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PREFACE
This is the 16th in a series of periodic research reports published by the Center for Nuclear Waste
Regulatory Analyses (CNWRA) (see list of previous reports on pages iii and iv) to provide a status of
research activities sponsored by the Nuclear Regulatory Commission (NRC), Office of Nuclear Regulatory
Research (RES), Division of Regulatory Applications (DRA). The NRC-funded research at the CNWRA
is focused on activities related to NRC responsibilities defined under the Nuclear Waste Policy Act, as
amended. Progress for the period July 1 through December 31, 1995 on 11 research projects that were
active during this period is described in this report. An Executive Summary is provided to give a brief
resume of the work performed on these 11 projects during the reporting period.
In addition to disseminating research results through publications in appropriate open literature
(e.g., CNWRA topical reports, NRC NUREG documents, and journals) and at technical meetings,
workshops, and symposia, the CNWRA produces these periodic research reports. Beginning with FY96,
in response to the budget reductions mandated by the U.S. Congress, the NRC has consolidated all work
at the CNWRA under the sponsorship of its Office of Nuclear Material Safety and Safeguards (NMSS),
Division of Waste Management (DWM). Instead of separate research projects as identified in this report,
the future work is organized around ten key technical issues (KTIs). Consequently, this is the last periodic
research report to be issued by the CNWRA. Beginning October 1996, the CNWRA plans to provide a
status of its work in an annual KTI report.
Each chapter in this semi-annual report summarizes the progress made in a particular research project and
is authored by the individuals contributing to that project. Since readers of this report may be interested
only in a particular topic, each chapter is self contained and can be read without reference to other
chapters. Coverage in the semi-annual reports is limited to only the key aspects of progress made; greater
detail is provided in topical reports produced during the course of the research or at its conclusion, as
appropriate. The editor of this report ensures that each chapter is reviewed for its technical and
programmatic content and that some uniformity as to the depth of descriptions is maintained across the
various chapters.
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1 EXECUTIVE SUMMARY
1.1

INTRODUCTION

Progress from July 1 to December 31, 1995, on 11 research projects underway at the Center for
Nuclear Waste Regulatory Analyses (CNWRA) is discussed in this report. All 11 research projects were
sponsored by the Nuclear Regulatory Commission (NRC), Office of Nuclear Regulatory Research,
Division of Regulatory Applications. To accommodate congressionally mandated budget reductions in
FY96, the NRC reorganized the work it sponsors at the CNWRA. Under the reorganized work plans, all
the NRC work at the CNWRA will be sponsored by the Office of Nuclear Material Safety and Safeguards,
Division of Waste Management (DWM). As a means for focusing future work, the DWM identified 10
key technical issues (KTIs) and a decision was made to organize all technical investigations around the
10 KTIs. Those aspects of the research projects that were considered significant to issue resolution have
been subsumed in the newly developed KTI plans and research projects as identified in this report have
been eliminated. Consequently, this is the last research semi-annual report. Beginning October 1996, an
annual KTI report will be prepared to status progress on resolution of various KTIs.
To understand the role of NRC-funded research, it is important to recognize that the regulatory
responsibilities of NRC are distinct from those of the U.S. Department of Energy (DOE), which is
responsible for siting, constructing, and operating a repository for the permanent disposal of high-level
radioactive waste (HLW). The DOE has undertaken development and implementation of a broad range
of techniques and methods to obtain information and to produce analyses necessary to determine site
suitability, design the engineered portions of the repository, and complete a license application (LA) for
review by the NRC. In fulfilling its responsibilities for assuring the radiological health and safety of the
public, the NRC conducts confirmatory and exploratory (also referred to as anticipatory) research for the
following reasons:
* Develop the licensing tools and technical bases necessary to judge the adequacy of the
DOE LA
* Ensure a sufficient independent understanding of the basic physical processes taking place
at the proposed geologic repository site
* Maintain an independent, but limited, confirmatory research capability to be used in
evaluating DOE prelicensing and LA submittals
Figure 1-1 depicts the basic relationship between the NRC research program and licensing needs.
Regulations applicable to the licensing of a HLW repository (primarily 10 CFR Part 60) are translated into
regulatory requirements, each of which must be met before the NRC staff can recommend the issuance
of a license. Strategies and methods for determining if the DOE demonstration of compliance with the
regulatory requirements is acceptable are currently being developed and documented in the NRC License
Application Review Plan (NRC, 1995). Key technical uncertainties (KTUs) are defined based on the risk
to compliance determination and repository performance. Evaluation and reduction of those aspects of the
KTUs that are the responsibility of NRC are the primary objectives of the research undertaken by the
NRC. Each chapter of this report outlines the specific KTUs being addressed by the research described
in that chapter. However, it is to be noted that because of the current budget reductions, the DOE has
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Figure 1-1. Relationship of the NRC HLW Research Program to licensing needs
delayed the preparation of the LA and instead plans to focus on a 'viability analysis' to determine the
(technical and economical) viability of the Yucca Mountain site in the 1998-99 time frame. Accordingly,
the emphasis of NRC near-term work has also shifted from preparing for review of LA to review of the
'viability analysis.'
Each research project discussed herein was conducted in accordance with approved research
project plans, which were developed consistent with an associated NRC statement of work. These plans
established the project objectives, technical approach, justification, deliverables, and funding for each of
the studies. They also described the interrelationships among the various projects, which provided a sound
basis for integrating research results across disciplines.
This executive summary covers, in capsule form, the progress of each research project over the
past 6 mo. The executive summary is followed by Chapters 2 through 12, representing each of the 11
research projects that were active during the reporting period. Project objectives and a report of research
activities and results to date are given in each chapter. The progress toward fulfillment of identified
research needs and the development of particular regulatory products are addressed in cases where such
progress has been significant.
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1.2

GEOCHEMICAL ANALOG OF CONTAMINANT TRANSPORT IN
UNSATURATED ROCK

The Geochemical Natural Analog Research Project is focused chiefly on developing an
understanding of long-term geochemical and transport processes at sites similar to Yucca Mountain (YM).
This understanding and fundamental data on the long-term behavior of high-level radioactive waste (HLW)
within a repository environment will be used to evaluate the U.S. Department of Energy (DOE) License
Application and prelicensing plans, reports, and assessments. Natural systems that have existed for periods
comparable to that required for HLW disposal (i.e., 10 3 -104 yr and greater) provide an opportunity to
obtain observational knowledge of the long-term behavior of HLW components such as spent fuel and
released radionuclides. This report describes recent results of analog research at the Nopal I uranium (U)
deposit in the Peia Blanca district, Chihuahua, Mexico, which possesses favorable geological,
geochemical, and hydrological parallels with the proposed repository site at YM.
The adequacy of models of radionuclide migration from an HLW repository can be tested, in
part, by applying similar models at analog sites. Modeling the hydrogeochemical processes responsible
for radionuclide transport at the Nopal I analog requires an understanding of the chemistry of the
groundwater that effected transport. Transport parameters which are responsive to water chemistry include
solubility, speciation, and sorption characteristics. Recent chemical measurements of perched water from
Nopal I show it to be oxidizing, near-neutral, calcic, and bicarbonate-rich. Geochemical modeling suggests
that U will be present in this water chiefly as relatively soluble uranyl carbonate species; these
characteristics are favorable for U mobility in the Nopal I subsurface. The water chemistry is also broadly
consistent with conditions which would have been in force during postulated mineral alteration and
precipitation events in the past. The Nopal I perched water shares some important general features with
YM unsaturated zone and well J- 13 water and despite significant differences in ion concentrations, yield
similar modeling results for actinide species. The groundwater data will allow more accurate geochemical
modeling of radionuclide transport at Nopal I, strengthening the value of the site as an analog in the effort
to predict how conditions at YM will affect migration of any radionuclides released from spent fuel.
The U transport which resulted from these geochemical conditions at Nopal I has been further
characterized by analysis of rock sample traverses crossing the boundary of the ore body on Levels +00
and +10. Uranium concentrations and U-series radionuclide activities (i.e.,

238 U- 23 4U-23 0Th)

from these

traverses reveal a complex, multistage U transport history. The major stages were (i) an initial transport
of U out of the ore body (though not an appreciable fraction of the total U) and deposition in the
surrounding rock at horizontal distances of a few tens of meters, (ii) subsequent decay/ingrowth toward
secular equilibrium requiring at least a few hundred thousand yr, and (iii) remobilization and removal of
typically up to 30 percent of the U. Transport occurred preferentially along major fractures which crosscut
the exposures; among more generally fractured tuff, transport was more pronounced in more fractured
zones. The multistage nature of the transport history suggests that, within the context of oxidizing
hydrologically unsaturated groundwater conditions, significant variations are possible that can affect
whether deposition or removal of U will occur. A clearer understanding of these possibly subtle variations
is necessary for more confident predictive modeling of radionuclide transport processes at Nopal I and by
extension, YM.

1-3

1.3

SORPTION MODELING FOR HIGH-LEVEL WASTE PERFORMANCE
ASSESSMENT

The broad objective of this project is to develop sufficient understanding of radionuclide
transport and retardation so that timely prelicensing guidance can be provided to the U.S. Department of
Energy (DOE) and a sound basis made available for evaluating the DOE License Application and related
prelicensing documentation. To develop such an understanding, experimental and modeling activities are
being conducted to determine important physical and chemical parameters that could affect actinide
sorption behavior in the Yucca Mountain (YM) environment. During the second half of 1995, batch
experiments under conditions in equilibrium with atmospheric PCO were completed to determine the
effects of varying pH, solid-mass to solution-volume ratio, and solution concentration on U(6+) sorption
on montmorillonite, an ubiquitous clay mineral at YM. The study focused on U(6+) surface complexation
on hydroxylated edge sites because this is expected to be the predominant U sorption mechanism at pHs
typical of natural waters (pH- 6 to -9) including those at YM. Thus, the experiments were conducted with
a 0.1 M NaNO3 matrix to suppress ion-exchange between U(6+) in solution and interlayer cations.
Results show that U(6+) sorption on montmorillonite is a strong function of pH, reaching a
maximum at near-neutral pH (-6 to -6.5) and decreasing sharply towards more acidic or more alkaline
conditions. A comparison of the pH-dependence of U(6+) sorption with that of U(6+) aqueous speciation
indicates a close correspondence between U(6+) sorption and the predominance field of U(6+)-hydroxy
complexes. At high pH, sorption is inhibited due to formation of aqueous U(6+)-carbonate complexes. At
pH and carbonate concentrations typical of natural waters such as those at YM, sorption of U(6+) on
montmorillonite can vary by four orders of magnitude and can become negligible at alkaline pH.
The experimental results derived in this study were used to develop a thermodynamic model
based on a surface complexation approach to permit predictions of U(6+) sorption at differing
physicochemical conditions. A simple two-site Diffuse-Layer Model with two U(6+) surface complexation
reactions per site effectively simulates the complex sorption behavior observed in the U(6+)-H 20-CO2 montmorillonite system at pH>2.5. A comparison of model predictions with data from this study and from
published literature shows good agreement and suggests that surface complexation models (SCMs) based
on parameters derived from a limited set of data could be useful in extrapolating radionuclide sorption
over a range of geochemical conditions. Such an approach could be used to support transport modeling
by providing a better alternative to the current practice of using constant Kds in transport calculations.
Results of experimental and modeling activities provide an understanding of the important
parameters that control the sorption behavior of an actinide element. The strong dependence of actinide
sorption on solution chemistry and surface site concentration indicates that Performance Assessment (PA)
calculations which include the effect of sorption processes, whether in matrix or in fractures, will need
to account for changes in groundwater chemistry and rock/fluid ratio. The success of SCMs in describing
and predicting actinide sorption onto minerals suggests that SCMs offer a scientifically defensible approach
for generating Kd values for use in PA calculations.

1.4

PERFORMANCE ASSESSMENT RESEARCH

Three major programmatic objectives are being pursued in this research project. The first of these
objectives is to provide essential modeling technology for use in the Nuclear Regulatory Commission
(NRC) Iterative Performance Assessment (IPA) activity and in the application of the total-system
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compliance determination methods. A second, and equally important, objective is to focus research on
topics important to addressing the performance-related NRC key technical issues. The third objective is
to provide the technical basis for conducting effective reviews and interactions with the U.S. Department
of Energy (DOE) contractors on various aspects of total-system performance assessment. Studies
conducted under the Performance Assessment Research Project are divided among three interrelated tasks:
Task 1-Conceptual Model Development; Task 2-Computational Model Development; and
Task 3-Model Evaluation.
During this reporting period, research was conducted in all three major tasks. As part of Task 1,
a new stochastic model was developed for assessing the disruptive scenario associated with volcanism. The
new model provides an enhanced capability to examine airborne transport of contaminants dispersed by
a volcanic eruption and transported by wind fields. Under Task 2, research was performed on an
evaluation of a new variance-based sensitivity analysis method. The evaluation considered the probabilistic
calculations of isolation performance developed in IPA Phase 2 and confirmed the ranking of key model
parameters. In addition, work was performed on evaluation of advanced computational techniques. This
study resulted in development of new numerical techniques for solving the nonlinear equation for variably
saturated flow, as well as identification of highly efficient iterative techniques for solving the system of
matrix equations. As part of Task 3, benchmark testing of DOE and NRC/CNWRA thermohydrologic
codes was completed. A number of NUREG/CR reports and journal articles were prepared on completed
research activities.

1.5

VOLCANIC SYSTEMS OF THE BASIN AND RANGE

The Volcanic Systems of the Basin and Range Research Project is designed to better characterize
the probabilities and effects of basaltic igneous activity on repository performance. This characterization
will be possible through the development of (i) probability models for continued magmatic activity in the
Yucca Mountain region (YMR), (ii) models that better predict the interaction between geologic structures
and igneous activity in this tectonic setting, (iii) petrologic models that relate geochemical evolutionary
cycles to spatial or temporal trends for Western Great Basin (WGB) igneous systems, and (iv) scenarios
to assess the impact of igneous activity on repository performance. Research into igneous processes will
require the use and integration of a wide range of geological data from Neogene and Quaternary volcanoes
in the YMR and elsewhere in the WGB. These data will be used to develop and test probability and
consequence models for the geologic and engineered systems in the Yucca Mountain (YM) repository area.
Significant accomplishments during this reporting period are the (i) analysis of published
geochemical data to independently determine the extent of the YMR igneous system; (ii) acceptance for
publication in the Geological Society of America Bulletin, pending minor revisions, of Recurrence Rates
of Volcanism in Basaltic Volcanic Fields: An Example from the Springerville Volcanic Field, AZ, USA,
by Condit and Connor; (iii) continued development of the Geographic Information System (GIS) for the
northern part of the San Francisco Volcanic Field, Arizona; and (iv) ongoing field work on the Mesa Butte
Fault Zone in the San Francisco Volcanic Field, Arizona.
One of the highest priority needs for the Igneous Activity Key Technical Issue (KTI) is the
stabilization of the available database on volcanism using information from the U.S. Department of Energy
and other researchers. A primary task for this KTI is to objectively determine the extent of the YMR
magma system through time. Previous definitions of the YMR system have been based on limited amounts
of geochemical and geophysical data, generally available in the mid 1980's, and have concluded that the
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YMR magma system was restricted to north of 360 30' N latitude. However, compilations of Nd and Sr
isotopic analyses presented in this report show that YMR basalts younger than about 6 Ma have unique
isotopic signatures, relative to most other WGB basalts. These unusual isotopic characteristics also occur
in some basalts younger than about 6 Ma from the Death Valley region that are located east of the Death
Valley-Furnace Creek Fault Zone. The locations of these correlative basalts also appear consistent with
the distances that normally occur between clusters of volcanoes in the previously defined YMR system.
The available data support the conservative conclusion that Death Valley basalts located east of the Death
Valley-Furnace Creek Fault Zone are part of the YMR magma system, and that this system extends south
to at least 360 N latitude. Data gleaned from the Death Valley basalts also will directly support Igneous
Activity KTI needs regarding characterization of subsurface effects of igneous activity, evaluation of
spatial trends in the YMR volcanic system, and more complete determination of the geochemical
evolutionary trends within the YMR magma system.
A primary goal of the Volcanic Systems of the Basin and Range Research Project is to construct
and evaluate probability models for future igneous activity at the candidate repository site during the next
10,000 yr. The research presented by Condit and Connor (in press) provides further analysis of the utility
of spatio-temporal probability models developed by Center for Nuclear Waste Regulatory Analyses staff.
Two key conclusions of this work are nonhomogeneous models predict the locations of subsequent
volcanic activity with significantly greater success than homogeneous methods and nonhomogeneous
models are least successful when petrogenetic changes occur in the system indicating that basalt
petrogenesis is an important aspect of probability assessment. This work is directly applicable to Igneous
Activity KTI needs regarding probability modeling. Research in the San Francisco Volcanic Field has
focused on determining the displacement history of the Mesa Butte Fault Zone which apparently served
as a sustained conduit for basaltic magma for several hundreds of thousands of years. This research
directly relates to determining the subsurface areas affected by igneous activity in addition to the effects
of structural controls in probability models of igneous activity.

1.6

TECTONIC PROCESSES IN THE CENTRAL BASIN AND RANGE
REGION

The principal technical objectives of the Tectonics Research Project include compilation and
integration of tectonic data for the central Basin and Range and Yucca Mountain (YM) regions and
development and assessment of tectonic models and processes in those regions. Of particular concern is
the adequacy of existing and anticipated data for evaluating compliance with quantitative waste-isolation
performance objectives, long-term repository performance, and preclosure operational safety requirements
of 10 CFR 60.111, 60.112, and 60.122(c). Design criteria for the Geologic Repository Operations Area
require design of structures, systems, and components so that anticipated natural phenomena (e.g.,
earthquakes and ground rupture associated with fault slip) will not interfere with the necessary safety
functions [10 CFR 60.131(b)(1)]. Information concerning models of tectonic processes and structural
features will be necessary to assess compliance with specific regulatory requirements documented in
License Application Review Plan Sections 3.2.1.5 through 3.2.1.9 and 3.2.2.8 (Nuclear Regulatory
Commission, 1995). Important goals of the Tectonics Research Project include development and analysis
of alternative tectonic models and evaluation of potential hazards due to fault displacement and seismic
shaking.
The potential activity of faults in and around YM is obviously important to the assessment of
hazards related to earthquakes and direct disruption of the repository by fault rupture. Tectonic activity
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is also potentially important for assessment of hazards related to basaltic volcanism due to the potential
for faults to channel magma, the possible trade-off between faulting and dike intrusion as mechanisms for
the accommodation of crustal strain, and the potential for dike intrusion to trigger fault slip (Parsons and
Thompson, 1993). Faults and fractures also may provide the fastest paths for the transport of radionuclides
to the accessible environment via groundwater. Active faults in the upper part of the earth's crust may tend
to have more open fractures than inactive faults that have been exposed to mineral precipitation for longer
periods of time. Fault barriers that cause trapping (perching) of groundwater could be breached by slip
and related fracturing, potentially releasing perched water.
The tectonic setting and history of YM cannot be understood without adequate appreciation of
the regional geology. Of particular importance are the relationships among YM geologic structures (mainly
faults and fractures) and those in Crater Flat and Bare Mountain (BM). Faulting at YM has been
interpreted alternatively as deformation above a regional low-angle detachment system (Scott, 1990;
Hamilton, 1988), accommodation of caldera collapse in Crater Flat (Carr et al., 1986), hangingwall
deformation related to fault-slip on the Bare Mountain Fault (BMF) (Ferrill et al., 1995a), and deformation
along the margin of a pull-apart basin (Fridrich et al., 1994). Predictions of future activity of YM faults
vary considerably depending on which of these models is used. For example, tectonic models that invoke
Miocene magmatism or displacement on a regional detachment would suggest that YM faults are largely
inactive today, while those models that tie activity of YM faults to the BMF would predict future slip. The
3-dimensional (3D) geometry of faults is important to understanding the hazards associated with structural
deformation, both in terms of their 3D orientation within the contemporary stress field and their possible
role as pathways or barriers to magma or groundwater flow.
Research presented in this chapter focuses on two aspects of the regional tectonic setting of YM.
First, the faulting and uplift history of BM based on geothermometry studies is further constrained.
Second, the relationship between normal and strike-slip faulting is examined through a series of analog
sandbox models designed to simulate pull-apart basin development similar to that predicted for Crater Flat.
This research highlights the importance of realistic tectonic models in the characterization of structural
deformation in the YM region, in accurate seismic hazard analyses, and in realistic assessment of the
effects of faulting and seismicity on repository performance.
Geothermometry studies show that BM has been differentially uplifted such that the previously
most deeply buried portions of the mountain are now exposed along the southwestern flank, particularly
in the northwestern corner of the mountain. Specifically during uplift, BM was differentially tilted
downward (-40°) toward the northeast about a northwest-southeast horizontal axis. This northeast plunge
is consistent with predictions from structural data from the whole of BM (Ferrill et al., 1995a) and in
particular, from newly measured fault and bedding intersections near the Gold Ace Mine (GAM). Based
on previously presented results (Ferrill, 1995a,b), the tilting event appears to postdate slip along the GAM
Fault but predate intrusion of Oligocene mafic dikes.
Based on these results, tectonic models that invoke YM faults as accommodating hangingwall
deformation above the BMF, possibility in the context of a modified pull-apart, appear more viable.
Accordingly, activity on the BMF may directly control slip on the YM faults. If this model is realistic,
the importance of the BMF is considerably greater than its well-recognized role as a local potential source
for repository-affecting earthquakes. Activity of the BMF may directly control fault slip, seismicity, and
fault block deformation (such as dilation of fracture systems in the unsaturated zone) at YM. Based on
published slip-rate estimates, slip on the BMF could exceed 2 m in the next 10,000 yr and 200 m in the
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next I m.y. Slip at this rate could potentially lead to considerable triggered fault activity during the period
of regulatory concern at YM.
Results from the analog modeling experiments reveal several important geometric and mechanical
relationships between strike-slip and normal faults in pull-apart basins. In terms of potential seismic
hazards, the maturity of the pull-apart system may strongly influence the magnitude and pattern of fault
rupture. The experiments show that incipient basins have disconnected strike-slip and normal faults that
tend to confine rupture to individual fault segments, thus reducing the likelihood of large-magnitude
earthquakes. As the basins mature, cross-basin strike-slip faults develop that bridge the two main strike-slip
fault segments. Once the system is linked in this way, the segmentation effect is eliminated, and largemagnitude events which rupture a series of fault segments are more likely. In terms of basin geometry,
the modeling results show both similarities and differences with Crater Flat. There is good agreement
between the steeply dipping normal faults that developed along the fixed margin of the sandbox models
and those within YM such as the Ghost Dance and Solitario Canyon faults. However, the models required
well developed strike-slip faults at both ends of the pull-apart and, to date, such features have not been
documented in the field at YM. One possibility that warrants further investigation is that Crater Flat
formed as a modified pull-apart in which strike-slip motion was pinned at the northern end and transmitted
along a now buried strike-slip fault at the southern end of the basin. Structurally pinning Crater Flat at
its northern end and allowing for a southward increase in horizontal extension may explain the lateral
displacement gradients observed on the BMF, Solitario Canyon Fault, and related faults within YM.
The possibility that Crater Flat is a pull-apart or modified pull-apart has significant implications
for performance assessment and seismic hazard analyses. In this model, if Crater Flat has matured to the
point where cross-basin strike-slip faults now link deformation on the bounding master faults, then these
analog modeling analyses suggest large-magnitude earthquakes may occur in the vicinity of YM during
the next 10,000 yr to 1 Ma, even if evidence for such earthquakes has not been found in historic or recent
geologic records. The potential consequence of a large magnitude event at YM (e.g., fracture dilation,
formation of new fractures, fault-zone brecciation, and related effects on groundwater flow) demonstrates
the need for construction and evaluation of viable tectonic models. As shown in research presented here,
the tectonic setting exerts direct control on the expected mode and magnitude of deformation during the
period of regulatory concern.

