central
Great Basin, Nevada-California, with Special Reference to the Nevada Test Site. U.S. Geological
Survey Professional Paper 712-C. Reston, VA: U.S. Geological Survey.

Wittmeyer, G.W., and R.V. Klar. 1995. Regional hydrogeological processes of the Death Valley region.
NRC High-Level Radioactive Waste Research at the CNWRA June-December 1994. B. Sagar,
ed. CNWRA 94-02S. San Antonio, TX: Center for Nuclear Waste Regulatory Analyses:
155-175.

Wittmeyer, G.W., W.M. Murphy, and D.A. Ferrill. 1994. Regional hydrogeological processes of the Death
Valley region. NRC High-Level Radioactive Waste Research at the CNWRA January-June 1994.
B. Sagar, ed. CNWRA 94-01S. San Antonio, TX: Center for Nuclear Waste Regulatory
Analyses: 189-212.

4-17



Wittmeyer, G.W., R. Klar, G. Rice, and W. Murphy. 1995a. The CNWRA Regional Hydrogeology
Geographic Information System Database. CNWRA 95-009. San Antonio, TX: Center for
Nuclear Waste Regulatory Analyses.

Wittmeyer, G.W., D. Balin, and R.V. Klar. 1995b. Regional hydrogeological processes of the Death
Valley region. NRC High-Level Radioactive Waste Research at the CNWRA January-June 1995.
B. Sagar, ed. CNWRA 95-OlS. San Antonio, TX: Center for Nuclear Waste Regulatory
Analyses: 8-1 to 8-17.

WoldeGabriel, G., D.F. Broxton, and F.M. Byers, Jr. 1994. Mineralogy and Temporal Relations of
Coexisting Minerals in Altered Tuffs and the Utility of Alkali Zeolites as Potential Low
Temperature Dateable Minerals. LA-UR 94-1259. Los Alamos, NM: Los Alamos National
Laboratory.

Wolery, T.J. 1992. EQ316, A Software Package for Geochemical Modeling of Aqueous Systems: Package
Overview and Installation Guide (Version 7). UCRL-MA-110662 PT 1. Livermore, CA:
Lawrence Livermore National Laboratory.

Wronkiewicz, D.J. 1993. Effects of Radionuclide Decay on Waste Glass Behavior-A Critical Review.
ANL-93/45. Argonne, IL: Argonne National Laboratory.

Wronkiewicz, D.J., J.K. Bates, T.J. Gerding, and E. Veleckis. 1992. Uranium release and secondary phase
formation during unsaturated testing of U0 2 at 90 'C. Journal of Nuclear Materials 190:
107-126.

Yang, I.C., A.K. Turner, T.M. Sayre, and P. Montazer. 1988. Triaxial-Compression Extraction of Pore
Water from Unsaturated Tuff, Yucca Mountain, Nevada. U.S. Geological Survey Water-
Resources Investigations Report 88-4189. Denver, CO: U.S. Geological Survey.

Yang, I.C., C.A. Peters, and D.C. Thorstenson. 1993. Carbon isotopic data from test hole USW UZ-1,
Yucca Mountain, Nevada. Proceedings of the Fourth Annual International Conference on High
Level Radioactive Waste Management. La Grange Park, IL: American Nuclear Society: 401-406.

Young, S., G. Stirewalt, and A. Morris. 1992. Geometric Models of Faulting at Yucca Mountain. CNWRA
92-008. San Antonio, TX: Center for Nuclear Waste Regulatory Analyses.

Zimmerman, R.M., M.L. Blanford, J.F. Holland, R.L. Schuch, and W.H. Barrett. 1986. Final Report
G-Tunnel Small-Diameter Heater Experiments. SAND84-2621. Albuquerque, NM: Sandia
National Laboratories.

Zyvoloski, G.A., B.A. Robinson, Z.V. Dash, and L.L. Trease. 1995a. Models and Methods Summary for
the FEHMN Application. LA-UR-94-3787, Rev. 1. Los Alamos, NM: Los Alamos National
Laboratory: 69

Zyvoloski, G.A., B.A. Robinson, Z.V. Dash, and L.L. Trease. 1995b. Users Manual for the FEHMN
Application. LA-UR-94-3788, Rev. 1. Los Alamos, NM: Los Alamos National Laboratory: 116

4-18



. 0 61 q �

APPENDIX A:

THERMODYNAMIC DATABASE DEVELOPMENT RELEVANT TO
THE PROPOSED REPOSITORY AT

YUCCA MOUNTAIN, NEVADA



A.1 INTRODUCTION

Obtaining accurate thermodynamic data for the solid phases and aqueous species that are directly relevant

to waste disposal in a proposed geologic repository at Yucca Mountain (YM), Nevada is recognized to

be critical for valid modeling of processes such as waste form dissolution, precipitation of secondary
phases, and radionuclide migration. A number of thermodynamic databases that have been critically

assessed are currently available for nuclear waste disposal. However, many of the thermodynamic
databases have been developed to address a wide range of geochemical problems. For this reason, they

are commonly quite large which makes them cumbersome and slows down geochemical calculations.

The results of geochemical modeling are strongly dependent on the quality of the thermodynamic database
used. Several thermodynamic databases that are formatted for use with a particular geochemical speciation

code such as EQ3/6, MINTEQA2, and GEM are currently used at CNWRA and NRC. If the databases

contain different values, then the results will not be strictly comparable. For example, equilibrium

constants from different sources may vary by many orders of magnitude. This has significant implications

for solubility and transport calculations, and also leads to uncertainty about other values in the databases.

Compilation and critical assessment of the available databases and literature is necessary in order to
establish a reliable, consistent thermodynamic database that fulfills the requirements of geochemical

modeling for YM. It is beyond the intended scope of this task, however, to conduct an exhaustive

evaluation of all possible thermodynamic data. Rather, the purpose of this task is to develop, on a limited

scale, a thermodynamic database for radionuclide species and solids relevant to the YM repository
environment.

A.2 DATABASE DEVELOPMENT PROCESS

The procedure followed in developing the limited-scale thermodynamic database includes four main steps:

Step 1. Identification of key solid phases and aqueous species
Step 2. Thermodynamic data compilation
Step 3. Evaluation of data internal consistency
Step 4. Critical data assessment for selected phases of interest

These steps are briefly discussed below.

A.2.1 STEP 1-IDENTIFICATION OF KEY SOLID PHASES AND AQUEOUS
SPECIES

Previous natural analog studies at the Nopal I uranium deposit in Chihuahua, Mexico have

identified uranium minerals that are similar to those likely to form during long-term alteration of spent

fuel in the YM geochemical system (Pearcy et al., 1993). Uranyl silicates are the predominant uranium
phases of the secondary mineral assemblage at Nopal I. Uranyl silicates including uranophane, soddyite,

weeksite and boltwoodite are thought to be important solid phases limiting uranium solubility and transport

at Nopal. These phases may perform a similar function at YM during the dissolution of spent fuel and

transport of radionuclides. The selection of aqueous species for the database is designed to emphasize
radioelement and species considered to be important to the performance of the proposed repository at YM.

Based on inventory, solubility, transport, and dose considerations, a fairly small number of radioelements

are considered to be important to HLW disposal (Kerrisk, 1985; Jarzemba and Pickett, 1995). The current
effort is focused on evaluating thermodynamic data for Pu, Np, Am, Th, Tc and Se. The selection of
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aqueous species will concentrate on the ions in all oxidation states and their complexes with ligands likely
to be important in the geochemical system at YM such as OH- and C0 3

2 .

A.2.2 STEP 2-THERMODYNAMIC DATA COMPILATION

This compilation contains thermodynamic data for the Gibbs energy (AGfo) and enthalpy (AHfo)
of formation, entropy (S0) and the logarithm of the equilibrium constant of formation (logK0). The
thermodynamic data compiled in the present database refer to the reference temperature of 298.15 K. A
database management computer software, FileMaker Pro for Windows from Claris Corporation, was used
for designing and managing this thermodynamic database.

As a starting point, the data have been taken from recent critical evaluations of available
thermodynamic data. Since the EQ3/6 computer software package has been adopted by the DOE as well
as the CNWRA and NRC for geochemical modeling work, the database (DataO.com.r16 release) developed
at LBL for use with the EQ3/6 package was selected to be the primary source of thermodynamic data for
both uranyl silicate phases and aqueous species. The other data sources for uranyl silicates include several
review articles and original experimental research papers from peer-reviewed scientific journals. For
aqueous species, Phillips et al. (1988) is another major source of thermodynamic data.

A.2.3 STEP 3-EVALUATION OF DATA INTERNAL CONSISTENCY

The data tabulated for any given species are to be evaluated for consistency with those of other
species in the tables so that the data satisfy the thermodynamic relationship. The internal consistency of
the data is ensured by checking the auxiliary data and the thermodynamic data (AGf', AHfo, So and logK0)
for consistency with the following thermodynamic relationships:

AGfo = AHfo - TASfo and

AGro = -RTlnK0

where AGro is the net change in Gibbs energy of reaction.

A.2.4 STEP 4-CRITICAL DATA ASSESSMENT FOR SELECTED SPECIES OF
INTEREST

In evaluating the published works, guidelines suggested by Beck (1977) for the IUPAC
Commission on Equilibrium Data have been adopted. The criteria selected for data assessment consist of
three major aspects:

* The adequacy of the experimental methods
* The adequacy of computational methods
* The reliability of auxiliary data

A recent critical review of thermodynamic data for uranyl silicate minerals by Murphy and
Pabalan (1995) found that characterization of starting and final chemicals, determination of reaction
stoichiometries, and selection of chemical formulas and auxiliary data are critical experimental and
computational aspects in determining reliable thermodynamic data.
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A.3 DATA ENTRY EXAMPLES

This thermodynamic database is designed to produce two layout formats that provide
thermodynamic data in a convenient form for the use of researchers at NRC and CNWRA. In the first
layout, selected thermodynamic quantities are tabulated for all the species of each critical solid or element.
The selected data fields in this layout are species name, Gibbs energy of formation, enthalpy of formation,
entropy, and the logarithm of the equilibrium constant of formation. The reference cited for the data source
is also included in this layout.

The second layout format provides detailed information for each individual solid or species. In
addition to the information tabulated in the first layout, the table of the thermodynamic data for individual
species also contains a reaction of formation, and a critical assessment of the quality of the data.

Examples of the output from the thermodynamic database that have been compiled and critically
reviewed are presented in Tables Al and A2 for uranyl silicate phases, uranophane and soddyite, and in
Table A3 for plutonium aqueous species.

A.4 FUTURE WORK

The thermodynamic data compiled in this database are primarily from reviews of thermodynamic
data. At present, only a few of the original research papers containing the experimental data have been
collected. Critical review of these experimental data indicates important uncertainties that are associated
with the data and the thermodynamic interpretations. As described above in Section A.2.4, a
comprehensive review of the original literature on experimental data and critical evaluations for the
selected uranyl silicates and aqueous species is planned. Ultimately, these critically reviewed
thermodynamic data will be available for use in the geochemical modeling activities, in validating
modeling of processes, and in comparing the effects of data uncertainty.

A.5 REFERENCES

Beck, M.T. 1977. Critical evaluation of equilibrium constants in solution. Stability constants of metal
complexes. Pure and Applied Chemistry 49: 127-135.

Casas, I., J. Bruno, E. Cera, R.J. Finch, and R.C. Ewing. 1994. Kinetic and Thermodynamic Studies of
Uranium Minerals Assessment of the Long-Term Evolution of Spent Nuclear Fuel. SKB
Technical Report 9416. Stockholm, Sweden: Swedish Nuclear Fuel and Waste Management Co.

Chen, C-H. 1975. A method of estimation of standard free energies of formation of silicate minerals at
298.15 K. American Journal of Science 275: 801-817.

Hemingway, B.S. 1982. Thermodynamic Properties of Selected Uranium Compounds and Aqueous Species
at 298.15 K and I Bar and at Higher Temperatures-Preliminary Models for the Origin of
Coffinite Deposits, U. S. Geological Survey Open-File Report 82-619. Washington, DC: U.S.
Geological Survey.

Jarzemba, M.S., and D.A. Pickett. 1995. An Evaluation of the Important Radionuclides for Performance
Assessment. Letter Report to NRC. San Antonio, TX: Center for Nuclear Waste Regulatory
Analyses.

A-3



Langmuir, D. 1978. Uranium solution-mineral equilibria at low temperatures with applications to
sedimentary ore deposits. Geochimica et Cosmochimica Acta 42: 547-569.

Lemire R.J., and P.R. Tremalne. 1980. Uranium and plutonium equilibria in aqueous solutions to 200° C.
J. Chem. Eng. Data 25: 361-370.