1.7

FIELD VOLCANISM

The Yucca Mountain region (YMR) has been the site of recurring small-volume basaltic
eruptions during the last 10 m.y. The technical objectives of the Field Volcanism Research Project are to
better characterize the effect of this type of volcanic activity on repository performance and as a result,
better constrain probability models of disruption of the repository and risk to public safety.
During the last six months, investigations in the Field Volcanism Research Project have focused
on both direct and indirect effects of volcanism on repository performance. Analog cinder cones, such as
the erupting Cerro Negro volcano, Nicaragua, and the Tolbachik cinder cones, Kamchatka, Russia, have
been used to gather empirical evidence of processes such as diffuse degassing through rock surrounding
active magma systems, ash dispersion and lava flow rates, and rates of the cooling of igneous dikes in the
shallow subsurface. Field measurements and observations made at the Tolbachik cinder cones, coupled
with simple heat transfer models, provide the technical foundation for a bounding estimate of the indirect
effects of igneous activity on repository performance. These estimates indicate that in some circumstances
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dike intrusion can saturate the repository near-field and create a comparatively fast pathway for
radionuclide transport to the groundwater table.
Indirect effects of volcanism include any release of radionuclides as a result of volcanic activity
in which radionuclides are not directly transported to the surface by magma. The potential exists for
alteration of hydrologic flow, the geochemical setting of the repository, or damage of waste canisters by
volcanism, even in cases where no radionuclides are directly transported to the surface. Although it is
generally believed that radionuclide releases due to indirect effects would be much less than those due to
direct effects, the area impacted by indirect effects is greater, and hence, the probability of indirect effects
influencing repository performance is greater than the probability of direct effects. Furthermore, indirect
effects of volcanism may persist over a longer period of time than direct effects.
In this report, an attempt is made to model indirect effects of dike intrusion into the repository
considering only the thermal load the dike places on the repository. This is accomplished using a
combination of empirical observations made at a cooling dike near the Tolbachik cinder cones and
numerical modeling of dike cooling. Field work at the Tolbachik cinder cones was performed during the
summers of 1994 and 1995 in collaboration with volcanologists from the Institute of Volcanic Geology
and Geochemistry (IVGG). Modeling was done using a one-dimensional (ID) time-transient analytical
solution for pure conduction, and CTOUGH, a numerical model that considers multiphase transport in
addition to simple conduction.
In July and August 1995, the Center for Nuclear Waste Regulatory Analyses and IVGG teams
mapped ground temperatures over a cooling dike zone at Tolbachik, Kamchatka, Russia. This was
accomplished by measuring ground temperatures at depths of 1.75-2.0 m using 2-m-long probes and
ungrounded chromel-alumel thermocouples. These measurements were made at 310 stations on the slump
block concentrating on a 160-m-long and 50-m-wide thermal zone. Background soil temperatures were
0-23 'C; temperatures within the thermal zone are as high as 475 'C. This thermal anomaly is interpreted
to be related to a shallow cooling igneous dike because of its high temperatures, the length and narrow
width of the anomaly, and geological relationships.
These field observations made over the cooling dike zone provide empirical evidence of the
following:
* Dike cooling is significantly impacted by variation in the thermophysical properties of the
rock; cooling times are considerably longer than expected because of the increased porosity
and permeability in the dike zone
* Even a small amount of water in the unsaturated zone results in a change in the cooling
behavior of the dike and the degree of saturation in the surrounding rocks
* Heat transfer by conduction occurs along the axis of the thermal anomaly; convective heat
transfer, water vaporization, and condensation zones develop 15-30 m from the axis of the
thermal anomaly
* Multiphase transport codes, such as CTOUGH, model the observed behavior of the cooling
dike zone reasonably well
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The development of a wide condensation zone around cooling dikes has important implications
for radionuclide release as a result of volcanism. The ID time-transient model indicates that saturated
conditions could exist over a 20-m-wide zone on either side of the cooling dike between 1 and 10 yr after
emplacement. In many ways, this condensation zone is similar to the condensation zone calculated by
many models of normal performance to develop above the repository due to heating from the waste. One
key difference lies in the geometry of these condensation zones which are isolated above the water table
during normal repository performance: water and leachate that begin to flow in saturated conditions are
unlikely to reach the water table because of dispersion and evaporation. With dike injection, condensation
zones form vertically, mirroring the geometry of the dike itself. These condensation zones may form an
area of saturated flow that extends from the repository to the groundwater table. Thus, the development
of saturated conditions within condensation zones may provide a fast path for radionuclides into
groundwater.

1.8

REGIONAL HYDROGEOLOGIC PROCESSES OF THE DEATH VALLEY
REGION

Yucca Mountain (YM) has been proposed as a potential site for a high-level radioactive waste
repository, in part because of the favorable geochemical and hydrologic environment provided by its
700-m-thick unsaturated zone. Siting the repository in the unsaturated zone may significantly reduce the
potential for waste canister corrosion and subsequent dissolution of the waste form. Moreover, the low
water flux rates presumed to exist in the unsaturated zone reduce the likelihood that dissolved
radionuclides would be rapidly transported to the accessible environment. Mechanisms that may saturate
the repository horizon, and thus compromise favorable conditions provided by the YM site, include rapid
infiltration of water from the surface through highly conductive fracture networks and an increase in
elevation of the regional water table. Elevation of the water table may occur due to increased recharge to
the regional carbonate system along stream channels and mountain fronts in topographically closed basins
100 km to the north and northeast of YM or by neotectonic disruption of structural or stratigraphic
features that control the steep hydraulic gradient north of the proposed repository block at YM. Even if
elevation of the regional water table does not saturate the repository block, the reduced thickness of the
unsaturated zone has the potential to diminish travel times within the vadose zone. In addition, travel times
in the saturated zone and the location of potential discharge areas for dissolved radionuclides down
gradient from YM are performance-related issues addressed by this research project.
The primary objectives of this research project are to (i) analyze existing conceptual models and
develop new conceptual models of the regional hydrogeologic flow regime in the Death Valley region and
(ii) construct numerical models of regional flow that may be used to assess the potential for the water table
beneath YM to rise in response to wetter climatic conditions. The recently released National Academy of
Sciences (NAS) report on a performance standard for YM recommends that the U.S. Environmental
Protection Agency replace the current release-based standard with one based on the risk to a critical group
of individuals of adverse health effects from released radionuclides. It appears that the saturated flow
regime may play a significant role in forming estimates of repository performance in accordance with the
proposed NAS recommendation. Dose-to-man calculations must include the dose received via radionuclide
contaminated water which is either pumped from the fractured tuff aquifer near YM or the alluvial aquifer
in central Amargosa Desert or is discharged to a surface water body such as may occur at Franklin Lake
Playa under wetter climatic conditions. Clearly, the drinking water dose will be affected by the transport
properties of the tuff aquifer, the alluvial aquifer, and perhaps the underlying lower carbonate aquifer.
Accordingly, the results from this research project will also be used to estimate the degree of mixing that

1-10

occurs in that portion of the saturated zone extending south from YM to the south central Amargosa
Desert and to determine how these mixing and transport processes may be altered by climatic change.
During this period, significant progress was made on conducting an in-depth review of existing
conceptual and mathematical models of the Death Valley regional groundwater flow system. An extensive
report was compiled on this subject (Wittmeyer and Turner, 1995). This report contained two major
sections: (i) a review of literature on the Death Valley regional flow system and (ii) an evaluation of the
models in terms of their utility for assessing the effects of water table rise due to climate change and
disruption of the steep hydraulic gradient on the proposed YM repository. This review has been extended
to assess these models' implications regarding the potential for groundwater mixing to dilute radionuclide
concentrations both within the tuffaceous aquifer beneath YM and within the alluvial aquifer in central
Amargosa Desert.
The flux of water passing below the proposed YM repository depends in part, on the northern
extent of the Furnace Creek Ranch-Fortymile Wash sub-basin which contains YM. While most conceptual
models agree that recharge to Pahute Mesa, Kawich Valley, and Gold Flat contributes to the groundwater
flow beneath YM, a more recent model assumes that much of the recharge to the flow system is derived
from the Toiyabe, Toquima, southern Monitor, and Hot Creek Ranges located 100 to 150 km to the north.
This suggests that fluxes beneath YM may be greater than previously estimated and that dilution in the
immediate area where radionuclides might be released to the saturated zone would be enhanced. Some
conceptual models suggest that inflow from the Oasis Valley sub-basin may mix with waters from the
Furnace Creek Ranch-Fortymile Wash sub-basin within the central Amargosa Desert. Inasmuch as the
central Amargosa Desert is presently the area of greatest groundwater consumption down gradient from
YM, this finding would suggest that significant mixing and dilution may occur at the location where
dose-to-man must be estimated. However, hydrochemical facies data indicate that water chemistry within
the Amargosa Desert is highly heterogeneous, which would suggest minimal mixing. Because these
findings appear to be contradictory, effort must be devoted to developing a detailed hydrogeologic model
for the region from YM to the central Amargosa Desert. Such a model must be able to replicate the
observed hydrochemical species data within the Amargosa Desert to ensure that the inflows to the
Amargosa Desert from different sub-basin and recharge areas are correctly apportioned.

1.9

SUBREGIONAL HYDROGEOLOGIC FLOW AND TRANSPORT
PROCESSES

Understanding the subregional (site) and regional hydrogeology is required to estimate liquid
fluxes in the unsaturated and saturated zones of the proposed repository site. Other processes and
phenomena of importance dependent on hydrologic knowledge include, but are not limited to, the potential
for flooding of the repository as a consequence of water table rise from meteorological or climatic
changes, volcanism, and faulting. To achieve the required level of understanding, it is necessary to assess
the inherent variability and distribution of hydrogeologic and transport properties, initial and boundary
conditions, hydro-geostratigraphic unit interfaces, and location and characterization of structural features
that significantly affect water and vapor movement. The knowledge gained through this research project
will be used to review estimates of saturation and moisture fluxes obtained by the U.S. Department of
Energy (DOE).
The staff of the Nuclear Regulatory Commission (NRC) has identified several key technical
uncertainties that pertain to this research project: (i) development of a conceptual groundwater flow model
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that is representative of the Yucca Mountain (YM) site groundwater flow system; (ii) development of a
mathematical groundwater flow model representative of the YM site groundwater flow system;
(iii) determination of the fastest path of likely radionuclide travel from the disturbed zone to the accessible
environment; (iv) identification of uncertainties associated with determining characterization parameters;
(v) determination of uncertainties related to modeling the formation of perched water zones;
(vi) preparation of conceptual model representations of the natural and engineered systems; (vii) variability
(temporal, spatial, etc.) in model parametric values; (viii) appropriateness of assumptions and
simplifications in mathematical models; and (ix) validation of mathematical models. These have recently
been incorporated in a set of key technical issues (KTIs) that form the basis of the NRC high-level
radioactive waste program. The activities of this research project address groundwater flow and transport
assessment for selected technical issues associated with the following: (i) infiltration and recharge (both
focused and distributed) processes, (ii) conditions and properties that contribute to perched water zone
development, (iii) thermally driven vapor-phase transport processes including coupled effects, and
(iv) temporal and spatial distributions of initial and boundary conditions for site and repository-scale
modeling.
The anticipated products of this research project will have direct application to the License
Application Review Plan (LARP) and related prelicensing reviews of DOE documents in the following
areas: (i) evaluating overall system performance; (ii) assessing performance of the geologic setting; and
(iii) determining compliance with various siting criteria [i.e., potentially adverse conditions (PACs) and
favorable conditions (FACs)]. In particular, the Subregional Hydrogeologic Flow and Transport Processes
Research Project deals with issues identified in the LARP sections on assessment of compliance with
FACs and PACs for the hydrologic system (including 3.2.2.1-Nature and Rate of Hydrogeologic
Processes; 3.2.2.4-Unsaturated Zone Hydrogeologic Conditions; 3.2.2.3-GWTT Substantially Exceeding
1,000 yr; 3.2.2.9-Changes to Hydrologic Conditions; 3.2.2.12-Perched Water Bodies; and
3.3-Assessment of Compliance with the GWTT Performance Objective). This research project will also
contribute significantly to resolution of the KTIs on Unsaturated and Saturated Flow Under Isothermal
Conditions, and Thermal Effects and Redistribution of Moisture.
A Geographic Information System-based infiltration evaluation methodology was presented
(Stothoff et al., 1995) and a series of infiltration sensitivity analyses identified processes expected to have
a significant impact on predicted values of long-term net infiltration at the YM site. It was found that for
a system with alluvium overlying a fractured medium, the depth of alluvium is the controlling factor for
estimating Annual Average Infiltration (AAI). Predictions of spatially averaged AAI have been found to
be very similar to recent U.S. Geological Survey estimates (Flint et al., 1995). Center for Nuclear Waste
Regulatory Analyses (CNWRA) modeling predictions suggest that northfacing sideslopes are the primary
locations for infiltration, whereas in areas where the alluvial cover is deeper than a few tens of
centimeters, very little or no infiltration moves below the active evapotranspiration zone. Other efforts
concentrated on compilation and evaluation of hydrologic and geochemical data from perched water bodies
at the YM site. Moreover, the Allan diagram approach (Allan, 1989) has been adopted to evaluate the flow
behavior around fault-controlled water traps. Based on existing hydrostratigraphic relationships, detailed
numerical simulation of variably saturated flow was performed to estimate the net infiltration rate required
to form and sustain a perched water body. Numerical simulation results also provide estimates of the
volume and 1 4 C-based age of a fault-controlled perched water body. These numerical results are compared
to geochemical and hydrological data observed at existing YM boreholes, thus providing two sets of
constraints on the possible range of flow into the perched water body. Finally, CNWRA staff interacted
with the University of Arizona research group and contributed to the field testing plan for the Apache
Leap Test Site.
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1.10

HIGH-LEVEL WASTE NEAR-FIELD PROCESSES AND VARIATIONS

The near field of the proposed repository for high-level radioactive waste at Yucca
Mountain (YM) is the portion of the repository that would be altered to an extent that affects repository
performance. Modifications may result from construction, emplacement of waste and engineered barrier
materials, thermal loading, fluid circulation, and chemical reactions. Many uncertainties are associated with
these processes and their complex couplings. Numerous key technical uncertainties (KTUs) with regard
to repository licensing have been identified that derive from near-field processes and variations. The
general technical objectives of the High-Level Waste Near-Field Processes and Variations Research Project
(Near-Field Project) are to generate hypotheses for the behavior of the near field of the proposed
repository at YM, to identify processes and variations that are significant with regard to repository
performance and that engender KTUs, and to perform research to attempt to address selected uncertainties
comprising the associated key technical issue.
Research in the High-Level Waste Near-Field Processes and Variations Project focused initially
on testing the hypothesis that releases of much of the radionuclide inventory from the engineered barrier
system (EBS) will be controlled by the properties of secondary minerals composed of oxidized uranium
and other components of the geologic environment. Uranophane and soddyite that are secondary after
spent fuel could incorporate much of the nuclear waste inventory and control its release from the EBS.
Another secondary phase of potential significance is ianthinite. With substitution of Pu(IV) for U(IV) in
the ianthinite structure, it may be stabilized under oxidizing conditions and Pu-ianthinite formed during
oxidation of spent fuel could provide a relatively stable, low solubility host for waste plutonium. A
theoretical estimates of limits on the thermodynamic properties of ianthinite and Pu-ianthinite was used
to calculate an upper limit on the solubility of plutonium in a potential nuclear waste repository. For a
typical bicarbonate activity, it follows from the deduced limiting value of the equilibrium constant for the
reaction between Pu-ianthinite, schoepite, and dissolved plutonium that the maximum thermodynamic
activity of plutonium dicarbonate at equilibrium with Pu-ianthinite is 1.5x10-12. Even as an upper limit,
this corresponds to a low concentration of dissolved plutonium.
Syntheses of uranophane and soddyite were performed at 150 'C in preparation for use in
solubility and actinide coprecipitation studies. X-ray diffraction patterns of the synthetic minerals were
obtained. Comparison of these data to published standards confirms the synthetic minerals are uranophane
and soddyite. Major species in the synthesized uranophane were analyzed using a procedure that entails
a complete dissolution of the sample followed by inductively coupled plasma spectroscopic analysis.
Uncertainty is indicated in the chemical analyses of uranophane because of poor measurements of prepared
mixed standard compositions. Nevertheless, the CaO, SiO 2 , and H2 0 contents of the synthetic uranophane
appear to be close to stoichiometric values. However, the uranium content of the synthetic uranophane
appears to be about ten percent lower than the nominal value.