McKenzie, W.F. (unpublished). Gibbs free energies of formation of uranyl silicates at 2980K.

Murphy, W.M., and R.T. Pabalan. 1995. Review of Empirical Thermodynamic Data for Uranyl Silicate
Minerals and Experimental Plan, Mexico. CNWRA 95-014. San Antonio, TX: Center for
Nuclear Waste Regulatory Analyses.

Nguyen, S.N., R.J. Silva, H.C. Weed, and J.E. Andrews, Jr. 1992. Standard Gibbs free energies of
formation at the temperature 303.15 K of four uranyl silicates: soddyite, uranophane, sodium
boltwoodite, and sodium weeksite. Journal of Chemical Thermodynamics 24: 259-276.

Pearcy, E.C., J.D. Prikryl, W.M. Murphy, and B.W. Leslie. 1993. Uranium Mineralogy of the Nopal I
Natural Analog Site, Chihuahua, Mexico. CNWRA 93-012. San Antonio, TX: Center for
Nuclear Waste Regulatory Analyses.

Phillips, S.L., F.V. Hale, L.F. Silvester, and M.D. Siegel. 1988. Thermodynamic Tables for Nuclear Waste
Isolation-Aqueous Solution Database. NUREG/CR-4864, Vol. 1. Berkeley, CA: Lawrence
Berkeley Laboratory.

Rosenzweig, A., and R.R. Ryan. 1975. Refinement of the crystal structure of Cuprosklodowskite,
Cu[(UO2) 2(SiO3OH) 2]6H20. American Mineralogist 60: 448-453.

Stohl, F.V., and D.K. Smith. 1981. The crystal chemistry of the uranyl silicate minerals. Am. Mineralogist
66: 610-625.

Wolery, T.J., and S.A. Daveler. 1992. EQ3/6, A Software Package for Geochemical Modeling of Aqueous
Systems. UCRL-MA- 110772 PT I-IV. Livermore, CA: Lawrence Livermore National Laboratory:
4 volumes.

A-4



Table Al Thermodynamic Properties of Uranophane

G,°(kJ/mol) Hr°(kJ/mol) S 0(J/mol-K) Log KI ReferenceMineral

Uranophane - I

Uranophane - 2

Uranophane - 3

Uranophane - 4

Uranophane - 5

Uranophane - 6

-4975

-6210.6

-4975

-6213.000

-6213

2092 2092 17.286 [EQ3/6]

9.42 [92NGU/SIL]

[78LANJ

[82HEM]

[MCKJ

7.8 [94CAS/BRU]



Table Al (Cont'd)

Mineral Name Uranophane - 1

Formula Ca(UO)2(SiO3)2 (OH)2

del Gf 0(kJ/mol) -4975

del H,°(kJ/mol) 2092

S 0(J/mol-K) 2092

UO2++ (kJ/mol)

Ca++ (kJ/mol)

SiO2 (kJ/mol)

H 20 (kJ/mol)

H+ (kJ/mol)

Log Kr

- 952.556

- 552.790

- 833.411

- 237.182

0

17.2869

Reaction Call + 2UO-++ + 2SiO2 + 4HO
= 6H+ + Ca(U04)2(SiO3 )2 (OH)2

Reference [EQ3/6]

Data Assessment 1. The data are from review evaluations. The data source is
from [78LAN].

2. Both the enthalpy and entropy data are assigned values
equivalent to 500 kcal/mol.
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Table Al (Cont'd)

Mineral Name Uranophane - 2

Formula Ca(H30)2 (UO,)2(SiO 4)2 3H 20

del G,°(kJ/mol)

del H. (kJ/mol)

S°(J/mol-K)

-6210.6

UO2 ++ (kJ/mol)

Ca++ (kJ/mol)

SiO2 (kJ/mol)

H 2 0 (kJ/mol)

H+ (kJ/mol)

Log K°

- 953.70

- 552.50

- 833.79

- 237.53

0

9.42

Reaction Ca++ + 2UO2++ + 2SiO2 + 9H 20
= 6H+ + Ca(H3 0)2 (UO2) 2 (SiO4)2 3H 20

Reference [92NGU/SIL]

Data Assessment 1. The data are experimental results from solubility
measurements.

2. The provided data are uncertain due to nonstoichiometric
reactions.

3. Chemical analysis of the uranophane solid indicated a
Ca content 25 % less than the stoichiometric amount.

4. Solubility study showed a Si/U release ration only 25 % of
the stoichiometric ratio.



Table Al (Cont'd)

Mineral Name Uranophane - 3

Formula Ca(UO,)2(SiO3)2 (OH)2

del G,°(kJ/mol) -4975

del Hr0(kJ/mol)

S°(J/mol-K)

UO 2++ (kJ/mol)

Ca+|+ (kJ/mol)

SiO2 (kJ/mol)

H20 (kJ/mol)

H+ (kJ/mol)

Log K°

Reaction CaCO, + 2U0,(OH)2H 20 + 2H4SiO4
= CO2(g) + 7H 20 + Ca(U0 2)2(SiO 3 )2 (OH)2

Reference [78LAN]

Data Assessment 1. The free energy data is an estimated value based on the
above reaction but the details of calculation were not
reported.

2. The formula of uranophane is based on Rosenzweig and
Ryan (1975).
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Table Al (Cont'd)

Mineral Name Uranophane - 4

Formula Ca(H30)2 (UO') 2(SiO4)2 3H,0

del Gf (kJ/mol)

del H, 0(kJ/mol)

S 0(J/mol-K)

U02 ++ (kJ/mol)

Ca"+ (kJ/mol)

SiO2 (kJ/mol)

H 20 (kJ/mol)

H+ (kJ/mol)

Log KI

Reaction

Reference

-6213.000

[82HEM]

Data Assessment 1. The free energy data is an estimated value calculated by
the method of Chen (1975) but the details of calculation

were not provided.
2. The formula of uranophane is based on Stohl and Smith

(1981).



Table Al (Cont'd)

Mineral Name Uranophane - 5

Formula Ca(H30)2 (U04)2(SiO4 )2 3HO

del Gf 0(kJ/mol)

del Hr0(kJ/mol)

S0(J/mol-K)

UO2 ++ (kJ/mol)

Ca++ (kJ/mol)

SiO2 (kJ/mol)

H 20 (kJ/mol)

H+ (kJ/mol)

Log K

Reaction

-6213

Reference [MCK]

Data Assessment 1. The free energy data was calculated by the method of
Chen (1975).

2. Although the free energy is identical to that estimated by
Hemingway (1982), it is coincidental because different
thermodynamic data were used.
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Table Al (Cont'd)

Mineral Name Uranophane - 6

Formula

del G,°(kJ/mol)

del Hr(kJ/mol)

S0(J/mol-K)

UO.++ (kJ/mol)

Ca++ (kJ/mol)

SiO2 (kJ/mol)

H20 (kJ/mol)

H+ (kJ/mol)

Log IC

Reaction

7.8

Reference

Data Assessment

[94CAS/BRU]

1. The equilibrium constant data is an experimental value
from solubility measurements.

2. The provided data are uncertain due to nonstoichiometric
reactions.

3. Other minor phases were observed in the starting natural
uranophane mineral, and uranophane was not the sole
solubility limiting phase in the solubility experiments.
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Table A2 Thermodynamic Properties of Soddyite

G. (kJ/mol) H,°(kJ/mol) S 0(J/mol-K) Log KrMineral

Soddyite - 1

Soddyite - 2

Soddyite - 3

Soddyite - 4

Soddyite - 5

-3685.000

-3658.0

-3685.000

-3706

500.000 500.000 0.3939

5.74

Reference

[EQ3/6]

[92NGU/SILJ

[82HEM]

[MCK]

[94CAS/BRUI3.0
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Table A2 (Cont'd)

Mineral Name

Formula

del Gf (kJ/mol)

del Hf.(kJ/mol)

S 0(J/mol-K)

UO2 ++ (kJ/mol)

SiO2 (kJ/mol)

H 20 (ki/mol)

H+ (kJ/mol)

Log Kr

Reaction

Soddyite - 1

(UO 2 )2 (SiO 4 )2H 2 O

-3685.000

500.000

500.000

- 952.556

- 833.411

- 237.182

0

0.3939

2UO2++ + SiO, + 4H 20 = 4H+ + (UO2 )2(SiO4)2HO

Reference [EQ3/61

Data Assessment 1. The data are from review evaluations. The data source is from
[82HEMJ.

2. Both the enthalpy and entropy data are assigned values of 500
kj/mol and 500 j/mol-K, respectively.



Table A2 (Cont'd)

Mineral Name Soddyite - 2

Formula (UO2)2(SiO4)2HO

del G,°(kJ/mol) -3658.0

del H, 0(kJ/mol)

S 0(J/mol-K)

UO 2++ (kJ/mol) -953.7

SiO2 (kJ/mol) - 833.79

H20 (kJ/mol) - 237.53

H+ (kJ/mol) 0

Log K0 5.74

Reaction 2UO2++ + SiO2 + 4HO = 4H+ + (UO') 2(SiO4)2H2O

Reference [92NGU/SILJ

Data Assessment 1. The data are experimental results from solubility measurements.
2. The provided data are uncertain due to nonstoichiometric

reactions.
3. Chemical analysis of the soddyite solid indicated 10% excess Si

at a stoichiometric Si/U ratio of 0.55.
4. Solubility study showed a higher Si/U release ratio than either

the stoichiometric or anlytical molar ratio.
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Table A2 (Cont'd)

Mineral Name Soddyite - 3

Formula (UO2)2(SiO4 )2HO

del Gf°(kJ/mol) -3685.000

del Hf°(kJ/mol)

S0(J/mol-K)

U0 2 + + (kJ/mol)

SiO2 (kJ/mol)

H20 (kJ/mol)

H+ (kJ/mol)

Log Kr

Reaction

Reference [82HEMJ

Data Assessment 1. The free energy data is an estimated value calculated by themethod of Chen (1975) but the details of calculation were notgiven.
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Table A2 (Cont'd)

Mineral Name

Formula

del G,°(kJ/mol)

del Hf.(kJ/mol)

S0(J/mol-K)

Soddyite - 4

(UO 2 )2 (SiO 4)2H 1 O

-3706

U0 2 ++ (kJ/mol)

SiO2 (kJ/mol)

H 20 (kJ/mol)

H' (kJ/mol)

Log IC

Reaction

Reference [MCKI

Data Assessment 1. The free energy data was calculated by the method of Chen
(1975).

2. This data is slightly larger than that estimated by Hemingway
(1982) probably because different thermodynamic data were
used.
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Table A2 (Cont'd)

Mineral Name Soddyite - 5

Formula (UO1)2(SiO4)2H 2O

del G. (kJ/mol)

del H,°(kJ/mol)

S 0(J/mol-K)

UO2 + (kJ/mol)

SiO2 (kJ/mol)

H20 (kJ/mol)

H+ (kJ/mol)

Log KI 3.0

Reaction

Reference

Data Assessment

[94CAS/BRU]

1. This equilibrium constant data is an experimental value from
solubility measurements.

2. The provided data are uncertain due to nonstoichiometric
reactions and absence of chemical analysis results.

3. The phases involved in the solubility experiments were reported
to be not correspondent to equilibrium, and a large uncertainty
was determined for the equilibrium constant.
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Table A3 Thermodynamic Properties of Plutonium Aqueous Species

H,°(kJ/mol) S°(J/mol-K) Log K° RefereSpecies G,°(kJ/mol) ence

Pu+++ - 1

Pu+++ - 2

Pu++++ - 1

Pu++++ - 2

Pu02+ - 1

PuO 2+ - 2

Pu02++ - 1

PuO,++ - 2

PuO2 (OH) (aq)

PuN2 (OH) (aq)

PuO OH+- 1

PuN2 OH+ - 2

-578.600

-578.600

-481.600

-481.600

-849.800

-849.800

-756.900

-756.900

-1032.000

-1032.000

-961.900

-961.900

-591.550

-592.000

-535.891

-536.400

-913.979

-914.600

-821.573

-822.200

-1130.839

-1131.504

-1062.128

-1062.600

-185.000

-185.00

-389.000

-389.00

-21.000

-21.00

-88.000

-88.00

96.000

96.00

26.000

26.00

3.7825 [EQ3/61

[88PHI/HAL]

[EQ3/6]

[88PHI/HAL]

-2.1773 [EQ3/6]

[88PHI/HAL]

-6.6781 [EQ3/61

[88PHI/HAL]

9.6323 [EQ3/6]

[88PHI/HAL]

5.6379 [EQ3/6]

[88PHI/HAL]

1

2

(PuO 2 )2 (OH) 2 ++- .