1.11

ROCK MECHANICS

Long-term deterioration of emplacement drifts and potentially enhanced near-field fluid flow
resulting from coupled thermal-mechanical-hydrological (TMH) processes are among the important
concerns for safe disposal of high-level radioactive waste (HLW). Repetitive seismic loads and thermal
loads generated by decay of the emplaced waste are factors that could potentially cause rock mass
degradation or change near-field flow patterns. These long-term effects may have implications for
performance of the engineered barrier system (EBS), retrievability of waste, and long-term waste isolation,
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especially if some of the openings of the HLW repository are left unfilled at closure. Two key technical
uncertainties (KTUs) have been identified in these areas which relate to the Repository Design and
Thermomechanical Effects Key Technical Issue. The KTUs are related to the lack of ability to predict
thermal-mechanical (TM) effects (including repetitive seismic load) on stability of emplacement drifts and
the EBS and TMH effects (including repetitive seismic load) on the host rock surrounding the EBS. The
ultimate goal of the Rock Mechanics Research Project is to develop techniques that could be used for
predicting response of the near-field jointed rock mass at the proposed HLW repository at Yucca
Mountain, when subjected to repetitive seismic loads and thermal stresses. Knowledge gained through
laboratory, field, and numerical modeling in this project was used to support prelicensing activities,
including reviews of Exploratory Studies Facility design packages. Results of three activities performed
during this period are reported.
Seismic activity is an important natural phenomenon which can conceivably affect both shortand long-term performance of a repository. The two seismic engineering issues are found to be unique for
repository design: dynamic (cyclic) behavior of rock joints and potential impacts of repetitive seismic
loads. Both issues need to be considered in the design to facilitate meeting retrievability and postclosure
performance requirements. Experimental results using natural joints of Apache Leap tuff demonstrated that
shear strength is smaller in the reverse direction than in the forward direction. A significant part of the
joint dilation realized during forward shear is also recovered during reverse shear. Furthermore, fractured
rock mass strength is susceptible to repeated load cycles due to the presence of pre-existing fractures and
the associated mobility of individual blocks. An experimental scale model study of the seismic response
of an opening in a jointed rock mass and field measurements of the response of underground excavations
to mining-induced seismicity at the Lucky Friday Mine, Idaho, indicated that damage accumulated along
the fractures may lead to major instability of the openings. A joint with shear stress close to the shear
strength is more susceptible to slip. Consequently, two seismic events with the same peak motion may
induce different responses. The in situ stress at the emplacement horizon may not be high, but the thermal
stresses resulting from the emplaced waste could be very high. Consequently, the sensitivity of seismic
response to a high state of stress has implications for both waste retrievability and postclosure performance
of underground openings.
The peer review of coupled TMH processes research was completed during this reporting period.
Although the opinions and recommendations varied somewhat among the expert panel members, they
generally agreed that resolving the key issues related to TMH processes can be accomplished in a partially
decoupled fashion by studying TM and thermal-hydrological (TH) processes where the mechanical and
TM effects are weakly coupled into the TH processes. Most of the reviewers also agreed that TH processes
involving vaporization, vapor transport, recondensation, and condensate dripping/wicking in the fractures
represent the most crucial issue with the potential of highest impact on waste package performance.
Consequently, the reviewers recommended this issue be given the highest priority for future research.
The Center for Nuclear Waste Regulatory Analyses conducted a limited amount of work on
mechanical-hydrological (MH) interaction experiments as a subset of coupled TMH processes research.
An effort was made to modify the MH experimental apparatus to facilitate conducting either saturated or
unsaturated fracture flow experiments under normal and shear loads. Results from auxiliary experiments
indicated that fracture permeability values determined from the flow experiments were substantially smaller
than the permeability estimates based on fracture volume determined from the pycnometer method.
Tortuosity appeared to play a significant role in the difference. Analysis of fracture aperture distribution
using an induced fracture in an Apache Leap tuff specimen revealed that, in spite of the strong
heterogeneity in the fracture surface topography, the aperture distribution was relatively uniform.
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Numerical experimentation showed that under shear displacement, the aperture distribution deviated from
log-normal and tended to be more gaussian. More than an order of magnitude increase in the equivalent
fracture conductivity was observed as a result of rock dilation under shear displacement numerical
simulations.

1.12

ENGINEERED BARRIER SYSTEM EXPERIMENTAL RESEARCH

The technical objectives of the Engineered Barrier System Experimental Research (EBSER)
project are to develop an understanding of the processes affecting the near-field environment contacting
the waste package and to address issues related to the long-term performance of waste packages such as
corrosion, degradation of mechanical properties, and radionuclide release rate. Consistent with the research
needs included in the Container Life Prediction and Source Term Key Technical Issue, the EBSER is
designed to examine the effects of the near-field environment on container performance and the
methodologies for extrapolating short-term laboratory data to predict long-term performance of waste
packages governed by corrosion and mechanical failure processes. It is envisaged that the results of the
work performed within the EBSER project will assist in the development of acceptance criteria and review
procedures for the Engineered Barrier System and provide input to the source term models.
In the course of this reporting period, studies were initiated to determine if biofilms, composed
of a complex assemblage of physiologically distinct microbial species attached to a surface, can grow on
tuff under partially saturated conditions simulating those that can be present at the proposed Yucca
Mountain (YM) repository site. From initial studies on the influence of heating on the survivability of
bacteria in tuff, it is apparent that depending on the thermal loading of the repository and hence on the
temperatures attained in the proximity of the waste packages, sterility of the near-field environment might
not be achievable. It is suggested that temperatures in excess of 100 'C will be necessary to kill the
natural bacterial populations found in tuff. Although characterization of the bacteria that were able to
survive to temperatures up to 100 'C for 48 hr has not been carried out, it is possible the cells which
maintain viability were present as dormant cells or spores. Given the anticipated harsh nature of the
unsaturated repository subsurface environment, it is possible that the recovered bacteria are oligotrophic
and able to survive only as dormant cells or as spores in such a low-water-content environment.
Localized corrosion enhanced by the action of microorganisms could be an important factor
affecting the performance of the waste package since pseudomonads, sulfate-reducing bacteria, and other
bacteria often associated with microbially influenced corrosion (MIC) of metallic materials were isolated
from the deep subsurface in the vicinity of the YM site. The occurrence of MIC has been reported for the
majority of the alloys currently under consideration as container materials. If the corrosion potential in the
environment surrounding the container is higher than the repassivation potential, localized corrosion will
occur. Microbial activity can affect the corrosion potential under certain conditions and recent studies have
indicated that the repassivation potential may also be affected. However, the mechanisms of microbial
effects on corrosion potential are poorly understood. In this study, Shewanella putrefaciens grown under
aerobic conditions without sulfide production in the absence or presence of thiosulfate induced a delay or
an inhibition of the corrosion potential increase with respect to the sterile controls for type 316L stainless
steel (SS). Under anaerobic conditions, which lead to the production of sulfide, a decrease in the corrosion
potential occurred that was only maintained while the bacteria were actively growing. These and further
studies can provide useful insights on possible mechanisms of MIC.
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Investigation of localized corrosion identified the range of potential and environmental conditions
under which alloy 825 can suffer localized corrosion after prolonged exposures. Previous long-term
potentiostatic tests were confirmed by natural exposure tests in which localized corrosion was initiated at
potentials intermediate to the pit initiation and repassivation potential. Whereas localized corrosion of type
316L SS has been observed previously in air-saturated chloride solutions under open-circuit conditions,
the potential should be increased either potentiostatically or by the addition of a suitable redox couple to
the solution (i.e., oxidizing radicals or stable oxidants) to initiate localized corrosion of alloy 825. No
localized corrosion was initiated, however, at potentials lower than the repassivation potential. The
propagation rate for localized corrosion was measured under both potentiostatic and open-circuit
conditions. The pit propagation rate of simulated, unidimensional pits was found to be orders of magnitude
faster than that of naturally exposed, multiple-crevice specimens. It is concluded that time-dependent
propagation rates for pitting and crevice corrosion measured under open-circuit conditions are necessary
to predict container lifetimes in environments where localized corrosion can be initiated.
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2.1

TECHNICAL OBJECTIVES

The technical objective of the Geochemical Natural Analog Research Project is to develop an
understanding of the utility and limitations of natural analog studies in support of a license application for
a high-level nuclear waste (HLW) repository and to provide fundamental data on the long-term behavior
of an HLW repository. This objective is pursued through field, laboratory, theoretical, and interpretive
analyses of natural systems analogous in many respects to the proposed HLW repository at Yucca
Mountain (YM), Nevada. Many factors affecting the long-term behavior of waste forms, the engineered
barrier system (EBS), and radionuclides in the environment of the proposed repository are poorly known.
The absence of this basic information limits the confidence with which repository performance may be
evaluated. Natural systems that have evolved for periods of time comparable to that required for HLW
disposal (i.e., 103-104 yr and greater; U.S. Environmental Protection Agency, 1989) provide unique
opportunities to obtain observational knowledge of the potential behavior of HLW repository components.
Such information can provide important support to long-term predictive models of repository performance
(Nuclear Regulatory Commission, 1987).
The Geochemical Natural Analog Research Project addresses uncertainties and technical needs
raised in several Key Technical Issues (KTIs) including Evolution of the Near-Field Environment,
Radionuclide Transport, and Container Life and Source Term. For example, for the Radionuclide Transport
KTI, these activities will contribute to the need to reduce uncertainties surrounding modeling of
geochemical processes and conditions affecting radionuclide transport at YM and will provide data
contributing to the formulation of alternative conceptual models. Data and interpretations developed within
the Geochemical Natural Analog Research Project will address five key technical uncertainty (KTU)
topics: (i) uncertainty in predicting effects of environmental conditions on the EBS during the
post-containment period, (ii) uncertainty in identifying geochemical processes and conditions that affect
radionuclide retardation and determining and predicting the magnitude of the effects at YM,
(iii) uncertainty in developing a conceptual and mathematical vapor and liquid water phase transport model
that is representative of the YM site flow system, (iv) uncertainty in predicting effects of environmental
conditions on the waste package during the containment period, and (v) uncertainties associated with
developing and evaluating conceptual and mathematical models. Information presented in this chapter
relates primarily to KTU topic (ii).
The Geochemical Natural Analog Research Project is an integrated effort combining expertise
in geochemistry, hydrology, geology, and transport modeling, among others. The need for interdisciplinary
input is reflected in a number of technical interfaces with other Nuclear Regulatory Commission (NRC)
Office of Nuclear Regulatory Research projects. For example, within the Geochemical Natural Analog
Research Project, the hydrologic properties of welded silicic tuff from the Nopal I analog site were
measured and the data analyzed within the Performance Assessment (PA) Research Project to allow more
complete interpretation of long-term transport of uranium through tuff at the site (Green et al., 1995).
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Observations and measurements from the Geochemical Natural Analog Research Project are also being
used within the Sorption Research Project (Chapter 3 of this document) for comparison to laboratory
studies. Additionally, results from the Geochemical Natural Analog Research Project have been used in
hypothesis development within the Near-Field Processes and Variations Research Project (Chapter 10 of
this document).
The Geochemical Natural Analog Research Project addresses needs identified by the Office of
Nuclear Material Safety & Safeguards concerning assessment of the degree to which data from analogous
sites may be extrapolated to support modeling for a repository site. It also addresses the need for an
evaluation of the extent to which repository modeling can be validated using data from natural analogs.
Specific NRC research needs that may be met through this project include geochemical effects on
radionuclide transport within and beyond the thermally affected zone and evolution of groundwater in the
near-field environment.
Research in the Geochemical Natural Analog Research Project includes work at two sites: the
Nopal I uranium deposit in the Pefia Blanca district, Chihuahua, Mexico, and the Akrotiri archaeological
site on Santorini, Greece. Earlier reports documenting progress to date include Prikryl et al. (1995),
Murphy et al. (1995), Pearcy (1994b), Pearcy et al. (1994a), Leslie et al. (1993a), Pearcy and Leslie
(1993), Pearcy et al. (1993ab), and Pearcy and Murphy (1993; 1991a-c). This report examines field-based
and experimental data on radionuclide transport at the Nopal I deposit, with emphasis on uranium-series
disequilibrium and water chemistry. Recent work at the Nopal I site indicated that U transport at the
deposit occurred mainly along fracture pathways (Pearcy, 1994a,b) and that U retention on Fe
oxides/hydroxides outside the deposit was a major retardation mechanism (Prikryl et al., 1995). The
current report compares radionuclide activity profiles from fractures with those from matrix tuff and
presents initial results of selective leaching experiments on samples of fracture infilling in order to gain
insight into the siting of uranium-series radionuclides within the apparently retarding fracture assemblage.
It also discusses data on site water chemistry in order to constrain the effects of aqueous speciation and
solubility on radionuclide transport. Data reported herein are intended to address KTUs that deal with
radionuclide migration and may provide data that Iterative Performance Assessment (IPA) models can
incorporate to constrain radionuclide transport in a YM-style environment.

2.2

SIGNIFICANT TECHNICAL ACCOMPLISHMENTS

Project accomplishments over the six-month report period were concentrated on further analysis
of radionuclide distribution at Nopal I and on characterization of Nopal I groundwater chemistry. The
Nopal I U deposit is especially favorable for the study of mass transport in a geologic environment
composed of fractured, pyroclastic rocks and a variety of field and laboratory studies are being carried out
at the site. Features of the Nopal I deposit analogous to the proposed repository at YM include the
fractured, silicic, volcanic host rocks, the semi-arid climate, the unsaturated hydrology, and the chemically
oxidizing environment (Pearcy and Murphy, 1991d; 1992). Earlier research within this project established
the geologic, mineralogic, and hydrologic framework of the Nopal I analog (Pearcy et al., 1993a-c).
Secondary minerals produced by oxidative alteration of the primary mineral assemblage have been
identified and described (Leslie et al., 1993a,b; Pearcy et al., 1993a-c; 1994b). The alteration processes
were accompanied by mobilization of U. Spatial distribution of U within and around the deposit was
measured and mapped (Leslie et al., 1993a,b; Pearcy and Leslie, 1993; Pearcy, 1994a,b). More recently,
work has focused on the specific mineralogic development and transport characteristics of a prominent
east-west fracture cross-cutting the ore body (Prikryl et al., 1995).
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The Nopal I U deposit is hosted by fractured, rhyolitic tuffs (Nopal and Coloradas Formations);
the U mineralization extends some 100 m vertically and is located within a highly brecciated zone. The
chief alteration mineral observed in the matrix tuff outside the deposit is kaolinite. In addition, hematite,
goethite, jarosite, and amorphous iron oxyhydroxides are observed in fracture filling assemblages. Calcite
veins are present but less common. (These features contrast with alteration assemblages of tuff in the
unsaturated zone at YM, which are characterized by illite/smectite and zeolite, although local calcite veins
are present-Broxton et al., 1987). Mining during the late 1970s and early 1980s exposed the deposit on
two broad horizontal surfaces (Levels +00 and +10). Clearing followed by geologic and radiometric
mapping of the Level +00 and +10 surfaces showed that the area of U mineralization is well-defined and
roughly elliptical in form, with maximum horizontal dimensions of about 18x30 m (Figure 2-1). The
cleared surfaces completely span the outcrop of the deposit and expose much of the surrounding host rock,
providing an opportunity to study transport of U from the deposit out into the host tuff. A permanent lxl
m grid with axes oriented north-south and east-west was constructed over the cleared areas and provides
location references in this report.
Previous work at Nopal I examined the distribution of U in the host tuff at scales ranging from
to
101 m and indicated that U transport away from the deposit occurred mainly along fracture paths
106 m
(Pearcy and Leslie, 1993; Pearcy, 1994a,b). It should be noted that all project studies discuss only the
horizontal component of transport away from the deposit; statements about transport are made with the
recognition that the dominant component of transport was likely vertical. Greatest horizontal transport
distances (tens of meters) were observed along a few continuous mesofractures (Prikryl et al., 1995),
whereas transport through generally fractured tuff containing less continuous microfractures achieved
distances of meters. The present report takes a closer look at the contrasting behavior of uranium-series
nuclides in these two settings. In addition, initial results of selective leaching experiments on fracture
infilling minerals from a major mesofracture will be discussed; these have implications for the specific
mechanisms of uranium retardation and retention in the fracture assemblage. The report begins with a
presentation of field data on water chemistry at Nopal I and implications for radionuclide transport.

2.2.1 Nopal I Groundwater Chemistry
2.2.1.1 Samples and Analytical Methods
In August 1995, several liters of water were collected using a one-liter teflon bailer from both
Borehole 12 (BH-12) on Level +10 (Figure 2-1) and a well in the regional carbonate aquifer 1.3 km east
of Nopal I (WVW). BH-12 (10 cm in diameter and 10.7 m deep) was drilled during mining activities for
the purpose of blast excavations which were never completed. Water was detected in the bottom of the
hole during site visits over several years, presenting an opportunity to observe perched water in the
oxidizing, hydrologically unsaturated zone hosting the analog uranium deposit. A capped pipe was
installed in May 1995 in the top of the hole to prevent contamination by surface materials. Due to the
shallowness of BH-12, the small amount of water present, and the lack of observed recharge, it was not
possible to evacuate the hole and wait for recharge before sampling. It is recognized that this may obscure
the true chemical nature of the water as it travelled through the Nopal I subsurface, but basic properties
are likely to be representative and the samples may serve as a baseline to compare with future samples.
Because the hole was cleared of as much water as possible, future samplings should help support this
working assumption. The water was collected in polypropylene bottles and some retained for field
chemical analyses.
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Figure 2-1. Map of the Nopal I uranium deposit showing the locations of sampling traverses A
through H on Levels +00 and +10 as well as Borehole 12 on Level +10. The shading indicates the
area of visible U mineralization, also referred to as the ore body or deposit. Contour interval is 2 m,
referenced to zero at Level +00; axes (in meters) correspond to the NS-EW field grid. The shaded
outlines enclose the areas cleared of surface debris.
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During the August 1995 trip, water was also detected in two adjacent boreholes of similar depth.
A possible source of water in these boreholes was identified as a depression at least 1 m deep located
approximately 10 m south of BH-12. The depression was recognized as the base of a vertical shaft
excavated in overlying rock prior to excavation of the Level +10 surface. Water ponds in this depression
following heavy rain and is diverted in ditches into the depression from portions of the Level +10 surface.
Thus, while the water in BH-12 may not have traversed high-uranium rocks, it is likely to have interacted
appreciably with the fractured Nopal I host rock.
Field chemical analyses of the collected Nopal I groundwaters were achieved by both electrode
measurement and titration. Temperature, pH, and oxidation-reduction potential were determined using an
Accumet 1002 pH/mV Meter with a combination pH electrode-temperature probe and a Pt redox
combination electrode; calibrations utilized standard buffer solutions for pH and quinhydrone solutions
for redox. Oxidation-reduction potential was corrected to the standard hydrogen scale (Eh). Specific
conductance was determined using a YSI Model 33 Meter with a model LN3422 probe, calibrated using
standard KCI solutions. Titrations for alkalinity, dissolved CO 2 , dissolved 02, and hardness were performed
using a Hach Ecology Combination Test Kit (Model AL-36DT) with a digital titrator.
2.2.1.2 Results
Selected groundwater data are presented in Table 2-1. Waters from both sites were near-neutral
(pH 7.3 at BH-12, 7.7 at WVW) and oxidizing (Eh +0.4 V and +0.3 V, respectively). Dissolved 02
concentrations were rather low (0.6 and 1.0 ppm, compared to around 8 ppm for equilibrium with air) but
sufficient for oxidizing conditions; at equilibrium, they should result in even higher Eh values than
measured. Dissolved CO2 contents measured (86 and 18 ppm) were several times higher than would be
in equilibrium with air; as discussed in Section 2.2.1.3, these values are considered unreliable at present.
Dissolved solids, reflected in specific conductance and hardness (i.e., Ca and Mg content), were noticeably
higher in the shallow water (BH-12) compared to the water from the regional carbonate aquifer (WVW).
Titrations indicated that the alkalinity was solely due to bicarbonate; this was also much higher in BH-12.
Chemical data for groundwater samples from YM are shown for comparison in Table 2-1; J-13
represents the tuffaceous aquifer, while UE-25p#1 is from the carbonate aquifer but may also have
chemical components derived from tuffaceous host rocks (Kerrisk, 1987; McKinley et al., 1991). Among
the two tuff-hosted waters, BH-12 was significantly higher in dissolved solids and bicarbonate, and lower
in 02, than J-13. This was not surprising in light of their quite different hydrologic settings; BH-12 was
strongly affected by soil-zone processes which may consume oxygen while increasing bicarbonate
contents. In addition, carbonate minerals are present in the shallow BH-12 regime not only as surface
caliches but also in deeper deposits as observed on the excavated Level +10 surface. At YM, J-13 water
is significantly undersaturated with respect to calcite (Kerrisk, 1987), implying that observed calcite veins
are isolated from groundwater interaction (Murphy, 1994). The two carbonate aquifer waters were more
similar in hardness; the significantly higher bicarbonate in UE-25p#1 was possibly a function of higher
temperature.
BH-12 water is also compared in Table 2-1 with preliminary data on water extracted from YM
tuffs by triaxial compression (Peters et al., 1992). These waters are distinguished from the other well
waters by their high dissolved solid contents, which in both cases is probably partly reflective of
evaporation. BH-12 is still distinctly high in bicarbonate; again, this may be attributed to the lack of
carbonate minerals in the tuffs from which water was extracted (Peters et al., 1992).
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Table 2-1. Field chemistry of Nopal I groundwaters and comparison with Yucca Mountain
groundwaters from wells J-13 and UE-25p#1 (Kerrisk, 1987; McKinley et al., 1991) and waters
experimentally extracted from Yucca Mountain tuffs from the unsaturated zone (Peters et al.,
1992). UE-25p#1 data are from the higher level, lower temperature sampling. Extracted water
data are averages from two stratigraphic horizons. Hardness values for J-13 and UE-25p#1 are
derived from reported Ca"+and Mg'.