(PuO2 )2 (OH)2++ - '

(PuO2 )3(OH)5+ - 1

(PuO2)3 (OH)5 + - 2

Pu(OH) 4(aq) - 1

Pu(OH)4(aq) - 2

PuOH+++ - 1

PuOH+++ - 2

I
-1941.000

-1941.000

-3333.000

-3333.000

-1376.000

-1376.000

-715.900

-715.900

-2156.960

-2157.900

-3754.286

-3756.300

-1570.126

-1570.600

-773.546

-774.000

0 8.2626

0

140.000 21.6550

140.00

75.000 9.5174

75.00

-167.000 0.5048

-167.00

[EQ3/6]

[88PHI/HAL]

[EQ3/61

[88PHI/HALI

[EQ3/6]

[88PHI/HALI

[EQ3/6]

[88PHI/HALI
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Table A3 (Cont'd)

Pu(OH)2 ++ - 1

Pu(OH)2++ - 2

Pu(OH) 3+ - 1

Pu(OH)3 + - 2

Pu(OH) 5 - - 1

Pu(OH) 5- - 2

PuOH++ - 1

PuOH++ - 2

PuO 2 (CO 3 )2 - 1

PuO2(CO3 )2 - - 2

PuO2 CO3 (aq)

Pu02(CO3 )3-

PuCO3++ - 1

PuCO3++ - 2

-942.700

-942.700

-1163.000

-1163.000

-1582.000

-1582.000

-770.300

-770.300

-1898.000

-1898.000

-1216.100

-2445.700

-1070.000

-1242

-1033.218

-1033.700

-1296.824

-1297.300

-1839.409

-1839.900

-823.874

-824.600

-2149.094

-2149.500

-2886.200

-1227.800

-44.000

-44.00

44.000

44.00

96.000

96.00

-88.000

-88.00

175.000

175.00

-17.90

-293.00

-293

2.3235 [EQ3/61

[88PHI/HALI

5.2810 [EQ3/61

[88PHI/HAL]

14.9802 [EQ3/61

[88PHI/HALI

7.9680 [EQ3/61

[88PHI/HAL]

5.7428 [EQ3/61

[88PHI/HAL]

[88PHI/HALI

[88PHI/HALI

[88PHI/HALJ

[80LEM/TRE]



Table A3 (Cont'd)

Species PuO2 (OH) (aq) - 1

del G. 0(kJ/mol)

del H. (kJ/mol)

S 0(J/mol-K)

-1032.000

-1130.839

96.000

Log KC 9.6323

Reaction PuO2 + + H20 = PuO, (OH) + H+

Reference [EQ3/61

Data Assessment 1. The data are from review evaluations. The data source is
from [80LEM/TRE].
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Table A3 (Cont'd)

PuO2 (OH) (aq) - 2Species

del G. (kJ/mol)

del H. (kJ/mol)

S 0(J/mol-K)

-1032.000

-1131.504

96.00

Logr

Reaction

Reference [88PHI/HALI

Data Assessment 1. The data are from review evaluations. The data source is
from [80LEMITRE].
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Table A3 (Cont'd)

Species Pu(OH) 3' - 1

del Gf.(kJ/mol)

del H.o(kJ/mol)

S 0(J/mol-K)

-1163.000

-1296.824

44.000

Log KI 5.2810

Reaction Pu*++++ 3H2O = Pu(OH)3 ' + 3H'

Reference [EQ3/61

Data Assessment 1. The data are from review evaluations. The data source is
from [80LEM/TRE].
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Table A3 (Cont'd)

Species Pu(OH) 3+ - 2

del G, 0(kJ/mol)

del Hf0(kJ/mol)

S 0(J/mol-K)

-1163.000

-1297.300

44.00

Log KI

Reaction

Reference [88PHI/HALI

Data Assessment 1. The data are from review evaluations. The data source is
from [80LEMITRE].
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Table A3 (Cont'd)

Species PuO2(CO 3)2 - - 1

del Gf (kJ/mol)

del H. (kJ/mol)

S 0(J/mol-K)

Log Kr

-1898.000

-2149.094

175.000

5.7428

Reaction PuO,1+ + 2HCO3- = PuO2(CO3)2-- + 2H'

Reference [EQ3/6]

Data Assessment 1. The data are from review evaluations. The data source is
from [80LEM/TRE].
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Table A3 (Cont'd)

Species

del Gf0(kJ/mol)

del H. (kJ/mol)

Pu0 2(CO3)2- - 2

-1898.000

-2149.500

S 0(J/mol-K)

Log I

Reaction

175.00

Reference

Data Assessment

[88PHI/HAL]

1. The data are from review evaluations. The data source is
from [80LEM/TRE].



APPENDIX B:

EVALUATION OF THE MEAN TRAPPING POTENTIAL FOR
HETEROGENEOUS, UNSATURATED GEOLOGIC UNITS



B.1 INTRODUCTION

Yucca Mountain, the proposed HLW repository site in southern Nevada, is composed primarily of tertiary
volcanic tuff, at least to the depth of the main water table. According to Wilson et al. (1994) this tuff can
be divided into ten distinct hydrogeologic units. The hydrologic properties of each unit are distinct, thus
the behavior of moving water into and out of each unit will also be distinct. This contrasting flow behavior
may cause localized trapping to occur at the interfaces between adjoining layers, especially if favorable
geometric conditions occur such as faulting so that a permeable layer is juxtaposed against an impermeable
layer downdip. The presence of a localized perched-water body can have adverse effects on the repository
such as an increase in the rate of container corrosion, dissolution of the radioactive material itself, or an
increased rate of transport of radionuclides into the accessible environment in the event of canister failure.

Perched-water bodies have occured in the past in the area of the proposed repository. There is evidence
that they currently exist in the area (perched water has been found, or wet core has been identified in
boreholes UZ-14, SD-9, SD-12, SD-7) and they will likely occur in the future. Because of the
consequences of a portion of the repository being in or near a saturated zone and the likelihood of a
perched-water table developing in the future it is important to be able to predict as accurately as possible
the areas where these perched-water bodies are likely to occur so that appropriate action can be taken.

Development of a perched-water body is based on several factors, of which some of the most important
are the hydrologic properties of the rock units, the geometric relationship of the units to each other,
location of faults, and flow into the area of concern. Some of these factors are subject to change due either
to changing conditions (i.e., the amount of moisture received from the surface) or to heterogeneity in the
properties of the individual rock units. The thicknesses of the beds, and thus the depths of the interfaces
of beds will also vary according to the location. The hydraulic conductivity for a particular rock unit will
vary depending upon exactly where the sample is taken due to the heterogeneous character of the rock,
and the unsaturated hydraulic conductivity for an individual sample will vary depending. upon the level
of saturation.

A key element in the formation of a perched-water body is the manner in which beds with contrasting
hydrologic characteristics are brought into contact across a fault. If the downdip side of a bed is truncated
by a fault across which there exists a bed of much lower hydraulic conductivity, a potential exists for a
perched-water body to form or for the flow to be diverted. However, due to the heterogeneity of the
individual rock units, the uncertainty associated with the data, and the nonlinear nature of flow in the
unsaturated zone, it is not always certain which of two layers will have the greater hydraulic conductivity.
Furthermore, if the bed on the updip side of the fault does actually have the greater conductivity, the
difference may not be great enough to form a trap. Finally, a trap potential may exist at one saturation
level but not at another. Any attempt at predicting the likely locations of perching must take these
uncertainties into account. This preliminary study is a first step towards developing a technical assessment
approach that directly supports a review method for CDM 3.2.2.12-PAC-Perched Water Bodies.

B.2 ANALYSES OVERVIEW

For this preliminary study, a numerical code was written using Matlab 4.2 to give a first estimate of the
likely areas for trapping to occur in a one-dimensional, heterogeneous flow system. In this analysis special
account was taken of: (i) variability of, or uncertainty in, the saturated hydraulic conductivity due to the
heterogeneity of the rock units; (ii) change of hydraulic conductivity due to varying levels of saturation;
(iii) the vertical arrangement of the beds; (iv) the thresholding difference in hydraulic conductivity that
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may cause trapping; and (v) effects of different layers being subjected to different suction levels and
different levels of saturation. Some important considerations that are left for later phases of this study are:
(i) variability of the bed thicknesses (and, thus, the variability of the depths to the interfaces at different
locations) across the YM area; (ii) the effects and location of faulting; (iii) variability of the matrix air
entry parameters or the matrix saturation/desaturation parameters; (iv) effects of moisture redistribution
in the area directly around the perched-water zone; and (v) the influence of multi-dimensional flow.

The uncertainty in saturated hydraulic conductivity is expressed in terms of the mean in log to the base
ten form (LKsat), and standard deviation of LKsat. The mean depth from the ground surface to the
interfaces between the layers, mean alpha (matrix air-entry parameter) and mean beta (matrix
saturation/desaturartion parameter) are used in a deterministic manner. Alpha and beta are parameters that
define the shape of the characteristic curve function given by the Van Genuchten equations.

A series of random LKsat values was generated for each layer based on the mean LKsat, its standard
deviation, and the assumption of a lognormal distribution for saturated hydraulic conductivity. This
provided values for LKsat that covered its entire range of possible values, as shown in schematic form in
Figure B-i. The next several steps were performed sequentially for each of the suction levels being
considered. Using the Van Genuchten equations the values for unsaturated hydraulic conductivity (Kunsat)
were determined for each of the random Ksat values for each layer. The log to the base ten was taken of
each of these Kunsat values giving LKunsat values. All of the LKunsat values for each unit were compared
with the corresponding LKunsat values of the rock unit directly beneith it. If the difference in the LKunsat
values was greater than a user specified tolerance, and the unit with the smaller (most negative) LKunsat
value was the lower of the two units, then a potential exists for a perched-water body to form. For a
specific interface relative to the total number of random samples used, the number of times that this
trapping potential occurred indicates the likelihood that a trap could form at that interface for that suction
level somewhere in the YM area. As an example, consider the number of random Monte Carlo (nmc)
samples for each layer to be 200. Consider further the case where the difference between each of the 200
random Monte Carlo LKunsat values for unit I and the corresponding random Monte Carlo LKunsat values
for unit 2 was greater than the user specified tolerance for only 50 of those 200 instances. Then, the mean
trapping potential would be 50/200 or 25% for this example. These steps were repeated for the next
suction level until the maximum suction level was reached.

In order to achieve a more realistic representation of the suction levels at each interface, the water table
was considered to be at the level of interface 5, the lowest interface being considered. A hydrostatic profile
of suction heads was also assumed to exist between the water table and the ground surface. The suction
level at each interface was determined by subtracting the depth to the interface from the depth to the water
table. This produced suction levels for interfaces I through 5 of -704, -665, -351, -160, and 0 meters
of suction head, respectively. The analysis was repeated for each of these suction levels and the trapping
potential of each suction level was applied to its corresponding interface.

B.3 DATA

The data used in this study were adopted from the Total-System Performance Assessment for YM (Wilson
et al., 1994). Because the current CNWRA model of YM (Stirewalt et al., 1994) is divided into
hydrogeologic units in a slightly different manner from that used by Wilson et al. (1994), some
modifications were made to the classification. The correlation between these two divisions is shown in
Table B-1.
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Figure B-i. Schematic of random saturated hydraulic conductivity sampling

The Tiva Canyon welded and Paintbrush nonwelded units correlate directly and are unchanged. The
current CNWRA model has Topopah Spring divided into sub-units according to their properties (Topopah
Spring I and Topopah Spring 2&3). However, it does not explicity recognize the Topopah Spring
vitrophyre as Wilson et al. (1994) does. Since the Topopah Spring vitrophyre is not included in the current
CNWRA model and it is not continuous over the entire study area, it is ignored in this study (except with
consideration to its mean thickness which is included in the total thickness of the Topopah Spring unit).
Both the Calico Hills nonwelded vitric and Calico Hills nonwelded zeolitic tuffs are recognized by the
model of Wilson et al. (1994) but are combined into the single Calico Hills nonwelded tuff used in the
CNWRA model. Prow Pass welded and Bullfrog welded correlate directly and are thus unchanged. Since
the Bullfrog nonwelded and Tram units occur only in the saturated zone (Wilson et al., 1994), they are
not included in this study of perched-water bodies. The above correlation leaves six units to be evaluated.