Site

pH

Specific
Temperature conductance
0C
(PS/cm)

Alkalinity
as
HCO3
(mg/L)

Hardness
as Ca

Dissolved

(mg/L)

(mg/L)

02

BH-12

7.3

26

470

350

89

0.6

WVW

7.7

29

250

150

49

1.0

J-13

7.2

31

285

124

15

5.7

UE-25p#1

6.8

44

-

282

53

61-150

8-120

Extracted

6.4-7.4-

670-890

2.2.1.3 Discussion
Interest in the Nopal I groundwaters arises not only from their usefulness in modeling site-specific
geochemical processes relevant to radionuclide migration, but also from the extent to which Nopal I
conditions are analogous to those at YM. With regard to the former concern, it is clear from the data that
the Nopal I groundwaters are oxidizing and rich in carbonate species. In order to better interpret the
groundwater data in these terms, aqueous species distributions and mineral saturation states were modeled
using the EQ3 code (Wolery, 1992). Observed input parameters were temperature, pH, dissolved 02
bicarbonate ion (HCO3-) using alkalinity, and Ca++ using hardness; U was constrained by either arbitrary
concentration or mineral saturation. Charge balance was achieved by varying Ca++; in the absence of other
cation data, this served as a rough indicator of the apparent abundance of other cations. Bicarbonate and
Ca++ were found to be reasonably consistent with the solubility of calcite for both sites-modeled
supersaturation of calcite at BH-12 could be due to overestimation of aqueous Ca' (i.e., hardness also
includes Mg'). Calcite is locally present as a fracture-filling phase on Level +10 and is the dominant host
mineral at WVW. Modeling of both BH-12 and WVW consistently gave dissolved CO 2 contents three to
four times lower than measured by titration; it is not yet clear if this was an analytical or kinetic effect.
Redox calculations were consistent with the observed presence of ferric phases such as goethite and
hematite in fractures. As mentioned previously, calculated Eh based on 02 concentration was even higher
than measured; however, species calculations were insensitive to variation of Eh between calculated and
measured values.
These conditions imply the presence in groundwaters at both Nopal I sites of oxidized aqueous
species of U, mainly as rather soluble uranyl carbonate complexes. The EQ3 models for BH-12 imply that
U is dissolved dominantly as the species UO2 (CO3 )2 and U0 2(CO 3)3 , in a ratio of about 2:1 (using
the U aqueous speciation data of Grenthe et al., 1992). Because silicic tuff is abundant at BH-12 and
quartz is present in fracture assemblages, calculations for that site were performed with quartz in the
2-6

mineral assemblage. This resulted in soddyite being the U solubility limiting phase, with modeled
solubility-controlled U concentration of lxlO- M; relative U species distribution was the same for more
dilute U concentration (i.e., 1 ppb or 4xlO-9 M). This quartz-present model is most appropriate for BH-12
conditions. Note that without silica in the system, schoepite became the solubility limiting phase at a U
concentration of 6xW 1 M and a third U species-(UO2 ) 2 CO3(OH) -was significant. For Th, thorianite
limited the solubility to 7x10-'5 M.
Despite the incomplete treatment of water chemistry and uncertainties in the EQ3 database, these
modeling results are roughly consistent with the observed U mineral alteration sequence at Nopal I.
Schoepite was the most abundant of the uranyl oxide hydrates, which were the initial products of uraninite
oxidation, and soddyite was the earliest-forming U silicate phase (Pearcy et al., 1993c). This is suggestive
of at least a superficial similarity in the groundwater geochemical conditions of this oxidation-alteration
sequence with the present unsaturated zone conditions. The relatively high modeled solubilities for U and
the low Th solubility are also consistent with generally accepted notions regarding relative mobility of U
and Th isotopes (Ivanovich and Harmon, 1992), as well as with observed elevated U concentrations in
rocks outside the deposit at Nopal I (Section 2.2.2 and Prikryl et al., 1995). Further calculations will
provide the groundwork for more extensive modeling of geochemical processes at Nopal I.
The results for WVW are more pertinent to consideration of regional-scale radionuclide migration.
Because this water is from the regional carbonate aquifer, calcite rather than quartz was included in the
modeled assemblage and only low U concentration (1 ppb) was considered. The measured hardness at
WVW agreed very well with the calculated Ca solubility limit in the presence of calcite (1.2x10-3 M =
49 mg/L; Table 2-1). Furthermore, using only Ca++ in the EQ3 runs to achieve charge balance resulted
in only a small adjustment from measured hardness. Using the range 0.55 to 0.75 of common factors for
conversion of specific conductance to total dissolved solids (Hem, 1970), the measured conductance of
250 ptS/cm compared favorably with the measured hardness when expressed as CaCO3 (120 ppm). These
results all suggest that the available WVW chemical data provide a fairly complete view of the major
components of the system. Modeling suggests predominance of the same two uranyl carbonate species
determined for BH-12 and the same limited Th solubility.
Some key differences between waters from Nopal I and YM (Table 2-1) were discussed
previously. The preliminary YM extracted water data (Peters et al., 1992) may provide a comparison with
BH- 12 unsaturated zone water, but water from J- 13 (in the tuffaceous aquifer) is considered to represent
a potential approximation of YM unsaturated zone water. Despite the differences between BH- 12 and J-1 3,
EQ3 calculations gave similar results with regard to actinide speciation. At 1 ppb U, the J-13 model
indicated dominance of the same uranyl carbonate species as in BH-12, except that the UO2 (CO3 )2
species was more dominant (83% versus 62%). There was a more substantial contribution from two neutral
species-UO 2 (OH) 2 (aq) at 6 percent and UO2 CO3(aq) at 3 percent-but these were minor enough not to
affect the overall behavior. Another difference is that soddyite saturation limited aqueous U to a lower
concentration (lxl- 7 M) than in BH-12 (lxlO M); this may be due to the substantially lower
bicarbonate content in J-13. Thorium in modeled J-13 was, as in BH-12, very low (Ix10-'4 M). For the
case of the carbonate aquifer waters, results for UE-25p#1 compared similarly to WVW-with
UO 2(CO 3)2 again more dominant in UE-25p#1 (88%) than in WVW (67%).
A notable difference between Nopal I and YM is in the role of sodium. At YM, Na+ is typically
the dominant aqueous cation (Kerrisk, 1987; McKinley et al., 1991). At Nopal I no data on Na+ are yet
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available, but it is apparent that calcium is dominant. For both BH-12 and WVW, modeled charge balance
by varying Ca' was achieved with only minor adjustment. Furthermore, the previously mentioned
favorable comparison between conductance and hardness measurements for WVW is also valid for BH-12.
Thus, based on charge balance and dissolved solids considerations, the available data provide a reasonably
complete picture of the water chemistry. Note in Table 2-1, for example, the much higher hardness values
at Nopal I for a given alkalinity; that is, calcium, rather than sodium, bicarbonate appears to be dominant
at Nopal I. Note, however, that addition of lxi0-3 M Na' (the same order of magnitude common at YM)
to the EQ3 models had negligible effect on actinide speciation.
In conclusion, new data were obtained on water chemistry at the Nopal I analog site and pertinent
aqueous speciation distributions were calculated. These data confirmed that unsaturated zone transport at
the site, which was important for both secondary U mineral alteration (at least for some stages of
alteration) and subsequent radionuclide transport processes, was subject to oxidizing, near-neutral, calcic,
bicarbonate-rich conditions. Modeling suggested that aqueous U was dominated by relatively soluble
uranyl carbonate species which enhanced U mobility, while Th mobility was severely limited by low
solubility. Characteristics of the BH-12 water are also consistent with interaction with observed
fracture-filling minerals calcite, goethite, and hematite. Although comparisons with roughly comparable
groundwaters at YM did not yield direct parallels, the effects of the differences on actinide speciation and
solubility are relatively minor and do not detract from the value of the natural analog. Further application
of geochemical models in the analog setting will, in addition to aiding interpretation of Nopal I processes,
provide a means of assessing conceptual and computational models used at YM. With regard to technical
needs related to the Radionuclide Transport KTI, this effort will aid in reducing uncertainties concerned
with (i) identifying geochemical processes and conditions that affect radionuclide retardation and
predicting the magnitude of the effects at YM, (ii) conceptual model representations of the natural and
engineered systems, and (iii) appropriateness of assumptions and simplification in mathematical models.

2.2.2 Uranium-Series Radionuclide Distributions at Nopal I
2.2.2.1 Samples and Analytical Methods
In the course of CNWRA field studies, eight sampling traverses were performed, typically crossing
the boundary of the ore body (Figure 2-1). Traverses A and B have been described previously (Pearcy and
Leslie, 1993; Pearcy, 1994b; Prikryl et al., 1995), having been termed the "2-in" and "13.5 m N fracture"
profiles, respectively. Of the eight traverses, two sampled infilling materials in a fracture (B) or apparent
fault (E); samples from the other six consisted of generally fractured, extensively to mildly altered host
tuff. The detailed mineralogy of these and similar samples was addressed in previous reports (e.g., Leslie
et al., 1993a; Prikryl et al., 1995).
Rock samples were powdered and analyzed by either gamma or alpha spectrometry. Uranium
contents were determined for traverses F, G, and H by gamma spectrometry following procedures
described by Leslie et al. (1993a). These measurements utilized gamma emission lines for decay series
daughters 214Bi and 214 Pb for determination of 238U activity; more direct determination using 234Th was only
possible for samples with >1,000 ppm U. Clearly, this assumption of secular equilibrium throughout the
238U series could introduce large errors in U for the <1,000 ppm samples. For example, alpha spectrometric
data indicated typical enrichments of 230Th of 10-60 percent relative to 238U, with some values as high as
180 percent. Furthermore, lack of data on 22 6Ra activities, which are actually represented by the 214 Bi and
2 14Pb measurements, adds to the uncertainty. For these reasons, U concentration data from traverses F, G,
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and H must be considered semi-quantitative and interpretable only in terms of patterns and differences at
the order-of-magnitude scale. Future gamma measurements will utilize a detector capable of accurate 234Th
detection, and checks on many of the F, G, and H results will be performed.
Samples from traverses A-E were measured for 238U, 234U, 23 2Th, and 23 0Th activities using
previously described isotope dilution/alpha spectrometric methods (Prikryl et al., 1995). In addition,
selected samples from traverse B (i.e., 13.5 m N fracture) were subjected to a selective extraction process
in order to better understand the intrasample distribution of these four radionuclides. The method was
based on published procedures (Ivanovich et al., 1994; Suksi et al., 1994) and utilized a series of chemical
steps designed to extract U and Th from specific sites or phases in the rock; because these results are
preliminary, only general observations will be noted.
2.2.2.2 Results
Uranium concentrations from rock samples along the seven traverses that trend radially from, and
in most cases cross, the ore body boundary are shown in Figure 2-2, with alpha and gamma spectrometry
data presented in separate plots. As noted in previous reports (Leslie et al., 1993a; Pearcy and Leslie,
1993; Pearcy, 1994b; Prikryl et al., 1995), the most striking feature of the traverses is the typically
dramatic but smoothly varying decrease in U concentration away from the ore body. This is suggestive
of transport of U away from the body, though at varying rates and/or magnitudes. For most traverses, U
contents did not reach background levels appropriate for the host tuff (generally 8-23 ppm; Leslie et al.,
1993a,b) at distances less than about 20 m from the ore body-traverse H was the exception.
Thorium contents (Figure 2-3; obtained only for Level +10 traverses) did not generally show a
pattern with distance. Possible exceptions were found in traverses B and E, where higher Th was seen in
more proximal samples from outside the ore body, and in one sample near the boundary in traverse C.
Otherwise, Th was limited to the range 15-47 ppm, similar to the previously reported range for Nopal I
host tuff (Leslie et al., 1993a,b). Traverses B and E are the two fracture-related traverses, suggesting that
limited mobility of Th was possible in such settings. Lack of significant correlation between U and Th,
however, suggests that mobility of these two elements was decoupled, that is, that they were transported
by different processes.
Variations in uranium-series nuclide activity ratios along the radial traverses are shown in
Figure 2-4. The two bulk-rock traverses (A and C) show near-equilibrium (i.e., ±10 percent) 234U/238U
within the deposit and up to 50 percent disequilibrium outside with no spatial pattern. It must be noted
that the limited lengths of A and C preclude full evaluation of possible spatial trends in activity ratios. The
two fracture-related traverses (B and E) show a systematic decrease away from the ore body, with a large
digression to high 234U/ 238U at 9-11 m distance in traverse E. In traverse D, which is located 10 m from
the ore body boundary and aligned roughly parallel to it (Fig. 2-1) 234U/238U varies from 1.0 to 1.5. This
shows that wide variation is possible for a given distance from the deposit and suggests that spatial trends
are by no means monotonic or tightly constrained. For 23 0Th/234U, both types of traverses generally show
ratios of about 1 to 1.5 near the boundary, with all but one traverse showing no spatial pattern.
Fault-related traverse E shows a distinct trend toward higher 23 0Th/ 23 4U with distance from the ore body.
As discussed previously (Prikryl et al., 1995), the observation of uranium-series disequilibrium in these
rocks implies open-system mobility of nuclides within about the past 350,000 yr.
Preliminary results of the leaching experiment suggested that the largest share of U in the traverse
B fracture-infilling materials was in the crystalline Fe oxide-oxyhydroxide phases goethite and hematite.
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Figure 2-3. Thorium concentrations in rocks collected along traverses on Level +10
For the only sample for which complete data are available (from about 9 m outside the ore body),
51 percent of the U was in these phases, 23 percent was in the silicate residue, 14 percent in the
"adsorbed" site, and <10% was in the ion exchangeable and amorphous Fe oxide phases. This observation
was consistent with previously reported electron microprobe data from traverse B which revealed very high
U contents in hematite and especially goethite (Prikryl et al., 1995). Furthermore, 234U/ 2 3 sU>l (1.1-1.6)
was common in all phases except the silicate residue, where equilibrium was observed. This suggests that
all oxide minerals and surface sites in the fracture assemblages were involved in recent (i.e., <1 Ma)
uranium-series open-system processes.
2.2.23 Discussion
The differences in U gradients among different traverses (Figure 2-2) have implications for the
nature of radionuclide mobility in fractured tuffaceous rock. Mesofracture-related traverses B and E, for
example, have higher U concentrations for a given distance outside the ore body (i.e., they have the
shallowest gradients) than all other traverses. This is consistent with assertions in earlier reports
(Pearcy, 1994a,b; Prikryl et al., 1995) that mesofractures provided the dominant advective pathways for
U transport at Nopal I.
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Among the traverses located in generally fractured tuff, a correlation may also be drawn between
the intensity of U transport and the relative fracture density. In Figure 2-2b, U concentrations are
progressively higher from H to G to F; inspection of the fracture density contour map of Nopal I
(Figure 4-4 in Pearcy, 1994b) reveals that traverse F is located in the most fractured portion of Level +00,
(-20 fractures per M2 ) while H is in the least fractured portion (-10 fractures per M2 ). Contours of
apparent U concentration in the contact gamma intensity map (Figure 4-2 in Pearcy, 1994b) are consistent
with this trend on Level +00. This semi-quantitative correlation confirms the intuitive conclusion that,
while U transport was more limited in generally fractured tuff than in mesofractures, more intensely
fractured tuff provided more pathways for U transport than less fractured tuff. On Level +10, traverse C's
shallower U gradient compared to A is also roughly correlative with relative fracture densities to the north
and west sides of the ore body, respectively. This contrast is also consistent with the observation of higher
contact gamma intensities in an area extending from the north margin of the deposit (Figure 4-2 in Pearcy,
1994b).
Previous microprobe data (Prikryl et al., 1995) and new selective leaching data from the
mesofracture of traverse B imply that U transport was retarded by sorption and/or coprecipitation of
aqueous U during mineral growth within fractures, particularly of Fe oxides and oxyhydroxides. No such
direct data exist from the bulk-rock traverses, but the interpreted association of U content with fracture
density suggests a similar mechanism.
The U transport at Nopal I, while evidently limited to only a few tens of meters in horizontal
extent, nevertheless was consistent with the relatively high U mobility indicated by geochemical modeling
of the present-day perched groundwater collected at BH-12. This is particularly true considering that the
major vector of hydrochemical transport in the unsaturated zone was likely to be vertical. The empirical
relationship between transport and fracturing at Nopal I shows that hydraulic conductivity was the
overriding factor in determining extent of radionuclide migration. The microprobe data (Prikryl et al.,
1995) and preliminary selective leaching data revealed that a major portion of U migration occurred during
growth (or at the least, concomitant dissolution-reprecipitation) of ferric mineral phases in fractures. The
lack of significant Th mobility over this period is consistent with a very low calculated solubility under
present conditions. The suggestion of finite, though limited, Th mobility in fracture traverses B and E may
be related to earlier stages of mineralogic development when more acidic conditions may have prevailed
(Prikryl et al., 1995).
The uranium-series activity data demonstrate that geochemical processes affecting radionuclide
mobility at Nopal I were active at least as recently as the last few hundred thousand years. This is not
surprising in light of the determination based on groundwater chemistry that present oxidizing geochemical
conditions could have existed during U migration. 2`U/2 38U ratios in the traverses were generally Ž1
outside of the ore body, consistent with recent uptake of U from 234U-enriched groundwater (Figure 2-4a).
In the bulk-rock traverses (A and C), samples from inside the ore deposit all lie near 2`U/238U equilibrium
because their U budget was likely dominated by older U minerals. On the other hand, 2 30Th/ 234U in
samples from both inside and outside the deposit in A and C mostly lie in the range 1-1.3; because Th
isotopes were essentially immobile, relative 23Th enrichment was most plausibly a result of recent U
removal. In the case of rocks that have also seen significant U uptake, this scenario requires that a period
of time on the order of several half-lives of 230Th (t112 = 75 k.y.) elapsed to allow an approach to 23W34U
equilibrium before U removal. Thus, in traverses A and C, U removal with or without U isotope
fractionation (due to recoil effects) was superimposed on an earlier pattern of U source (i.e., 234U/238U
equilibrium inside the deposit) and sink (234U/ 23 8U>l outside). The same scenario is appropriate for fracture
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traverses B and E, where 230 Th>234UŽ238U was also observed, except that samples from inside the ore body
did not contain U mineral sources but rather fracture sinks.
This preferred model for uranium-series evolution is illustrated in Figure 2-5, which includes data
from traverse D. A host rock begins at or near secular equilibrium and aqueous U, which is enriched in
234U due to recoil processes, is added. This 10-100-fold U enrichment drives 230ThI 234U toward near-zero
values; the observation that few rocks still have 23 WTh/"34U<1 implies that a subsequent period of hundreds
of thousands of years is required for 230Th ingrowth toward equilibrium with 23U. If U addition is a more
continuous process, the times required may exceed those depicted on the time curve. Reaching
23 0 Th34U> 1 in this model requires a third stage-U removal (note we are discussing 23 0Th enrichment
beyond the small excess of around 5 percent possible during undisturbed return toward equilibrium).
Assuming 23 '17h/23U was near unity before removal, the range of most 2 30Th/23U ratios (1-1.5) implies
typical removal of less than 30 percent of U. Preferential 234U removal due to recoil processes requires
even less fractional bulk U removal to reach a given 2 3oTh/
V2 U; this would also lower the 234U/238U ratio.
23
0
2
The highest
Th/ 34U values (1.5-2.1) appear in the more distal samples from traverse E, where
particularly low U contents (Figure 2-2a) may result partly from greater late-stage U removal in addition
to limited or no initial U enrichment. Three samples from traverse E have markedly higher 234U/238U than
the rest of the samples and fail to be accounted for by the multistage model (Figure 2-5). These three are
all from one short segment of the traverse E fault at 9-11 m from the ore body, where there is also a
significant decrease in U concentrations (Figures 2-2a and 2-4a). There are two plausible explanations for
these anomalous samples. First, the groundwater that was the original source of transported U in this
portion of the fault may have had unusually high 234U/238U. Second, these rocks may have been subject
to a cyclic re-enrichment in U after major U depletion resulted in high 23"Th/234U (say, greater than 1.7;
Figure 2-5). The location of these samples (around 29 m N, 23 m E) is one marked by an intersection of
major fracture sets, high average fracture length, and high fracture density (Figures 4-1, 4-3, and 4-4 in
Pearcy, 1994b). This particularly fracture-rich zone may be especially susceptible to multiple transport
events due to possible enhanced hydraulic conductivity.
Two of the samples from traverse C have ratios that could result from single-stage events, the rock
for some reason having been shielded from later interaction. (Due to analytical uncertainty, we consider
ratios within about 10 percent of unity not to be significantly out of equilibrium.) The sample in the upper
left quadrant of Figure 2-5 could have been affected by a single event of modest deposition of U with
modest 234U enrichment, while the ratios in the sample in the lower right quadrant are consistent with
simple U removal. However, the high U contents of the two (320 and 1,530 ppm, respectively) preclude
this simple interpretation. A likely sequence is U enrichment, followed by return to secular equilibrium,
followed by a final removal or addition of U.
In light of the discussion on multistage transport and deposition of U at Nopal I, the spatial trends
in activity ratios shown in Figure 2-4 require further explanation. The decrease in 23U/2 38U away from the
ore body in traverse B was discussed in Prikryl et al. (1995) and is likely due to multistage U deposition
along the fracture or to a higher frequency of depositional episodes in the more proximal portions of the
fracture. A similar trend in 23U/238U is observed in traverse E, except for the aforementioned digression
at 9-11 m from the ore body; this trend may more accurately be characterized as a restriction to
near-equilibrium values beyond 14 m from the ore body. Unlike traverse B, E also shows a trend toward
higher 23OTh/234U away from the deposit (Figure 2-4b) accompanying the U decrease (Figure 2-2a). The
near-equilibrium 234U/ 2 38U in the distal samples is clearly a result of long time duration since initial
enrichment. The trend in 23 0ThW34U is probably due to the larger relative U depletion possible, for a given
amount of water-rock interaction, in rocks initially lower in U. The non-equilibrium 23 0Th/ 2'U ratios in
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these distal rocks require that they have been affected by recent processes and demonstrate that their low
U concentrations did not result solely from non-enrichment.
That the uranium-series systematics along the Nopal I traverses require a long-lived, complex,
multistage history is clear. The enrichment sequence 23 0Th>234U>23 8U in rocks undergoing interaction with
groundwaters has been commonly recognized to be beyond the reach of simple, single-stage or continuous
processes (e.g., Osmond and Ivanovich, 1992; Scott et al., 1992). This is due to the fact that U depletion
will always result in 234U< 238U in the rock, as well as due to the large difference in mobility between Th
and U in typical groundwaters leading to severe limitations on Th accumulation. Geochemical calculations
discussed in Section 2.2.1 confirm that these conditions apply to Nopal I.
Another possible mechanism for relative 230Th enrichment, however, would be preferential sorption
and/or precipitation of 230 Th as produced in groundwater by decay of 234U. In order to test this possibility,
238U-234U-230Th systematics resulting from water-rock interaction were modeled using the equations of Scott
et al. (1992) for continuous deposition. In this scenario, the atom deposition rate for 230Th in a unit volume
would be equal to the activity of 234U in the water occupying that volume. A maximum value for this rate
was calculated using the maximum U solubility-10-4 M-obtained from the EQ3 modeling discussed
above, a reasonably large value of 2 for 2 4U/2 38U, and a porosity of 10 percent. With the initial condition
of a rock with 15 ppm U at secular equilibrium, we varied 234U and 238U deposition rates in a search for
a combination of conditions and time duration that might yield the types of ratios observed. This effort
failed to produce high enough 231Th/23 4U ratios, particularly due to the necessity for reasonable U
deposition rates in order to reach the elevated U concentrations observed.
The multistage nature of radionuclide mobility at Nopal I implies significant shifts in geochemical
conditions since the initial mobilization of U from the ore body. This seemingly conflicts with the
assertion in Section 2.2.1 that present-day groundwater conditions are generally consistent with past U
transport conditions. One plausible explanation may be that as the area now exposed on Level +10
migrated closer to the ground surface (through uplift and/or erosion), vadose groundwater became richer
in carbonate components contributing to higher U mobility via higher solubility or suppressed sorption.
This could have caused a shift to the late-stage U-removal regime. Nevertheless, because initial U
deposition outside the ore body effected enrichments of up to two orders of magnitude and calculated
late-stage U removal fractions were mostly less than 30 percent, U transport from the ore body into the
surrounding rock has been by far the dominant process.

2.2.3 Overall Conclusions
This report focused on the geochemical conditions and processes pertinent to radionuclide mobility
at the Nopal I analog site. Analysis of perched water collected from a drill hole in Level +10 confirmed
that present-day unsaturated zone waters can be characterized as oxidizing, near-neutral in pH, calcic, and
bicarbonate-rich. Geochemical modeling suggested that aqueous uranium would be dominated by relatively
soluble uranyl carbonate species which contribute to U mobility, while Th mobility is severely limited by
low solubility. These groundwater geochemical features are generally consistent with those likely to have
been in force in the past during mineral alteration and U transport although, as discussed below, the
complex transport history implies important variations within this regime. The groundwater data will allow
more accurate geochemical modeling of radionuclide transport at Nopal I, strengthening the value of the
site as an analog in the effort to predict how conditions at YM will affect migration of any radionuclides
released from spent fuel.
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Uranium-series radionuclide activity ratios and abundances in rocks from traverses crossing the
boundary of the Nopal I ore body revealed a complex, multistage U transport history. The major stages
were (i) an initial migration of U out of the ore body and deposition in the surrounding rock at horizontal
distances of a few tens of meters, (ii) subsequent decay/ingrowth toward secular equilibrium requiring at
least a few hundred thousand years, and (iii) remobilization and removal of typically up to 30 percent of
the U. Transport occurred preferentially along mesofractures; among more generally fractured tuff,
transport was relatively enhanced in the more highly fractured zones. The multistage nature of the
transport history suggests that, within the context of an oxidizing, hydrologically unsaturated groundwater
chemical regime, significant variations in conditions are possible that can cause episodic deposition and
removal of U.
These results are pertinent to KTUs concerned with (i) identification of geochemical processes and
conditions that affect radionuclide retardation and prediction of the magnitude of the effects at YM and
(ii) conceptual model representations of the natural and engineered systems. While recognition of the
potential complexity of radionuclide transport at YM as suggested by the complex history at the Nopal I
analog does not reduce these KTUs, it does point to the need to consider multiple alternative conceptual
models for transport. More importantly, the apparent sensitivity of transport at Nopal I to possibly subtle
geochemical factors emphasizes the limitations of predictive modeling in a system such as YM. That is,
modeling may serve only to place bounds, if possible, on estimates of transport at YM, rather than to
provide actual predictive capability.

2.3

ASSESSMENT OF PROGRESS TOWARD MEETING PROJECT
OBJECTIVES

The Geochemical Natural Analog Research Project has produced many results important to the
NRC's regulatory program. Under this project, the NRC goal of directing natural system research toward
sites closely matching conditions at YM was achieved. Two robust YM analog sites were identified; the
high degree of similarity between the study sites and YM and the usefulness of this approach were
recognized by the Commission of the European Community Natural Analog Working Group during a
major international field trip to the Pefia Blanca site in 1994 (18 people from 9 countries).
The NRC goal of providing effective prelicensing guidance to the DOE program on natural analog
research was achieved. The success of this effort was demonstrated when the DOE published a study
recognizing the importance of natural system data to support assessments of repository performance
(Chapman et al., 1992). The DOE specifically recognized the analogs identified by this CNWRA research
project as especially useful for YM studies and subsequently the DOE expanded their natural analog
research program to sites identified as closely matching aspects of the YM system.
As part of the Geochemical Natural Analog Research Project, state of the art knowledge of natural
analog studies applied to contaminant transport and practical experience has been developed and
maintained. Conceptual and numerical models of contaminant transport under YM-approximate conditions
have been developed (Pearcy, 1994a; Murphy, 1994). Transport and retardation processes have been
evaluated for relative importance to performance assessment models and a variety of fundamental data
have been obtained to improve the understanding of processes affecting contaminant transport in
unsaturated (Pearcy et al., 1993c) media. Specifically, the long-term degradation rate of UO 2 in a YM-like
environment was conservatively bounded, providing a constraint for source-term release rates (Murphy
and Pearcy, 1992). Mechanisms for long-term waste form alteration were identified through determination
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of the identities, compositions, morphologies, and sequence of long-term U0 2 alteration products (Pearcy
et al., 1994b). Secondary uranyl silicates were determined to be a major factor controlling long-term
release of uranium for transport, thus identifying the controlling phases for long-term release models
(Leslie et al., 1993b; Prikryl et al., 1995). Finally, the relative importance of meso-fracture, micro-fracture,
and matrix transport were evaluated, providing a ranking of long-term effectiveness of different transport
paths (Pearcy, 1994a).
Activities discussed in this report primarily addressed the specific KTU topic concerned with
uncertainty in identifying geochemical processes and conditions that affect radionuclide retardation and
determining and predicting the magnitude of the effects at YM. Characterization of Nopal I groundwater
chemical conditions and calculations of actinide speciation help in evaluating the sensitivity of transport
to environmental variables. The reported data on radionuclide distributions at Nopal I provide information
on the spatial, mineralogical, and temporal nature of transport and retardation. Specifically, U distributions
emphasize the importance of fracture transport and the observed variations in uranium-series activity ratios
reveal a complex, multistage history of U mobility. The latter observation may be suggestive of alternative
conceptual models for radionuclide transport at YM. These efforts lay the groundwork for more detailed
and sophisticated modeling of transport at Nopal I and provide a means of evaluating the long-term
predictive capabilities of particular models as applied at YM.

2.4

PLANS FOR NEXT REPORTING PERIOD

Field and laboratory work under the Geochemical Natural Analog Research Project are anticipated
to end because of the recent reductions in the NRC budget. The major focus of efforts during the first half
of calendar year 1996 will be production of a peer reviewed journal paper on contaminant transport at
Nopal I. This deliverable is anticipated to be accomplished under the KTI-Radionuclide Transport. It will
consolidate much of the information contained in this and previous reports, but new analyses will also be
completed in order to address outstanding issues. Future work will be coordinated with relevant KTIs and
may include items listed here. New gamma spectrometric analyses of Nopal I samples will provide data
on transport characteristics of other radionuclides not previously discussed (e.g., 2 26Ra, 210 Pb). UITh
isotopic analyses of Nopal I groundwater samples will allow more accurate modeling of uranium-series
systematics. Dating of U minerals (most notably uranophane) will improve our understanding of the timing
of uraninite oxidation, with emphasis on implications for alteration processes affecting spent fuel. These
new chemical and isotopic data are to be utilized for more extensive geochemical modeling than has
previously been attempted, using, for example, codes allowing reactive transport simulations. The guiding
philosophy in these efforts is to use the most advanced scientific tools possible to answer questions
pertinent to the value of Nopal I as an analog to the disposal of HLW at YM.
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3 SORPTION MODELING FOR HIGH-LEVEL WASTE
PERFORMANCE ASSESSMENT
by Roberto T. Pabalanand David R. Turner
Investigators: Roberto T. Pabalan, David R. Turner, F. Paul Bertetti, and Michael G. Almendarez
NRC Project Officer: Phillip R. Reed

3.1

TECHNICAL OBJECTIVES

A fundamental concern in evaluating the suitability of Yucca Mountain (YM), Nevada, as a
repository for high-level nuclear waste (HLW) is the possibility of radionuclide migration from the

repository to the accessible environment as dissolved constituents in groundwater. Sorption of
radionuclides on minerals encountered along the flow paths could be an important mechanism for
attenuating radionuclide migration. Sorption is specifically referred to in 10 CFR 60.122(b)(3) (Nuclear
Regulatory Commission, 1992) as a favorable geochemical condition that could inhibit radionuclide
migration and "favorably affect the ability of the geologic repository to isolate the waste." Conversely,

geochemical processes that "would reduce sorption of radionuclides" are included [10 CFR 60.122(c)(8)]
as potentially adverse conditions that could reduce the effectiveness of the natural barrier system.
To support the Nuclear Regulatory Commission (NRC) HLW program, the Center for Nuclear
Waste Regulatory Analyses (CNWRA) is conducting research activities under the Sorption Modeling for
HLW Performance Assessment (PA) Research Project. The broad objective of this project is to develop
sufficient understanding of radionuclide transport issues so that timely prelicensing guidance can be
provided to the U.S. Department of Energy (DOE) and a sound basis is available for evaluating the DOE
license application. The results will be used to support preparation of the NRC License Application
Review Plan (Nuclear Regulatory Commission, 1994) particularly sections pertaining to favorable and
potentially adverse geochemical conditions and processes at a potential repository site and those addressing
the effectiveness of natural barriers against the release of radioactive material to the environment.
Laboratory (Task 3) and modeling (Task 2) studies of radionuclide sorption, retardation, and transport,
which are central to the Sorption Research Project, will provide independent bases for addressing key
technical uncertainties (KTUs), particularly those relevant to identifying processes and conditions that
affect radionuclide retardation and determining and predicting the magnitude of their effects at YM. In
addition, development of Compliance Determination Methods (CDMs) for assessing compliance with the
regulatory requirements will utilize data and models generated from this research project.
Results arising from this project are to be integrated with those from other CNWRA activities.
For example, data will be used in developing conceptual models for radionuclide transport/retardation in
near- and far-field environments related to the PA Research Project (Chapter 4) and Iterative Performance
Assessment (IPA) Phase 3. In this chapter, experimental and modeling results regarding uranium (U)
sorption onto montmorillonite are presented and discussed.

3.2

URANIUM(6+) SORPTION ON MONTMORILLONITE

Clays are ubiquitous minerals at YM and in other geochemical environments, and radionuclide
sorption onto these minerals may play a key role in retarding radionuclide migration. In addition, some
disposal concepts for nuclear wastes propose the emplacement of a barrier of compacted bentonite,
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comprised mainly of montmorillonite, between the waste containers and the surrounding rocks in order
to limit the potential movement of radionuclides from the repository (Grauer, 1994). Thus, a quantitative
knowledge of radionuclide sorption onto clay minerals is important.
Batch experiments were conducted in this study to investigate U(6+) sorption onto
montmorillonite. Montmorillonite can sorb U(6+) through two distinct mechanisms-ion-exchange with
interlayer cations (e.g., Tsunashima et al., 1981) and surface complex formation with hydroxylated edge
sites (e.g., Zachara and McKinley, 1993). Although a comprehensive description of U(6+) sorption on
montmorillonite should include both ion-exchange and surface complexation, interest in this study was
focused on U(6+) surface complexation, which is the expected predominant sorption mechanism at pHs
typical of natural waters (pH-6 to -9). Thus, to suppress ion-exchange between U and interlayer cations,
sorption experiments were conducted using U solutions with a 0.1 M NaNO 3 matrix. The study was
designed to determine the effects on U(6+) sorption of varying pH, solid-mass to solution-volume ratio
(M/V), and U(6+) solution concentration. The experiments were conducted at low U solution
concentrations (<2.2x10-6 M) to avoid the complicating effects of U-phase precipitation. Results were used
to develop a thermodynamic model based on a surface complexation approach to permit predictions of
U(6+) sorption at differing physicochemical conditions.

3.2.1

Experimental Procedures

The U(6+) sorption experiments used Na-montmorillonite prepared from powdered clay material
(SAz-1; "Cheto" Ca-form montmorillonite, Apache County, AZ) obtained from the Source Clay Minerals
Repository. The <2 pm fraction used in the experiments was separated by centrifugation,
chemically-pretreated to remove mineral impurities, and characterized by x-ray diffraction analysis,
scanning electron microscopy, and inductively-coupled plasma emission spectrometry. The external surface
area of the Na-exchanged montmorillonite was determined to be 97±2 m2 /g, based on a multipoint N 2 -BET
isotherm measured using a Coulter SA3 100 surface area analyzer. Details of the sorbent preparation and
characterization are given in Pabalan et al. (1994).
The sorption experiments were conducted by reacting weighed amounts of Na-montmorillonite
with weighed quantities of -2x10- 7 or -2xlO- 6 M U solutions (0.1 M NaNO 3 matrix) in teflon-FEP
(fluorinated ethylene propylene) centrifuge tubes. Four sets of experiments (Ml, M2, M3, and M4), each
set comprising 29 solutions at different pHs, were conducted. Initial conditions for the experiments are
summarized in Table 3-1. To evaluate the effect of MNV ratio on U sorption on montmorillonite,
experiments were conducted with 0.001, 0.01, and 0.1 g of solid in 40 mL of U solution.
Prior to addition of the solid phase, the initial pH of each U solution was adjusted to a value in
the range 2.0 to 9.0 at approximately 0.25 pH intervals by addition of HNO 3 or NaHCO 3 solution. The
amount of reagent needed to achieve the desired initial pH was estimated using the EQ3NR geochemical
code (version 7) with database DataO.com.R12 (Wolery, 1992). The teflon tubes, kept loosely capped to
allow the solutions to maintain equilibrium with atmospheric C0 2 (g), were agitated using gyratory shakers.
For U solutions with added NaHCO3 , it took at least 10 days to equilibrate with atmospheric C0 2 (g) and
reach a constant pH. After about ten days, the initial pH of each solution was measured and 0.5 mL
samples were taken using Eppendorf micropipets to determine the initial U mass in each solution.
Subsequently, weighed amounts of Na-montmorillonite were added to each solution and the mixtures
allowed to equilibrate. After about ten days, 0.5 mL samples were taken to determine the final mass of
U in each solution. The equilibrium pH of the remaining solutions was also measured.
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Table 3-1. Summary of initial experimental conditions

1
Initial U(6+)
Experiment | conc. (M)

Mass of solid
(g)

Mass of solution
(g)
|

Approx. M/V
(g/L)

Ml

2.45x10-7

0.099±0.002

32.8±0.3

3.2±0.1

M2

2.06x 10-7

0.0104±0.0002

38.9±0.6

0.27±0.01

M3

2.1 0xl T 7

0.00105±0.00004

37.9±0.4

0.028±0.00 1

M4

2.16xl106

0.0104±0.0005

37.5±0.5

0.28±0.01

Based on our previous experiments (e.g., Pabalan et al., 1994), it was anticipated that U(6+)
sorption on the teflon-FEP tubes would be significant, particularly in the pH range 4 to 8, and that there
would be sorption competition between the mineral and container surfaces. To quantify the amount of U
sorbed on montmorillonite and on the competing substrate (container wall), a desorption step was added
at the end of the forward experiments. This was started by quantitatively separating the montmorillonite
from several of the mixtures using Eppendorf micropipets and transferring the solids (along with some
entrained U solution) into 15-mL polypropylene (PP) bottles. Approximately 3 mL of 0.1 M HNO 3
solution were added to each PP bottle to desorb the U from the montmorillonite, whereas 0.5 mL of 50
percent HNO3 solution were added to the remaining solution in the centrifuge tubes to desorb the U from
the container walls. After about ten days, aqueous samples were taken to determine the mass of U
desorbed from the montmorillonite and from the teflon container.
Measurements of 233 U a-decay activity were conducted using a Packard 1900TR or 2505TR/AB
liquid scintillation analyzer (LSA). The counting efficiency for the LSA procedure used is at or very near
100 percent for a-particles, although the energy for the counting region of interest is quenched to
100-350 keV. Because the original standard solution is radiochemically-pure and 233U has a relatively long
half-life, the contribution to the total activity of the sample from other a- or P-emitting U isotopes and
decay daughters is less than 0.1 percent within the counting region of interest and thus was neglected in
the calculations. Each sample was counted for a time period so the 2a error of the reported activity in
counts per minute (cpm) was ±3 percent. Raw data in cpm, which in this case were equivalent to decays
per minute, were converted into concentration units and, subsequently, into mass (g) or moles of U using
the measured weight of the solution.
Measurements of pH were made using a Ross combination pH electrode and an Orion 920A
pH/ISE/mV/°C meter.