This arrangement of hydrogeologic units must of course be accompanied by similar changes in the
corresponding data. The LKsat values and their coefficient of variation (CV), for units 1, 3, 5 and 6, (Tiva
Canyon, Topopah Spring, Prow Pass welded and Bullfrog welded) were taken from Table 7-5b in Wilson
et al. (1994). Unit 2, the Paintbrush Tuff, has a bimodal distribution with each mode listed separately in
Table 7-Sb of Wilson et al. (1994). Table 7-5a of Wilson et al. (1994) does not separate unit 2 and since
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the Wilson et al. (1994) does not specify if the bimodal character is a result of lateral variations of the
properties or because unit 2 should be divided into two units, the single unit values for LKsat and CV from
Table 7-Sa were used. For unit 4, Calico Hills (vitric and zeolitic units), a weighted average of the Ksat
was calculated based on the thicknesses of each unit (Wilson et al., 1994). The mean Ksat for the two units
combined was calculated as follows:

mean Ksat = [(mean Ksatvitric)*(thickness CHitric) + (mean Ksatzeoiitic)*(thickness CHzeoiitic)]/thicknessta

where the thickness for the CHvitric and CHzeolitic units is 63.99 and 126.88 meters, respectively.

To find the standard deviation (SD) of the SD of each unit the equation

SD = CV*abs(mean LKsat)

was used. For unit 4 (Calico Hills) the standard deviation was first calculated individually for its vitric
and zeolitic components. These two individual SD values were then averaged using the same weighted
average scheme that was used to calculate the Ksat values.

The mean matrix air-entry parameter (alpha) and the mean matrix saturation/desaturation parameter (beta)
were taken from Table 7-6a and Table 7-7a in Wilson et al. (1994), respectively. For units 1, 2, 3, 5 and
6 (Tiva Canyon, Paintbrush Tuff, Topopah Spring, Prow Pass welded and Bullfrog welded) the values
were taken directly from their respective tables. For Calico Hills the combined values were determined

Table B-i. Correlation between geologic units in the TSPA-1993 and current study

Unit # [ TSPA-1993 | Unit # | Current Study

1 Tiva Canyon welded I Tiva Canyon welded

2 Paintbrush nonwelded 2 Paintbrush nonwelded

3 Topopah Spring 3 Topopah Spring

4 Topopah Spring Vitrophyre

5 Calico Hills/Prow Pass 4 Calico Hills
nonwelded-vitric nonwelded-vitric

6 Calico Hills/Prow Pass
nonwelded-zeolitic

7 Prow Pass welded 5 Prow Pass welded

8 Bullfrog welded 6 Bullfrog welded

9 Bullfrog nonwelded

10 Tram

B-4



by the same weighted average method used for the LKsat values above. The thicknesses of the units were
taken from Table 7-2 of Wilson et al. (1994). Units I and 2 (Tiva Canyon and Paintbrush nonwelded)
were taken directly from Table 7-2. The thicknesses of the Topopah Spring welded (composite and
repository) and Topopah Spring vitrophyre were added together to give the thickness of unit 3 (Topopah
Spring). The thickness of unit 4 (Calico Hills) was taken from the combined thicknesses of Calico Hills
nonwelded vitric and Calico Hills nonwelded zeolitic tuffs. The thickness of unit 5 (Prow Pass) was not
given, so an estimate was made based on information taken from the CNWRA model. The thickness of
unit 6 (Bullfrog) was not considered because interfaces below it are located in the saturated zone.

The data used for this study are summarized in Table B-2.

B.4 RESULTS

The hydraulic conductivity for an individual sample varies depending upon the level of
saturation, and the character of the hydraulic conductivity dependence on suction is unique for each layer.
An example of this behavior is depicted in Figure B-2. For units 5 and 6 this figure shows the maximum
and minimum envelopes for values of the hydraulic conductivity for all the random values at suction heads
from 0 meters to 500 meters at 10 meter increments. This figure indicates that initially the hydraulic
conductivities of both unit 5 and unit 6 are approximately the same. Up to about 50 meters of suction the
hydraulic conductivity of unit 5 remains constant but the hydraulic conductivity of unit 6 begins to
decrease immediately. This produces a trapping potential at interface 5 and this trapping potential is also
indicated in Figures B-3a, b, and c. After about 50 meters of suction the decreasing hydraulic conductivity
of unit 6 begins to level off while the hydraulic conductivity of unit 5 begins to rapidly decrease. By 100
meters of suction the hydraulic conductivities of the two units are about equal again and thus there is no
longer a trapping potential at this interface. This is also confirmed by Figures B-3d and B-3e.

This analysis was performed three times for levels of suction varying from 41=0 to ,=1,000 meters. For
the first case it was assumed that a difference of at least "I" in the values of the log to the base ten of
the hydraulic conductivity (LKunsa) of the two layers forming a particular interface was sufficient to cause
a potential trap. The second and third cases assumed that a difference of 2 and 3 respectively of the
LKunsat values would be necessary to cause a trap to form. Although the individual trapping potential
values were all different for the runs of the three different tolerance levels, the overall pattern was
essentially the same for all three runs. As would be expected the trapping potential for all interfaces at all
values of suction was generally highest for a tolerance of "I" and lowest for a tolerance of "3".

Table B-2. Geologic unit hydraulic property values used in this study

[| Unit # f mean LK. | SDLKsat mean depth mean alpha |_mean beta

l --10.69 0.9087 81.00 0.0218 1.620

2 -7.96 2.409 120.43 0.2485 2.611

3 -10.68 0.9292 434.06 0.0299 1.793

4 -9.42 1.0377 624.93 0.0306 2.087

5 -9.04 0.6599 785.00 0.0180 7.014

-9.56 0.4684 N/A 0.0299 1.793
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The overall pattern for all three cases is demonstrated below using the run with a tolerance value of "2".
The results of this run can be seen in Figure B-3 and are also summarized in Table B-3. Initially interface
2 dominates with a trapping potential of about 64%. With increasing suction this quickly changes and by
40 meters of suction the trapping potential of interface 2 has decreased to about 4% and the trapping
potentials of interfaces I and 5 have increased from less than 5% to about 59% and 42%, respectively.
Another change occurs by 100 meters of suction where the trapping potential of interface 5 drops to
almost 0% and the trapping potential of interface 4 becomes significant. From this point, and until the
maximum suction head of 1,000 meters is reached, the trapping potential of interfaces I and 4 dominates.
Finally, the results of the simulation using the hydrostatic profile suction values are depicted in Figure B-4
and indicate that interfaces I and 4 were the most significant with trapping potentials of 96% and 91%,
respectively. While much lower, the potential for trapping at interfaces of 3 and 5 cannot be discounted.
Trapping at interface 2, under these conditions seems remote.