3.2.2

Experimental Results

3.2.2.1

Container Sorption

Figures 3-1(a) and (b) show the amount of U(6+) sorbed on the teflon centrifuge tubes in
experiments M2 and M3, respectively, as a function of pH before and after addition of montmorillonite.
These data show that U(6+) sorption on the teflon-FEP tubes is significant [up to at least 45 percent of
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Figure 3-1. Uranium(6+) sorption on teflon-FEP centrifuge tubes as a function of pH for experiments
M2 and M3 [(a) and (b), respectively]. Container sorption before and after addition of
montmorillonite is represented by circles and diamonds, respectively. M2 experiments were
conducted at higher M/V (0.27 g/L) compared to M3 experiments (0.028 gIL). Error bars represent
propagated uncertainties based on 2a errors in U analysis. Solid and dashed curves were fit to data
on U(6+) sorbed on container in the presence and absence of montmorillonite, respectively, by
nonlinear weighted regression and were used to interpolate container sorption for the specific pH
of experimental solutions.
the original amount of U(6+)] and is dependent on solution pH, reaching a maximum at pHs between
about 5.5 and 6.0. The data also show that container sorption decreases but remains significant upon
addition of montmorillonite, at least for the experimental conditions in M2 and M3.
The container sorption results demonstrate that container walls can effectively compete with
montmorillonite for U(6+) and vice versa. This sorption competition between mineral and container
surfaces, which is generally ignored in the sorption literature, can add some uncertainty to published
sorption results and to model parameters derived from those data. Our results in this and other studies
(e.g., Pabalan et al., 1994; Bertetti et al., 1995) show that sorption competition between mineral and
container surfaces is a function not only of pH, but also of U concentration, MN, and container material
(polypropylene >> teflon 2 polycarbonate). For example, Figures 3-1(a) and (b) show that the amount of
U(6+) sorbed on the container is lower when a larger amount of montmorillonite is present (higher M/V
and higher number of mineral sorption sites). Sorption competition also depends on the relative sorption
affinities of the mineral and container surfaces; thus, the relative amount of U(6+) sorbed on a teflon
container would be lower in the presence of iron-oxyhydroxides, which exhibit strong sorption affinity for
U(6+), but would be higher if quartz, which has weaker affinity for U(6+), is the competing substrate.
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3.2.2.2

Uranium(6+) Sorption on Montmorilionite

The data on U(6+) sorption on montmorillonite are shown in Figure 3-2 as a function of pH.
These results demonstrate the strong pH dependence of U(6+) sorption. The amount of U sorbed on
montmorillonite reaches a maximum at near-neutral pH (-6 to -6.5), and decreases sharply towards more
acidic or more alkaline conditions. This pH dependence of U(6+) sorption has also been observed with
other mineral sorbents such as quartz and other silicate minerals (e.g., Allard et al., 1980; Pabalan et al.,
1993; Zachara and McKinley, 1993; Waite et al., 1994b; Bertetti et al., 1995) and aluminum and iron
(hydr)oxides (e.g., Tripathi, 1984; Hsi and Langmuir, 1985; Prikryl et al., 1994; Waite et al., 1994a).
The circles and squares in Figure 3-2(a) represent data from the forward and reverse directions,
respectively, in experiment MI. The very good agreement between the forward and reverse data
demonstrates that U(6+) sorption on montmorillonite is a reversible process and that sorption equilibrium
was achieved during the time period used in the experiments. The circle and diamond symbols in
Figures 3-2(b) and (c) represent, respectively, U(6+) sorption values calculated from differences in initial
and final solution concentrations (corrected for container sorption) and those calculated from the
desorption step. The good agreement in U sorption values calculated using the two methods provides
confidence in the procedures used in correcting for container sorption and in separating the solid phase
from the solution prior to the desorption step.
The results of experiments at an initial U(6+) concentration of -2x 10-7 M and at MN ratios of
-3.2, -0.27, and -0.028 g/L are compared in Figure 3-3. The data show that U(6+) sorption on
montmorillonite increases with increasing M/V ratio. The increase in sorption is not linear with M/V,
however, and previous modeling studies show that at the high end of MN values the amount of U(6+)
sorption becomes insensitive to the M/V ratio (Turner, 1995). U(6+) sorption on montmorillonite is also
dependent on the initial concentration of U in solution. For example, a comparison of sorption data for
1O M plotted in Figure 3-4 indicates that the
experiments at an MNV-0.27 g/L and IUj-2x 10-7 or -2xlO
moles of U(6+) sorbed on montmorillonite increase with an increase in initial U solution concentration.
An alternative method of representing sorption data is in terms of a distribution coefficient, Kd,
which may be defined as:
Kd (xmL/g)

-

amount of U(6 +) sorbed/gram of solid

(3-_)

amount of U(6+) in solution/mL of solution
Plotting data in terms of Kd provides a means of normalizing sorption results with respect to sorbent
concentration (or MAT ratio) and of taking into account the decrease in solution concentration of the
radionuclide during the sorption process. Although it is convenient to represent sorption data in terms of
moles of U(6+) sorbed or more typically as %U sorbed versus pH, results presented in these ways can be
misleading with regard to effects on contaminant transport. For instance, data plotted in Figure 3-3 appear
to show that MN has a large effect on U(6+) sorption behavior. However, the same sets of data replotted
in terms of Kd (Figure 3-5) show that U(6+) sorption does not vary much with changes in MN. Similarly,
a comparison of Figures 3-4 and 3-6 indicates that plotting data in terms of moles of U(6+) sorbed
exaggerates the effect of U concentration on sorption.
To aid in evaluating possible surface complexes, it is useful to compare U(6+) sorption behavior
with U(6+) aqueous speciation. Figure 3-7 shows the relative stabilities of the aqueous U(6+) species as
a function of pH for a 2.1 x10-7 M U(6+) solution (0.1 M NaNO3 matrix) in equilibrium with atmospheric
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Figure 3-2. Uranium(6+) sorption on montmorillonite as a function of pH: (a) experiment Ml,
(b) experiment M2, (c) experiment M3, and (d) experiment M4. Circles and squares in (a) represent
forward and reverse sorption data from experiment Ml. Symbols in (b) and (c) represent sorption
values calculated either from differences in initial (Usotni) and final (Usonf) U(6+) solution
concentration (circles) or from amount of U(6+) desorbed (Umontd) from montmorillonite (diamonds).
Error bars indicate 2a uncertainties associated with the sorption data.
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Uranium(6+) Aqueous Speciation
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Figure 3-7. Aqueous U(6+) speciation at 25 'C as a function of pH for a 2.1x10-7 M U(6+) solution
(0.1 M NaNO 3 matrix) in equilibrium with PCO2=10-3 5 atm. Minor species comprising less than 5
mole% of the total amount of U(6+) are not shown. Speciation was calculated using the MINTEQA2
geochemical code (Allison et al., 1991) and the equilibrium constants listed in Table 3-2. The heavy
curve represents the sum of the moles of U(6+) hydroxy-complexes.
3 5 atm). The U(6+) speciation was calculated using the MINTEQA2 geochemical code
C0 2 (g) (PCO2=10-T
(Allison et al., 1991) and uranium thermodynamic data listed in Table 3-2 taken from the Nuclear Energy
Agency (NEA) database (Wanner and Forest, 1992) with an exception as noted in the table. The thick
curve in Figure 3-7 represents the sum of the molalities of the U(6+) hydroxy-complexes. Comparison of
Figures 3-5 and 3-6 with Figure 3-7 indicates a close correspondence between the pH dependence of
U(6+) sorption on montmorillonite and the predominance field of the U(6+) hydroxy-complexes.

The decrease in the amount of U sorbed at alkaline pH can be related to the increasing
importance of carbonate-complexes with increasing pH. At low pHs, where the uranyl cation UO22 +
becomes predominant, U(6+) sorption through ion-exchange is suppressed under the relatively high ionic
strength conditions of this study. However, for solutions at low ionic strength, ion-exchange between
UO 22 + in solution and the interlayer cations of montmorillonite is expected to occur and result in higher
sorption values (e.g., Zachara and McKinley, 1993). In fact, some of the data from this study are likely
due to an ion-exchange mechanism. For example, sorption data from experiment MI below pH 2.5
[Figure 3-2(a)] appear to level off at about 8 percent U sorbed, instead of reaching 0 percent. In
Figure 3-5, the Ml experiment Kd values (open circles; MNV=3.2 g/L) at pHs below 2.5 level off to about
30 mL/g, suggesting a changing sorption mechanism. Other data in Figure 3-5 (MN=0.27 and 0.028 g/L)
below a pH of 2.5 show a similar trend, but there is larger uncertainty in those Kd values.
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Table 3-2. FITEQL model conditions used to determine DLM binding constants for U(6+)
sorption on montmorillonite
Solid concentration (MN)

0.28 g/L

Site density

2.3 sites/nm2

Surface areaa

9.7 m2 /g

Total site concentration

>AlOH° = 4.73x10-5 mol sites/L
>SiOH° = 5.69x10-5 mol sites/L

Ionic strength

0.1 M NaNO 3

233

1: U(6+)

2.16x106 M

PCO 2

10-3 5 atm

Edge-Site Reactions:

Log K

>AIOH° + H+-

8.33

>AIOH 2 +

>AIOH°

-

>AIO- + H+

>AlOH°

+ UO22+

-9.73b

< >AlO-UO2+ + H+

2.70c

>AlOH° + 3UO 22+ 4 >AIO-(UO 2)3 (OH)5

0

+ 6H+

-14.95c

>SiOH°- >SiO- + H+
>SiOH°

+

-7.20b

UO 22 + < >SiO-UO 2 + + H+

>SiOH° + 3UO 2 2+

<

>SiO-(UO2 )3 (OH),

2.60,
0

+ 6H+

-15.29C

Aqueous Speciation Reactions:

Log K

U22+ + H2 0 4=- UO 2 OH+ +

-5.20
0

U022+ +

2H 20

<

U0 2 (OH) 2 (aq) + 2H+

-13.0,

U22+ +

3H 20

<

U0 2 (OH) 3 - + 3H+

-19.20

2UO22+ + 2H 2 0
3UO22+ + 5H 2 0
U022+ + C032-

'

(UO 2 )2 (OH) 22+ + 2H+

-5.62

(UO 2 )3 (OH) 5 + + 5H+

-15.55

0

9.68

U0 2 CO3

2

2

16.94

2

4

21.60

U022+ + 2CO3 - < U0 2 (CO3 )2 U2 2+ + 3CO3 2

2UO2 + + CO3

U0 2 (CO3 )3 -

+ 3H 2 0 < (UO2 )2 CO3 (OH) 3 - + 3H+

0.30

U022+ + N03- <UO 2 NO 3 +
a.
b.
c.
d.

-0.86

Effective edge site surface area assumed to be 10 percent of total N2 -BET surface area (97 m2 /g). See text
for detailed discussion.
Acidity constants for am-Si0 2 and a-A12 03 from Turner (1993).
This study. Binding constants determined using FITEQL, Version 2.0 (Westall, 1982ab).
All aqueous speciation Log K values from NEA Uranium Thermodynamic Database (Wanner and Forest,
1992) except for U0 2 (OH) 2 0 (aq) which is taken from Fuger (1992). See text for detailed discussion.
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3.2.3

Sorption Modeling

For the purposes of modeling contaminant sorption, surface complexation models (SCMs) are
based on the assumption of analogous behavior between aqueous complex formation in the bulk solution
and formation of surface complexes with functional binding sites at the mineral-water interface (Davis and
Leckie, 1978; Westall and Hohl, 1980; Davis and Kent, 1990). Surface sites are treated essentially as
ligands competing for the contaminant. Additional terms in the mass action expression for the surface
reaction account for the effects of electrostatic interactions at the mineral surface on the system chemistry.
Recent efforts have focused on developing a "standard" set of model parameters (Dzombak and Morel,
1990; Turner, 1993, 1995). This has the benefit of limiting the number of adjustable parameters and
providing a set of uniform SCM parameters sharing common reference values.
3.2.3.1

Model Description

The Diffuse Layer Model (DLM) is the simplest of the SCMs, using a one-layer representation
of the mineral-water interface. The DLM and the simplified approach used here are described in detail
elsewhere (Davis and Kent, 1990; Dzombak and Morel, 1990; Turner, 1993, 1995) with only a brief
overview presented here.
By assuming an analogy to aqueous speciation reactions, surface adsorption can be described
using a combination of equilibrium protonation/deprotonation and complexation reactions. To describe the
acid/base behavior of a mineral surface, equilibrium deprotonation/protonation reactions are written for
SCM in the form:

>XOHO0

>XO- + H+

>XOH 0 + H+ " >XOH+

(Deprotonation, K )

(3-2)

(Protonation, K+)

(3-3)

where >XOH0 represents a surface site, and the equilibrium constants K+ and K_ are referred to as
intrinsic surface acidity constants. Equations (3-2) and (3-3) clearly show the pH dependence of surface
charge development. The acidity constants K+ and K_ for Eqs. (3-2) and (3-3) were determined by
analysis of potentiometric titration data for the mineral of interest (Turner, 1993). The values are model
specific, but once defined, the acid/base behavior of the surface is characterized and these values become
fixed in the geochemical model.
The observed dependence of U(6+) sorption on pH, MN, and U(6+) concentration is a
consequence of mass action effects and equilibrium chemistry in the U(6+)- H 2 0-CO2-montmorillonite
system, and sorption reactions can be developed by analogy to aqueous speciation. For example, a
generalized sorption reaction for U(6+) can be written in the form:

>XOHO+pUO 2 + nH 2 0 " [>XOHq (UO

(OH)]2P +q-i- I + (1 + n - q)H +

(3-4)

where q is the protonation state of the sorption site (q=O, 1, or 2) and UO 22 + and
[>XOHq-(UO2)p(OH)n]2p+q-n-I represent the uranyl aqueous species and the U(6+) surface complex,
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respectively. The corresponding equilibrium constant (K [>XOHq- (U0 2 )p (OH),]) for a reaction of the type
given in Eq. (3-4) is commonly called a sorption or binding constant.
In the DLM, the change in activity of species such as H' and UO22 + near the mineral surface
due to electrostatic forces is assumed to be governed by the Boltzmann relation (Turner, 1993, 1995). This
coulombic correction is incorporated into the mass action expressions for surface reactions of the form
given in Eqs. (3-2) through (3-4).
Mass balance for the total concentration of available surface sites

(T>XOH

S(N)
x (Asp) x ( M/V ) x 1018 nm/rn
T>XOH

in moles sites/L) is:

(35

6.023x10 23 sites/mole

where Ns is site density (sites/nm 2 ), Asp (m2 /g) is the effective surface area of the mineral participating
in the surface complexation reaction, and MNV is the solid-mass to solution-volume ratio (g/L).
Mass balance and mass action relations, modified to include the electrostatic effects of a charged
mineral surface, can be used in a manner analogous to that employed by geochemical speciation codes
(Westall and Hohl, 1980; Allison et al., 1991) to determine the distribution of the elements between those
dissolved in the bulk solution and those specifically sorbed onto the solid. Qualitatively, an increase in
MN and U(6+) concentration increases the concentrations or activities of >XOH0 and UO 22 +, respectively,
and drives the equilibrium reaction in Eq. (3-5) forward (increasing sorption). On the other hand,
formation of U(6+) aqueous carbonate-complexes which appear to be nonsorbing reduces the activity of
UO 22 + and drives the reaction in the opposite direction (decreasing sorption). This explanation is, of
course, simplistic due to the synergistic effects between solution chemistry, sorption site protonation state,
and speciation of the aqueous and surface complexes.
3.2.3.2

Modeling of Uranium(6+) Sorption on Montmorillonite

The essential test of the adequacy of the DLM is the development of a conceptual model capable
of reproducing the observed sorption behavior in the U(6+)-H 2 0-O 2 -montmorillonite system. This is
an especially challenging test given that the DLM was developed principally to model sorption on simple
oxides and oxyhydroxides, such as a-A120 3 and goethite, instead of more complex multioxides such as
montmorillonite. Prior studies established that sorption on a clay such as montmorillonite consists of
ion-exchange at interlayer sites and pH-dependent sorption at crystallite edge sites (Davis and Kent, 1990;
Zachara and McKinley, 1993; Degueldre et al., 1994; Wanner et al., 1994; Zachara and Smith, 1994). As
discussed previously, experiments conducted in this study were at relatively high ionic strength (0.1 M
NaNO 3 ), which suppressed ion-exchange of UO22 + with interlayer cations. Therefore, in modeling U(6+)
sorption on montmorillonite, it was assumed in this study that the edge sites dominate sorption behavior,
and ion-exchange was not explicitly incorporated in model construction.
Recent modeling studies suggest it is possible to simulate the pH-dependent sorption behavior
of aluminosilicates such as montmorillonite by assuming the edge sites are comprised of silanol (>SiOH°)
and aluminol (>AIOH°) sites which compete for available adsorbate, but otherwise do not interact with
each other (Rai et al., 1988; Zachara and Smith, 1994; Turner, 1995). This approach is essentially the
same as the two-site DLM proposed for ferrihydrite by Dzombak and Morel (1990). In order to develop
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a DLM for the U(6+)-montmorillonite system, it is necessary to calculate the total number of sorption sites
(T>XOH) using Eq. (3-5). In this study, the decrease in Kd observed for MNV=0.28 g/L with an order of
magnitude increase in MU (Figure 3-4) suggested approaching saturation of available sorption sites
(Dzombak and Morel, 1990). It is unlikely that such behavior would be observed if the measured
(N 2 -BET) external surface area of 97 m2 /g was entirely attributed to pH-dependent edge sites, given the
potentially large number of sites (-104 moles sitesfL) relative to the uranium concentration (XU =
2.16x10-7 M to 2.16x10-6 M). The crystallite edges were therefore assumed to comprise 10 percent of
the N 2 -BET specific surface area, consistent with observations of Wanner et al. (1994). This effective
surface area of 9.7 m 2/g, together with a "standard" site density of 2.3 sites/nm 2 recommended for all
minerals by Davis and Kent (1990), was used to calculate the total number of available edge sites. In the
absence of more quantitative information, it was also assumed that the ratio of >AlOH0 to >SiOH0 sites
is 0.83 as proposed for montmorillonite by White and Zelazny (1988). The acidity constants used for the
protonation and deprotonation of the >SiOH0 and >AlOH0 edge sites were derived based on potentiometric
titration data for SiO 2 and a-A12 03 as described in Turner (1995).
The nonlinear parameter optimization code FITEQL (Westall, 1982a, b) was used to determine
the binding constants for U(6+) sorption reactions of the general form given in Eq. (3-4). In addition to
data describing the mineral properties and the acid/base behavior of the surface (Table 3-2), FITEQL
requires input of an equilibrium aqueous speciation model. For this reason, resultant binding constants are
dependent on the quality and extent of thermodynamic data available for the system of interest. For U(6+),
the equilibrium constants used in this study are listed in Table 3-2. These values were taken from the NEA
thermodynamic database (Wanner and Forest, 1992) with the exception of the value for the neutral
hydroxy complex, U0 2 (OH)2 0 (aq). Due to experimental uncertainties, Wanner and Forest (1992) could
only recommend an upper limit to the stability constant of U0 2 (OH) 2 °(aq). The equilibrium constant for
U0 2 (OH)2 0 (aq) used with FITEQL and listed in Table 3-2 was taken from Fuger (1992). This value is 2.7
log units lower than the upper limit recommended by Wanner and Forest (1992), but as pointed out by
Fuger (1992), a lower value is consistent with the work of Choppin and Mathur (1991). Assuming a lower
equilibrium constant for U0 2 (OH) 20 (aq) also provides for a much better fit to the available sorption data.
Using the mineral properties as described previously (listed in Table 3-2) and the U(6+) sorption
data for the higher surface loading conditions of experiment M4 (1U=2.16xlO-6 M; MN=0.28 g/L),
FITEQL optimization runs identified the following U(6+)-montmorillonite surface reactions as most
capable of reproducing the M4 experiment data:

>SiOH° + UO22+>

>SiO-UO2+ + H+

>SiOH° + 3UO2 2 + + 5H2 0

>A1OH° + UO22+

>SiO- (UO2 ) 3 (OH)5

>A1O-UO2+

>A1OH 0 + 3UO2 2 + + 5H 2 0

+

(3-6a)

+ 6H+

H+

>A1O- (UO2 ) 3 (OH)5 0 + 6H +
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(3-6b)

(3-6c)

(3-6d)

The binding constants determined for these reactions using FITEQL are given in Table 3-2. Only data in
the pH range of appreciable U(6+) sorption (pH=3.5 to 8.0) were used in the optimization.
3.2.3.3

Model Results

One test of the flexibility of the modeling approach is the ability to reproduce observed changes
in sorption behavior induced by changes in geochemical conditions. The model developed here reproduces
the M4 sorption data very well as a function of pH [Figure 3-8(a)]. The binding constants derived from
the M4 data were then used to predict the effect of changing MN ratio (and the resultant change in total
site concentration) on U(6+) sorption on montmorillonite. A comparison of DLM results with measured
values is shown in Figure 3-8(b) for the experiments with MN ratios of 0.028, 0.27, and 3.2 g/L. As
shown in the figure, the sorption envelopes predicted for an M/V of 3.2 and 0.27 g/L agree well with
experimental data. However, there is a slight underprediction of sorption at an MN of 3.2 g/L for pHs
< 3.5. The underprediction at low pH is probably due to the contribution of the ion-exchange mechanism
to the measured sorption not accounted for in the model. The predicted sorption behavior at MN=0.028
g/L is acceptable, although there is some underprediction of sorption at pHs>6.
Comparisons between model and experimental results in terms of Kd versus pH are shown in
Figures 3-5 and 3-6. It is clear from these figures that the model adequately represents the pH dependence
of U(6+) sorption on montmorillonite, except at very low pHs (<2.5) where ion-exchange is expected to
occur. It is interesting to note that for the pH range typical of natural waters (-6 to -9) the sorption of
U(6+) on montmorillonite changes by four orders of magnitude and reaches negligible values at the high
pH end. Figure 3-5 shows that for the range of MN used in this study, both modeling and experimental
results indicate that changes in MN have relatively little effect on the partitioning of U(6+) between the
aqueous and solid phases. The experimental data and model results plotted in Figure 3-6 indicate that an
increase in YU1 results in lower Kds in the intermediate pH range.
Under conditions in equilibrium with atmospheric CO2, U(6+)-montmorillonite sorption at
alkaline conditions exhibits a trend of decreasing sorption with increasing pH similar to that observed for
U(6+) sorption on other minerals such as Fe-oxyhydroxides (e.g., Tripathi, 1984; Hsi and Langmuir, 1985;
Waite et al., 1994b). The conceptual model developed here does not explicitly invoke the formation of
either uranium-carbonate surface species, such as >SiOH 2 -UO 2 (CO 3) 2 , or the competition for available
sorption sites by carbonate species (e.g., >AIOH 2 -CO3 ). At present, there is insufficient data to
characterize quantitatively the sorption of carbonate on montmorillonite. Instead, the trend of decreasing
sorption at higher pH is attributed to the increased carbonate concentration and the more effective
complexation in the bulk solution by the carbonate ligand of available U(6+) relative to that by the surface
sites.

3.2.4

Comparison With Other Data

A number of experiments on U(6+) sorption on montmorillonite have been published in recent
years (e.g., Borovec, 1981; Tsunashima et al., 1981; Ames et al., 1983; Sikalidis et al., 1989; Zachara and
McKinley, 1993; Morris et al., 1994), and it is instructive to compare results from these different studies.
These various experiments were conducted using different solution chemistries (pH, ionic strength, U
concentration, carbonate concentration), different montmorillonite specimens and container materials,
different MN, and/or different sorbent preparation methods-all of which could affect U(6+) sorption
behavior. Thus, comparison of sorption data from different studies can be complicated. For experimental
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Figure 3-8. Comparison of DLM results (solid lines) with sorption data (symbols) for: (a) experiment
M4 and (b) experiments Ml, M2, and M3. Binding constants given in Table 3-2 were derived using
FITEQL and sorption data from experiment M4. The same binding constants were used to predict
U(6+) for the conditions of experiments Ml, M2, and M3.
data sets at U solution concentrations which are relatively close, a convenient method for comparing
different data sets is in terms of Kd. As discussed previously, representing sorption data in terms of Kd
normalizes the results with respect to sorbent concentration (or M/V) and accounts for the effect of
changing U solution concentration. Plotted in Figure 3-9 are sorption data from various studies in terms
of Kd versus pH. The heavy curve in the figure represents values calculated from the DLM model
discussed previously for a XU1 of 2.lxlO-6 M, assuming an effective edge surface area of 9.7 m2/g.
Zachara and McKinley (1993) conducted U(6+) sorption experiments on a reference smectite
(SWy-I montmorillonite, Na-exchanged) at an initial U solution concentration of 8.4x 1- 6 M, at two ionic
strengths (0.01 and 0.1 M NaCl0 4 ), under C0 2 -free conditions, and over a range of pH values. Kd values
from Zachara and McKinley (1993) for U(6+) solutions with an ionic strength of 0.1 M NaCl0 4 are
represented by hatched circles in Figure 3-9. Their Kds below pH 6.5 show the same trend with pH as the
results from this study, although their results are lower, probably due to the lower surface area (hence, a
lower total number of sorption sites) of their sorbent material and the higher XUj of their experimental
solutions. Zachara and McKinley (1993) reported external (N 2 -BET) surface area for SWy-1
montmorillonite is 31 m2 /g, compared with 97 m2 /g for the SAz-I clay used in this study. Using the DLM
model developed in this study and assuming that the proportion of edge sites is the same for Swy-1 and
SAz-1 montmorillonite (10 percent of total N 2 -BET surface area), Kds were predicted for the experimental
conditions used by Zachara and McKinley (1993). The model predictions, which are represented by the
light line in Figure 3-9, agree well with the measured Kds.
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Figure 3-9. Comparison of U(6+) sorption data on montmorillonite from various studies. The heavy
line represents DLM-calculated Kds for M4 experimental conditions (fUj = 2.16xlO6 M, ionic
strength = 0.1 M, PCO2=10-3s atm, edge site surface area = 9.7 m2 /g, total specific surface area =
97 m2 /g, and M/V = 0.28 g/L). The dotted line represents DLM-predicted Kds for conditions similar
to those of experiment M4, but at a higher PCO 2 (10-2-° atm). DLM-predicted Kds for conditions
similar to those of Zachara and McKinley's (1993) experiments [XU 1 = 8.4xlO6 M, ionic strength
= 0.1 M, no C0 2 (g), total specific surface area = 31 m2 /g, and M/V = 0.59 g/L] are represented by
the light line.
Results from Zachara and McKinley's (1993) experiments conducted at lower ionic strength
(0.01 M NaC1O4 ) are also plotted in Figure 3-9 to illustrate ionic strength effects. Below a pH of 7, their
Kds in 0.01 M NaCIO 4 solutions are higher than their Kds at 0.1 M NaCIO 4 solutions due to an
ion-exchange sorption mechanism. Data from Sikalidis et al. (1989) are also plotted in Figure 3-9 for
comparison. The experiments by Sikalidis et al. (1989), which were conducted using a different
montmorillonite material (Upton, Wyoming bentonite) and higher XUj (8.4xlO-4 to 8.4x 1- 3 M), resulted
in Kds much higher than would be predicted by our DLM model. The higher values are probably due to
the predominance of ion-exchange as the sorption mechanism in those experiments.
Above a pH of 6.5, Kds from Zachara and McKinley (1993) continue to increase with increasing
pH, in contrast to results from this study. This difference is due to the lack of aqueous carbonate in their
system which would have complexed with U(6+) and inhibited its sorption on the clay. Additional data
3-16

plotted in Figure 3-9 emphasize the importance of carbonate-complexation in controlling U(6+) sorption
on clay minerals. For example, Ames et al. (1983) measured Kds less than 2 for U(6+) sorption on SAz-1
montmorillonite in 0.01 NaHCO 3 solutions (XUj of 10-4 to 10-7 M) in good agreement with results from
this study. The dashed curve represents DLM predicted Kds at higher CO 2 partial pressures (10-2.0 atm)
which show that U(6+) sorption will be substantially lower at Pco2 s typical of groundwater systems.
Ames et al. (1983) results in 0.01 NaCI solutions (pHs reported as -7) are also plotted in
Figure 3-9, but those Kds are much lower than would be predicted by our DLM model, even though they
used a similar sorbent material (SAz-1 montmorillonite, Na-exchanged) and their range of IUj (1 0-7 to
- 104 M) overlaps ours. The external surface area of their montmorillonite specimen was not reported, but
any difference with that of the clay used in this study will probably not account for the difference between
their Kds and those predicted by our model.

3.2.5

Conclusions

Experimental data derived in this study indicate that montmorillonite can be a strong sorber of
U(6+) and could contribute to the retardation of U(6+) migration at YM and in other geochemical
environments where clay is an important component. However, U(6+) sorption is strongly sensitive to pH
and to the formation of aqueous U(6+)-carbonate complexes. Thus, in natural waters of typical pH (-6
to -9) and carbonate concentration (values in equilibrium with atmospheric PCO or higher), sorption of
U(6+) onto montmorillonite can vary by four orders of magnitude and can become negligible at the high
pH end.
Comparison of the pH-dependence of U(6+) sorption with that of U(6+) aqueous speciation
indicates a close correspondence between U(6+) sorption and the predominance field of the U(6+)-hydroxy
complexes. This suggests that at high pH sorption of U(6+)-carbonate species is unimportant. At low pH
where the uranyl (UO2 2 +) aqueous species is predominant, the low sorption values indicate that
ion-exchange interactions between the uranyl species and the interlayer cations in montmorillonite are
suppressed in the 0.1 M NaNO 3 matrix used in this study.
A useful method of representing U(6+) sorption data is in terms of Kd (e.g., as a function of pH)
because it normalizes the effect of changes in MN and accounts for the effect of changes in U(6+)
solution concentration. Thus, it allows comparisons to be made of experimental data derived using
different experimental conditions. Results from this study were compared with data from the published
literature and showed good agreement with those data.
A DLM model with only four U(6+) surface complexation reactions effectively simulates the
complex sorption behavior observed in the U(6+)-H 2 0-CO2 -montmorillonite system. The good agreement
between measured and DLM-predicted sorption values suggests that conceptual models based on an SCM
approach, such as the one developed here, could be useful in extrapolating radionuclide sorption over a
range of geochemical conditions based on model parameters derived from a limited set of data and could
provide a better alternative to the use of constant Kds currently used in transport calculations.
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3.3

ASSESSMENT OF PROGRESS TOWARD MEETING PROJECT
OBJECTIVES

The broad objective of this project is to develop sufficient understanding of issues relevant to
radionuclide transport modeling. An important mechanism for attenuating radionuclide transport is sorption
on minerals encountered along groundwater flow paths. Clay minerals, particularly montmorillonite, are
ubiquitous in the YM environment. The experimental data derived in this study indicate that
montmorillonite can be a strong sorber of U(6+) and could contribute to the retardation of U(6+)
migration. However, U(6+) sorption is strongly sensitive to pH and to the formation of aqueous U(6+)carbonate complexes. Thus, in natural waters of typical pH (-6 to -9) and carbonate concentration (values
in equilibrium with atmospheric Pco or higher), including those of YM, sorption of U(6+) onto
montmorillonite can vary by four orders of magnitude and can become negligible at the high pH end of
typical natural waters. Results of modeling efforts using a surface-complexation approach indicate that
conceptual models such as the one developed in this study could be useful in extrapolating radionuclide
sorption over wide ranges of geochemical conditions based on model parameters derived from a limited
set of experimental data. These types of models could provide better alternatives to the use of constant
Kds currently used in transport calculations.
Results of laboratory experiments and modeling work on U(6+) and Np(5+) sorption reported
here and in previous CNWRA progress reports are providing an understanding of the important parameters
that control sorption behavior of actinide elements. U(6+) and Np(5+) sorption on minerals which
commonly occur at YM, such as quartz, montmorillonite, and clinoptilolite, is strongly dependent on pH.
The presence of CO2 also influences actinide sorption on these minerals. Sorption generally increases with
increasing pH until aqueous carbonate complexation of the actinide becomes important, then sorption
decreases significantly with further increase in pH. This decrease in sorption has important implications
because it occurs over a pH range [7 to 8 for U(6+), 8 to 9 for Np(5+)] that is correlative with the pH
range of most natural groundwaters, including those at YM. Moreover, sorption is reduced to near nil
(Kd=O) in this pH range, especially for common YM minerals like quartz and clinoptilolite; thus, little or
no retardation would be expected. Since YM groundwaters are generally in equilibrium with levels of CO2
above that of atmosphere, the pH where sorption decreases will likely be even lower (Kohler et al., 1992)
at YM. The implication is that, for all minerals studied in this project, sorption of U(6+) and Np(5+) varies
from maximum to minimum within the pH range of YM groundwaters. Additionally, the minimum values
observed indicate that no effective retardation of these actinides would occur under pH and CO 2 conditions
likely at YM. Because of the strong dependence of actinide sorption on pH, sorbent concentration, and
surface area, modeling of sorption processes will likely require changes in groundwater chemistry and in
rock/fluid ratio be properly accounted for in PA calculations if retardation by sorption processes is
included. However, the successes of SCMs in describing and predicting actinide sorption on quartz,
montmorillonite, and other minerals suggest that SCMs offer a scientifically defensible approach that may
be useful in supporting retardation models in PA.
The similarity in the pH-dependence of U(6+) and Np(5+) sorption on quartz, montmorillonite,
clinoptilolite, as well as on a-alumina, is important, especially considering the distinct differences in the
surface properties of the minerals. This similarity helps to identify simplified approaches to modeling
sorption and thus aids in addressing the KTUs relevant to radionuclide transport and in developing
conceptual models related to PA.
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3.4

PLANS FOR NEXT REPORTING PERIOD

No experimental activities are planned in the next reporting period due to resource and
programmatic constraints. Efforts are anticipated to focus on interpreting and modeling data on U(6+)
sorption onto clinoptilolite and Np(5+) sorption onto quartz, montmorillonite, clinoptilolite, and a-alumina
as part of KTU activities related to radionuclide transport. Binding constants for a diffuse layer model will
be derived from experimental results and will be used to predict U(6+) and Np(5+) sorption for various
ranges of geochemical conditions. The use of "effective surface area" as a scaling factor for U(6+) and
Np(5+) sorption data will be investigated using experimental results from this project as well as data from
the literature. Speciation calculations for Np(5+) aqueous complexes will also be conducted to establish
the relationship between Np(5+) sorption and Np(5+) hydroxy-complex formation. The relationship
between aqueous hydroxy-complex formation and sorption will also be investigated for other actinides,
such as Pu, Th, and Am, based on published literature data.
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4.1

TECHNICAL OBJECTIVES

Performance Assessment (PA) plays a lead role in the review of the U.S. Department of Energy
(DOE) repository program focusing on evaluation of the suitability of the Yucca Mountain (YM) site for
the proposed high-level waste (HLW) repository. In conducting its technical review, the Nuclear
Regulatory Commission (NRC) uses a hierarchy of PA models and codes to examine various indicators
of isolation performance. In the past, the development and application of these models and codes have
been performed largely under the NRC Division of Waste Management (DWM) Iterative Performance
Assessment (IPA) activity. While PA model applications will be made primarily under IPA, the NRC
research programs have made significant contributions to development of conceptual, mathematical, and
computational models.
The scope and objectives of the PA Research Project have been directed mainly to fulfil the
needs of the NRC in the development of PA modeling technology. With the programmatic goal of
providing tools for compliance determination, the PA Research Project has continued to focus on three
basic topical areas: (i) formulation and evaluation of conceptual models of key phenomena and future
system states (Task 1-Conceptual Model Development); (ii) development of efficient computational and
computer methods for use in total-system and subsystem PA codes (Task 2-Computational Model
Development); and (iii) evaluation of NRC and DOE models through benchmark testing and comparisons
with available data (Task 3-Model Evaluation).
One of the major programmatic objectives of the PA Research Project is to provide modeling
technology that would benefit the NRC IPA exercises, with particular emphasis on improving the
Total-System Performance Assessment (TSPA) code (Sagar and Janetzke, 1993). Another, equally
important, programmatic objective is to provide the knowledge base necessary for supporting revision of
the postclosure PA Compliance Determination Strategies (CDSs) (i.e., CDSs 6.1, 6.2, and 6.3) and
development of postclosure PA Compliance Determination Methods (CDMs) that will be incorporated into
the License Application Review Plan (LARP) (Nuclear Regulatory Commission, 1994). Specifically, this
research project has contributed to the knowledge base for addressing the performance related NRC key
technical issues (KTIs). In addition, expertise gained through this research project is beneficial to the NRC
review of DOE's PA models and codes.
Because of its multidisciplinary nature, the PA Research Project is an integrated programmatic
effort drawing on expertise from many technical disciplines such as hydrology, geochemistry, structural
geology, volcanology, seismology, climatology, computational fluid dynamics, and computer science. At
present, the PA Research Project is closely integrated with the DWM IPA activity and three other Office
of Nuclear Regulatory Research (RES) projects: (i) Volcanic Systems of the Basin and Range Research
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Project, (ii) Sorption Modeling for HLW PA Research Project, and (iii) Subregional Hydrogeologic Flow
and Transport Processes Research Project.
The PA Research Project is designed to address a number of user needs identified by the DWM
for postclosure PA. Specific research needs include the following: (i) enhancement of means for
identifying and screening scenarios, (ii) integration of improved mathematical models into repository PA
methodology, (iii) validation of mathematical models, (iv) evaluation of mathematical models,
(v) evaluation of flow and transport models applicable to unsaturated fractured rock and to a range of
scales of heterogeneities, and (vi) appraisal of the applicability of existing mathematical models of
hydrologically and chemically coupled transport.
Research conducted under the PA Research Project is divided among three major tasks. The first
task, Conceptual Model Development, focuses on developing conceptual/mathematical models in two
areas: (i) flow and transport phenomena in fractured-porous media and (ii) disruptive scenarios (i.e., future
system states). Under the second task, Computational Model Development, research is directed toward
development of advanced numerical methods necessary to implement PA conceptual and mathematical
models. Under the third task, Model Evaluation, model testing and confidence-building techniques are
being examined. This work has also included computational testing of DOE PA codes. Work completed
on these tasks was reported in previous semi-annual research reports and various journal articles. This
chapter describes the results of the PA Research Project for the first half of 1995.

4.2

SIGNIFICANT TECHNICAL ACCOMPLISHMENTS

In this period, major research emphasis was focused on topics associated with Conceptual Model
Development (Task 1) and Computational Model Development (Task 2). In Task 1, a new stochastic
model was developed for assessing the disruptive scenario associated with volcanism. As part of
Computational Model Development (Task 2), a detailed study was conducted to examine the applicability
of a new variance-based sensitivity analysis method for probabilistic calculations of performance developed
in IPA Phase 2. These two topics are presented in detail in Sections 4.2.1 and 4.2.2. A number of other
activities, which are not summarized in this section, also produced substantive products. These are briefly
described in Section 4.3.

4.2.1

Stochastic Radionuclide Distributions After a Basaltic Eruption at
Yucca Mountain

The proposed HLW repository at YM, Nevada is located within an area of past volcanic activity.
This volcanic field consists of at least eight basaltic cinder cones formed within the last one million years
and numerous cinder cones formed within the last five million years (Bradshaw and Smith, 1994;
Champion, 1991; Faulds et al., 1994; Heizler et al., 1994; Langenheim et al., 1993; Sawyer et al., 1994).
As is typical for volcanic fields of this kind located throughout western North America, volcanic activity
in the YM region is characterized by the formation of new cinder cones at a low recurrence rate. Recent
estimates of the probability of a new basaltic cinder cone forming within the repository area range from
0.0001 to 0.0005 for a 10,000-yr period (Crowe and Perry, 1989; Connor and Hill, 1995; Ho et al., 1991;
Margulies et al., 1992; Smith et al., 1990). Although probability estimates will likely be refined, current
estimates are large enough to be of regulatory concern and must be addressed in PA. Also, if recent
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recommendations for an environmental standard for YM are adopted, the period of regulatory concern may
be extended to the order of a million years (National Academy of Sciences, 1995), and volcanic release
mechanisms may become more important in PAs of YM.
Basaltic volcanism can encompass a variety of eruption styles, depending on the eruption energy.
The energy of basaltic eruptions varies from effusive activity, in which the predominant product is lava
flows, to explosive activity, which results in fragmentation of the magma into scoria fragments and
transport of scoria in the atmosphere as pyroclasts. This latter style of activity generally causes formation
of cinder cones, such as those found in the YM region. Explosive volcanic activity of this kind has the
potential to cause the dispersal of radionuclides through the biosphere. The dispersion of radionuclides
resulting from volcanic activity can be modeled using approaches originally developed to model the
dispersal of ash after volcanic eruptions (Suzuki, 1983).
4.2.1.1

Background

To assess the hypothetical radiation doses that would occur following a basaltic eruption, the
distribution of radionuclides in the biosphere after such an event needs to be estimated. To estimate the
distribution of radionuclides, it is assumed that the ash (tephra) particles from the eruption are the carrier
of the radionuclides. Methods used previously to estimate radionuclide dispersal by volcanism assume that
the radioactively contaminated ash cloud travels as a gaussian plume released at a stack height of one half
of the volcanic column height (Nuclear Regulatory Commission, 1995). The gaussian plume model
assumes that the plume of contaminants is released from a point source. The contaminants then travel in
the direction parallel to the wind direction (x-direction). The plume is then modeled as having a gaussian
distribution of contaminants in the dimensions perpendicular to the direction of travel (y and z directions).
The gaussian plume model is suitable for modeling airborne and ground concentrations of contaminants
for a point source release of contaminants at some point above the earth's surface (the stack height).
However, a point source approximation may not be appropriate for a volcanic eruption because a volcanic
eruption column acts like a continuous source of contaminants in the upward direction. Also, the gaussian
plume model does not accurately account for the effects of gravitational settling of volcanic particles with
large diameters (on the order of centimeters). This shortcoming may lead to the gaussian plume model
predicting much greater particle ranges than would be the case in reality, and hence wider radionuclide
distributions than would normally be expected after a basaltic eruption. This wider distribution of
radionuclides may tend to underestimate the radiation exposure of persons in a critical group. The critical
group is defined as a small, homogenous group (generally one to several tens of people) who are at the
highest risk of incurring additional health effects from the proposed repository. Recently this approach has
been recommended as the standard of measuring compliance for YM (National Academy of Sciences,
1995).