Table B-3. Mean trapping potential at each unit interface for different levels of pressure head

InterfaceI h=Om Ih=-20m Ih=-40m h=-lOOmnI h=- 1,OOOm

1 4% 38% 59% 75% 98%

2 64% 10% 4% 0% 0%

3 1% 1% 0% 1% 5%

4 2% 1% 0% 29% 100%

5 2% 19% 42% 0% 0%
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Figure B-3. Mean trapping potential as a function of depth for various mean levels of pressure head
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APPENDIX C:
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FEHMN COMPUTER PROGRAM



C.1 INTRODUCTION

FEHMN (Zyvoloski et al., 1995a, 1995b) is a computer program package developed at Los Alamos
National Laboratory. The package is designed to provide numerical, finite-element simulations of fluid
and energy flow in porous media. It has capabilities for solute transport modeling, reactive transport
modeling, and particle tracking. FEHMN is being developed and implemented in support of Department
of Energy (DOE) studies of Yucca Mountain as a potential geologic repository for high-level radioactive
waste. (FEHMN is the Yucca Mountain Project version of FEHM.) Because of their numerical
complexities and computational requirements, simulators for coupled, nonisothermal, two-phase fluid flow
and chemically reactive transport are a relatively recent advance (Plummer, 1992; Lichtner, 1995). The
anticipated use of FEHMN by DOE in studies of the proposed repository motivated an examination of the
capabilities of FEHMN, with an emphasis on geochemical modeling functions. The program may also
prove to be useful in original investigations and/or benchmarking of other programs with comparable
applications. This appendix presents a description of the general features of FEHMN emphasizing
formulation of models for chemical interactions among solid and fluid phases.

Fluid flow is modeled using Darcy's law, limiting applications to relatively low fluid velocities. Heat flow
is modeled using equations for energy conservation (with heat sources), heat flow in moving fluids, and
conductive flow in temperature gradients proportional to an effective thermal conductivity. Thermal
equilibrium is assumed between fluid and solid phases. A dual porosity option simulates systems in which
flow is dominated by fractures and matrix fluids communicate only with adjacent fractures. An alternate
double porosity/double permeability capability simulates matrix and fracture flow and interactions between
matrix and fracture fluids. Models for chemical reactions and solute- transport use fluid fluxes and
temperatures produced in the flow model. Chemical reactions are assumed not to affect flow and
temperature.

Solute transport is simulated to occur by advection and dispersion. The dispersion coefficient is given by
the sum of the molecular diffusivity and the product of dispersivity and the Darcy velocity. Sorption is
modeled as an equilibrium process. A non-linear formulation can represent sorption according to linear,
Freundlich, or Langmuir isotherms. However, sorption of a given species is assumed to depend only on
isotherm parameters and the aqueous concentration of that species and not on other solution properties
such as pH.

Volatile species concentrations in the aqueous and gas phases can be related by equilibria represented by
Henry's law. Coding is provided to permit the Henry's law constant to have a van't Hoff temperature
dependence. An alternate polynomial formulation for the temperature dependence of CO2 solubility is
provided based on data from Plummer and Busenberg (1982).

Chemical reactions among aqueous solutes may be simulated either as kinetic or equilibrium processes.
Sorbed species are permitted as an option to participate in the same reactions as if they were in the
aqueous phase. In kinetic formulations the rate of change of a solute concentration is proportional to the
product of the concentrations of other aqueous species in the reaction each raised to the power of its
reaction coefficient. In this manner net reaction rates decrease as equilibrium is approached. Reactions
involving dissolution and precipitation of solid phases can also be modeled in such a manner that the
reaction rate is a function of the solution composition based on the same kinetic relations. Although this
formulation is appropriate for many simple reaction mechanisms, it is not general. More complex kinetic
mechanisms, such as those involving catalysis or most solid dissolution reactions, may only be
approximated. For example, it may be difficult to accurately represent oxidation-reduction reactions
mediated by complex kinetic mechanisms or the pH dependence of mineral dissolution rates. As one
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approximation, disequilibria can be approximated by omission of reactions among the species. Radioactive
decay can be simulated using the kinetic relations and a zero back-reaction rate constant. It follows that
chemical reactions implemented in the model need not conserve mass. The temperature dependence of rate
constants is provided by the Arrhenius relation.

Equilibrium among reactive solutes is represented by the conventional mass action relation. The
temperature dependence of equilibrium constants is generally given by the van't Hoff equation. However,
an empirical polynomial formulation is coded for equilibrium constants among carbonate species.

Solutes are modeled to leave and/or enter the system at boundaries. Entering solute concentrations can be
specified; leaving concentrations are computed. Solute concentrations can also be fixed at points in the
system, such as a solubility source term.

No database of chemical reactions or kinetic or thermodynamic data is provided with the package. Also,
no provision is made for activity coefficients for aqueous solutes, which is a serious limitation in modeling
chemical reactions. Another limitation is that the maximum number of reactive solutes is 10.

The current version of FEHMN is being used at the CNWRA to develop a two-phase fluid flow, heat
flow, and geochemical model to investigate the simplified carbon system at the proposed repository at
Yucca Mountain. The model is analogous to that developed by Codell and Murphy (1992), and a
comparison of results should be useful to judge the models. FEHMN was obtained directly from Los
Alamos National Laboratory. It was installed on a Sun Sparc machine and was successfully tested and
executed.

Input data were created for the thermo-hydro-geochemical model using FEHMN macro commands. Five
reactions with nine aqueous species were modeled. Chemical reactions in the model consist of carbonate
equilibria among aqueous species, dissociation of water, vapor-liquid equilibria for CO2 and H20, and
calcite dissolution and precipitation. A ID vertical column is 725 meters long, with a heat source
representing a repository at a depth of 475 meters. The top boundary conditions are zero liquid flux and
a constant gas pressure, and the bottom boundary is fully saturated with a non-zero gas flux. Heat
generated at the heat source results in gas and liquid flow coupled with local chemical reactions within
each computational cell.

The ID vertical column was discretized into four node rectangular elements, measuring 5 meters long by
I meter wide. The repository heat flux of 57 kilowatts per acre was equally subdivided into four nodes
of a rectangular element. All reactions were modeled as being in equilibrium. The van't Hoff model was
selected to define the temperature dependence of the equilibrium constant. Equilibrium enthalpy constants
were determined from the standard enthalpies of formation of the species in each reaction. Dispersivities
of 10 meters and 25 meters were used for aqueous and gaseous phases respectively. No sorption was
modeled, and C0 2 was modeled as a Henry's law species. At the time of this report the numerical problem
is being set up, and no original simulations have been performed.
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