Models to predict the distribution of ash after an eruption were developed with the intention of
relating eruption magnitude to ash dispersion (Suzuki, 1983; Hopkins and Bridgeman, 1985; Glaze and
Self, 1991). The model described in Suzuki (1983) that relates eruption magnitude to ash distribution is
modified here to relate eruption magnitude to radionuclide distribution for YM based on a few simple
assumptions. This model uses Monte Carlo sampling to determine the power and duration of the eruption,
along with other properties of the ash particulates, and develops a radionuclide distribution from those
sampled parameters. The radionuclide distribution can then be used to model dose to man.
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Following the approach of Suzuki (1983), it is assumed that energy is released steadily
throughout the eruption. This assumption is valid for high mass flow eruptions that are relatively brief.
Typically, basaltic cinder cones are active over periods of several months to years. During this activity,
individual eruptions occur which are well characterized by steady eruption columns. For example, during
the nine-year eruption of Parfcutin, Mexico, the volcano experienced a generally low level of activity,
punctuated by short periods of energetic, steady-state eruptive activity that lasted for hours to weeks,
continuously emanating an ash column from the cinder cone. Most of the ash dispersed by Paricutin
occurred during these short intervals of steady eruption (Luhr and Simkin, 1993). Similar periods of
energetic, steady-state activity are reported during most cinder cone eruptions (Self et al., 1974; Fedotov
and Markhinin, 1983; Connor et al., 1993).
The model developed by Suzuki (1983) is appropriate for particles of mean diameter greater than
15 to 30 micrometers. This cutoff is generally accepted to be the lower limit for the importance of
gravitational settling of particles (Cember, 1983; Heffter and Stunder, 1993). For particle sizes less than
15 micrometers, atmospheric turbulence is great enough to keep the particle aloft for a longer time than
would be predicted by the model. Since the typical mean diameter of ash particles after an eruption is
generally much larger than 15 micrometers (Suzuki, 1983), this model is useful for calculating the
distribution for the vast majority of ash, and hence, radionuclides released. The ramifications of the health
effects to the public of the smaller particles could be explored in future investigations.
4.2.1.2

Model

The model described in Suzuki (1983) can be summarized by the Eq. (4-1) describing areal
density of accumulated ash on the earth's surface after an eruption:
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where: X(x,y) is the mass of ash per unit area accumulated at location (x,y) in g per cm 2; p is the
common logarithm of particle diameter d, where d is in cm; Pmin is the minimum value of p; Pmax is
the maximum value of p; z is the vertical distance from the ground surface in km; H is the height of
the eruption column above the vent in km; x is the coordinate on the earth's surface parallel to the wind
direction, cm; y is the coordinate on the earth surface perpendicular to the wind direction, cm; Q is the
total quantity of erupted material in g; P(z) is the probability density function for particle diffusion out
of the eruption column at height within dz about z; f(p) is the probability density function for particles
with a log-diameter within dp about p; C is a constant relating the eddy diffusivity and the particle fall
time in cm 2 per S5/ 2 ; t is the particle fall time in s; ts is the particle diffusion time in the eruption
column in s; u is the wind speed in cm per s. For a detailed description of the quantities described
above, the reader is referred to Jarzemba (1995).
Equation (4-1) assumes four things: (i) the erupted material consists of a finite quantity of
volcanic particles, (ii) the distribution of the diameter of the released particles is unimodal, (iii) all of the
particles fall at the terminal velocity and finally accumulate on the ground, and (iv) the particles have a
probability to diffuse out of the eruption column during their upward travel in the column. These
assumptions are more realistic for modeling volcanic releases of radionuclide than the assumptions used
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in the gaussian plume model (i.e., a point source of radionuclides released at a single height above the
vent) provided that the ash particles are the carrier media for the released radionuclides.
In PA, the quantity of specific interest is the radioactivity per unit area as a function of position
on the earth's surface after ash, released from the eruption that penetrates the proposed repository, settles
on the earth's surface. If one assumes the total amount of activity released is uniformly concentrated per
unit mass of ash, then the activity areal density on the earth surface is given by:

R(x,y) = X(x,y) A

(4-2)

where: R(xy) is the quantity of radioactivity per unit area accumulated at location (x,y) in Ci per cm 2;
A is the total amount of radioactivity released in Ci. The transformation given in Eq. (4-2) could be
performed on an individual radionuclide basis to provide radionuclide activity areal densities as well.
The distribution of radionuclides with the ash given in Eq. (4-2) assumes the radionuclides
released in this event are homogenized with the ash particles that carry them to the biosphere (i.e., the
radioactive waste is incorporated into the ash particulates without appreciably changing the properties of
the particulates). Alternatively, one could think of this same assumption as if the radionuclides (i.e., spent
fuel) were pulverized into particulate matter having the same properties as the ash particles. Also, it may
be possible to model the column as being composed of two types of ejected particles-pulverized waste
particles of a given density and distribution and ash particles. As no data or reliable method exist to
predict the characteristics of fragmented waste, the simple method expressed by Eq. (4-2) is adopted here.
In any event, the distribution of radionuclides within the ash particles as given in Eq. (4-2) could be
revised when information on this topic becomes available.
Given values for the model parameters, one can calculate the distribution of radioactivity after
an eruption by evaluating Eq. (4-1). To incorporate this methodology into the existing IPA code, the
parameter distributions and interrelationships must be sampled. The following section describes the Monte
Carlo parameter sampling incorporated with this model.
4.2.1.3

Parameter Sampling

Wind Speed and Direction
The wind velocity (speed and direction) is an important parameter for predicting the distribution
of ash after an eruption. Data found in the Site Characterization Plan (SCP) (Department of Energy, 1988)
is used to characterize the wind velocity distribution at YM. Furthermore, the cited report contains wind
information at various altitudes. For simplicity, it is assumed that the data for wind vectors at a height of
5,000 ft are sufficient to characterize the wind velocity distribution to which the entire eruption column
would be exposed.
The SCP shows the percent occurrences (of 1,922 total observations) of wind direction measured
at 5,000 ft above the YM site. Direction is listed in 16 angles (e.g., NNW, SSW, ENE, etc.). In addition
to the percent occurrences of wind direction, the SCP also shows the average wind speed as a function
of direction. These data were summarized from Quiring (1968) and were obtained from observations made
from 1957 to 1964. These data form the basis of the Monte Carlo sampling of wind velocity.
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A uniform deviate (rl) on [0,1] is drawn to determine stochastically the wind velocity that a
volcanic eruption column would experience at YM. Depending on the value of the uniform deviate, the
wind direction and the average speed in that direction are determined. Table 4-1 shows the relationship
between the uniform deviate, wind direction, and average speed.
This model assumes that the eruption column is exposed to one wind speed and one wind
direction. The distribution of ash during the 1992 eruption of Cerro Negro occurred over approximately
five days and the isopachs for this event have roughly the same "tear drop" shapes that are predicted by
the model described herein (Luhr and Simkin, 1993). The mono-velocity assumption would also seem to
be justified by the fact that the eruption column would be exposed to the winds in the upper atmosphere
(several km in altitude) that are less susceptible to velocity variations than are winds in the lower
atmosphere. Although the maximum duration for the events modeled in this paper is about 78 days,
exposing an eruption column from these long-term events to varying wind velocities would predict that
the ash (and hence radionuclides) are distributed over a wider area, and thus subsequent dose predictions
would be less conservative. In any event, changing wind velocities during the event would likely only
affect the events of longest duration modeled here.
To calculate the wind speed, it is assumed wind speeds follow an exponential distribution. The
exponential distribution is used as an approximation to the Weibull distribution recommended by Curtis
and Eagleson (1982). The exponential distribution for wind speed is assumed to have a parameter X, the
inverse of the average wind speed from Table 4-1. To Monte Carlo sample the wind speed given a
particular direction, another uniform, random deviate (r2 ) is drawn on [0,1]. The wind speed (u) in cm
per s is given by:
-ln('-r 2 )

(43)

Eruption Parameters
A number of relationships exist in the literature that describe how eruption parameters are
correlated with each other. Wilson et al. (1978), Luhr and Simkin (1993), Fedotov and Markhinin (1983),
and Self et al. (1974) all note volcanic eruptions in terms of their power (P) and the time duration of the
eruption (T). The data for small-volume basaltic eruptions similar to those that may have occurred in the
YM region are summarized in Table 2 of Jarzemba (1995). It is assumed that a postulated volcanic event
erupts at a constant power over the duration of the event. Figure 4-1 shows a plot of log (P) versus log (I)
for data on observed eruptions. The volcanic eruptions included in this figure were chosen because of their
similarity to postulated volcanic eruptions at YM. The similarity is supported by the presence of ash
deposits 3 km and 6 km north of Lathrop Wells cinder cone and ash deposits in Solitario Canyon 10 km
east of the Quaternary Crater Flat volcanoes (Hill et al., 1995). It is noted that the duration of volcanic
events is one of the most easily observed parameters for the event, as is to a lesser extent, the height of
the eruption column (a direct function of volcanic power, Wilson et al., 1978). This fact means that
deriving the stochastic realization from these two parameters will likely lead to the most realistic
simulations of volcanic events.
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Table 4-1. The range of the uniform deviate corresponding to wind direction
Wind Direction
(Relation to due
east degrees)

Deviate Range

Average
Wind Speed (cm/s)

E(0)

[0.000000, 0.017804]

320

E by NE (22.5)

(0.017804, 0.053412]

450

NE (45)

(0.053412, 0.136498]

670

N by NE (67.5)

(0.136498, 0.267058]

720

N (90)

(0.267058, 0.376848]

640

N by NW (112.5)

(0.376848, 0.430260]

460

NW (135)

(0.430260, 0.460923]

310

W by NW (157.5)

(0.460923, 0.482684]

250

W (180)

(0.482684, 0.496532]

240

E by SE (-22.5)

(0.496532, 0.523238]

410

SE (-45)

(0.523238, 0.563792]

470

S by SE (-67.5)

(0.563792, 0.635998]

530

S (-90)

(0.635998, 0.776448]

580

S by SW (-112.5)

(0.776448, 0.887228]

540

SW (-135)

(0.887228, 0.953499]

480

W by SW (-157.5)

(0.953499, 0.985151]

340

1.000000]

0

Calm (N/A)

(0.985151

,

The procedure to stochastically sample P (in watts) and T (in seconds) is to first sample log (I)
from a uniform probability distribution over the range [3.25, 6.83]. With log (1) determined, a mean value
used to sample log (P) from a normal distribution, is determined from the least squares fit shown in
Figure 4-1. The variance of log (P) is determined from the sum of the squared distances of the data points
from the linear fit of the data and is found to be 0.5.
Wilson et al. (1978) describes the following relationship between the volcanic power (P) and
volcanic column height (H):
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Figure 4-1. A plot of log (P) versus log (T) for eruptions of several volcanoes of composition similar
to those in the Yucca Mountain region
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H = 0.0082P025

(4-4)

where H is in km and P is in W. The Hekla 1947 eruption (Wilson et al., 1978) is considered to be a
maximum power event for this type of eruption style. The maximum eruption column height of this
3
eruption was about 24 km. This maximum height corresponds to a P of 7x101 W; therefore, log(P) is
limited to a maximum of 13.8 in this paper. The literature also contains inter-relationships between such
volcanic parameters as the mass ejection rate, the eruption velocity, and the volcanic vent radius. The
reader is referred to Jarzemba (1995) for a detailed description of these inter-relationships.
Particle Properties
Suzuki (1983) gives ranges of values for the mean particle diameter (dn), the standard deviation
of the mean particle diameter (Od), and the constant controlling ash dispersion [ -used for calculating
P(z); Jarzemba (1995)]. From this information, as well as another source (Walker et al., 1970), the
probability distribution functions used to sample these parameters are: log-triangular on the range [0.01,
10] in cm with a median value of 0.1 cm for dn,; log-uniform on the range [0.1, 2.0] in cm for ad; and
log-uniform on the range [0.01, 0.5] for I.
4.2.1.4

Analyses

For each Monte Carlo simulation, Eq. (4-1) was numerically integrated to calculate the
distribution of the radioactive volcanic ash on the earth's surface resulting from a basaltic eruption that
is assumed to disrupt the repository. The wind velocity, energy of the volcanic event, and duration of the
volcanic event were sampled for each realization according to the procedures outlined in the previous
section. The other necessary parameters were also determined as described in the previous section.
Figure 4-2 displays an example of the contour lines of the radionuclide areal distribution per unit
radioactivity concentration in the ash [in (Ci/cm2 ) per (Ci/g) or g/cm2] on the earth's surface after a
basaltic eruption at the YM site occurs. The values of the individual parameters chosen for this example
can be found in Jarzemba (1995). The information shown in Figure 4-1 could be used to calculate the risk
of additional health effects to a critical group located near the repository in PA of YM.
The previous paragraph describes how the proposed volcanic release model would be used in
a single realization of a PA code to predict areal radionuclide concentrations after a basaltic eruption. A
more interesting example of the proposed model is shown when considering multiple realizations.
Figure 4-3 shows the radionuclide distribution contours averaged over 200 volcanic realizations for a
140x 140 km square centered on the proposed repository. As one can see from Figure 4-3, the radionuclide
contours are not circular, meaning that the critical group may not necessarily be the group located nearest
the repository, if only volcanism were considered as a release mechanism. These hot spots would represent
areas of elevated health risk to a postulated critical group from a basaltic eruption at YM. Figure 4-3, for
example, could be helpful to an investigator attempting to determine the location of the critical group
described previously.
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4.2.1.5

Conclusions

This section describes a method for stochastically determining the distribution of radioactive ash
after an assumed eruption penetrates a proposed repository at YM. The method is intended to be used in
PAs for the proposed repository to more realistically (than present methods) predict doses to a critical
group after the basaltic eruption. Calculating risks of additional health effects to the critical group is a
concept recently recommended as the compliance standard for YM (National Academy of Sciences, 1995).
The model used here is useful for calculating the distribution of radioactive particles whose mean diameter
is larger than 15 to 30 micrometers. For particles smaller than 15 micrometers, gravitational settling is no
longer the dominant mechanism in determining the distribution of ash (i.e., atmospheric turbulence is
sufficient to keep the smaller particles airborne for a longer time than the model presented herein would
predict). Since most ash particles have diameters larger than this cutoff, the model should predict the
radionuclide distribution for the vast majority of radionuclides released from just such an event.

4.2.2

Variance-Based Important Analysis

In general, a probabilistic risk assessment of a complex system involves the computation of a
response of the system, y, as dictated by the input parameters, y=y(xl, x2,...xn). Each input parameter has
some uncertainty or range of plausible values which can be described using a probability distribution
function (PDF). The PDF for each input can be sampled to obtain discrete values for all input parameters
and the output can then be calculated using the computer program. Typically, this process is performed
in a probabilistic manner in which the xs are selected randomly from their PDFs and used to generate a
set of y predictions.
In many cases, a complex computer program may require hundreds of input parameters, yet only
a relatively small subset of the input strongly influences the output. It is rarely obvious which parameters
are most important, and it is often the analyst's objective to identify these.
In this work, a distinction is made between an uncertainty, sensitivity, and importance analysis.
An uncertainty analysis quantifies the range or change of a parameter's value. A sensitivity analysis
quantifies the relationship between the change in the output and the change in the input. An importance
analysis identifies which input parameters most strongly affect the output. It is instructive to associate the
uncertainty with a range in the input (e.g., Ax,), and sensitivity with the rate of change in the output per
rate of change in the input (e.g., aylxi). The product of output sensitivity and input uncertainty is a
measure of output uncertainty attributed to the input [e.g., Ayi = (ay/axi)Axi]. Importance is a relative term
where the output uncertainty attributed to each input parameter is compared with the overall range of the
output (e.g., AyilAy). To be important, the output needs to be sensitive to a parameter and the parameter
have some uncertainty (or range of plausible values if it is a design controlled parameter).
Overall, there are two main types of approaches to identifying important parameters-regressionand variance-based methods. The regression-based methods have been used extensively throughout the
literature (Iman and Helton, 1985, 1991; Wu et al., 1991), whereas variance-based methods are relatively
new (McKay, 1995). One drawback of regression-based methods is that an algebraic function relating input
and output must be developed. This approach is successful when couplings and interactions between inputs
are minimal, and when inputs are independently and linearly related to output. As interactions become
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stronger, it becomes more critical to specify an appropriate functional form relating inputs and output. In
an attempt to relax the need to specify the form of the relationship, McKay (1995) developed a
variance-based sensitivity method. The objective of this work (Manteufel, 1995) was to apply the
variance-based method using the TSPA code (Sagar and Janetzke, 1993) in IPA Phase 2 (Nuclear
Regulatory Commission, 1995).
4.2.2.1

Theory

The variance-based importance method has the objective of identifying a subset of input
parameters which most strongly drive the output. The uncertainty in each input contributes to the spread
of the output. The spread of the output is characterized using either the PDF, Cumulative Distribution
Function (CDF), or Complementary Cumulative Distribution Function (CCDF). The CCDF is used
frequently in practice. As the range of variability in the output narrows, the slopes of the CDF and CCDF
steepen. The idea behind variance-based sensitivity is to identify parameters that, when held constant,
significantly reduce the spread of the output.
4.2.2.2

Scatter Plots

Scatter plots are a simple and informative tool to investigate visually the relationship between
any one input parameter and the output. In Figure 4-4, two scatter plots are shown. The two parameters,
infil and akr2, were plotted against the output, normalized release. In these scatter plots, the parameter,
infil, describes the deep percolation of infiltrating water at the repository site. The second parameter, akr2,
describes the gaseous fracture permeability of the Paintbrush hydrostratigraphic unit at YM. Both
parameters and the normalized release are described elsewhere by the Nuclear Regulatory
Commission (1995). From Figure 4-4(a) one notes that extremely low values of normalized release only
occur at the lowest range of infiltration (infil). No such relationship is observed for the second parameter,
akr3.
Each scatter plot in Figure 4-4 contains 2,000 points representing 40 distinct Latin Hypercube
Sampling (LHS) LHS-50 runs. The term LHS-50 describes how each input parameter is discretized into
50 equal probability bins. The mean value in each bin is used only once in a LHS run. In total, 50
executions of the computer program (runs) are performed for an LHS-50, regardless of the number of
input parameters. Each run is based on a vector of inputs (equal in length to the number of parameters)
determined by randomly matching binned input parameters. In this work, 40 different matchings of input
parameters were used, hence, 40 distinct LHS-50 runs. As a result, the scatter plots consist of 40 points
along 50 vertical lines.
Because the output values ranged over five orders-of-magnitude and contained a few zero values,
the output was transformed using a linear rank transformation (Iman and Conover, 1979). The outputs
from all of the runs were ordered and replaced by a set of steadily increasing values. In this problem, the
40 LHS-50 generated 2,000 output with the lowest output transformed to 1/2,000, the second lowest to
2/2,000, and so forth up to the highest output being transformed to one. This generates a uniform
distribution in the output values of y.
In Figure 4-5, the scatter plot for the rank transformed output and infil are shown. The rank
transformed data continue to show visually the trend in the data. The mean of the 40 values for each of
the 50 bins is shown in Figure 4-5(b), as well as the standard deviations about the means in Figure 4-5(c).
The bin means show more clearly the correlation between input and output. Figure 4-5 is also used to
introduce the variance-based method.
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4.2.23

Variance-Based Importance

The main goal behind the variance-based method is to determine what portion of the total output
variance is explained by a trend through the means or is unexplained due to residual uncertainty attributed
to other parameters. This appears to be an idea consistent with correlation and regression. A well-known
variance identity used in analysis of variance relates the total variability of y to the variability between

the bin means (explained) and variability within the bins (unexplained) (McKay, 1995; Dunn and
Clark, 1987). For this work, the identity is expressed as:
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(4-5)

where Nvec=number of LHS vectors or bins (=50 in this work) and Nrep=number of repetitions (40 in this
work). Equation 4-5 states that the total variability equals the variability of bin means plus the mean of
bin variabilities.
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4.2.2.4

Importance Index

If the input parameter has a negligible influence on the output, then the variability of bin means
will be relatively small and the mean bin variability will be relatively large. Conversely, if the input has
a strong influence on the output, the variability of bin means will be relatively large. The F-statistic can
be used as an importance index based on a fixed-effects, one-way analysis of variance between input and
output (Dunn and Clark, 1987).
The 50 LHS bins act as distinct levels within which 40 samples are collected. The analysis
determines if there is a statistically significant difference between the means of the distributions in each
of the bins. In statistical terms, a null hypothesis is formed stating that the bin means are equal,
. If the null hypothesis is true, the input has a negligible effect on the output.
HO: I = IL2 = ...
Alternatively, data may indicate that all of the bin means are not equal, hence, the null hypothesis is
rejected and the input is identified as being important.
4.2.2.5

Top Ten Parameters

The first step was to complete a set of LHS-50 runs. The number of LHS-50 runs needed to
provide good statistics was determined by increasing the total number of runs from 8 to 16, 24, 32, and
finally 40. As more runs were completed, the importance indices were computed using all of the available
data for all of the 195 input parameters. It was determined that 40 runs were sufficient for statistical
convergence.
Based on the initial 40 LHS-50 runs, five parameters were identified as being important. In
Figure 4-6, rank ordered plots show the F-statistic computed for each parameter. The parameters were
sorted by F-statistic so that the first had the largest F. The F-statistic was plotted against the sorted (or
ranked) order. These plots helped identify individual or groups of important parameters.
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After identifying at least one important parameter, McKay (1995) outlines a sequence of
procedures in which additional parameters are found. The procedure consists of constructing sets of
potentially important parameters. The sets of parameters are constructed by adding a previously
unimportant parameter to the set of important parameters already identified. The important parameters are
set to a fixed value, and a series of new runs are completed and the variance ratios compared. The most
important set of parameters is identified and used in the next iteration of the procedure. The set of
important parameters are thus increased by at least one in each cycle. The procedure is similar to step-up
parameter selection described in stepwise regression-based methods (Iman and Helton, 1985).
For this work, we selected five parameters to be important from the first set of runs. A second
set of runs was completed with each of the five important parameters held constant at their mean values.
In Figure 4-6(b), the results of the second set of runs indicated that three more parameters were important.
For the last set of runs, eight parameters were set to their mean values and a new set of runs initiated.
Based on experience, if the F-statistic of a parameter exceeded a cutoff, then as Nrep increased it would
only continue to increase in exceedance of the cutoff. Hence, the last set of runs was terminated as soon
as two parameters exceeded the cutoff so ten parameters were identified as important. These parameters
are: infil, forwarl, ecorr6, ecorr7, rdiffl 1, ecorr3, ecorr2, ecorr8, ecorr5, sol4Am. These parameters are
described in NRC (1995) and only briefly described here: infil=infiltration rate, forwarl=U0 2 alteration
rate in repository subarea number 1, ecorr6=crevice corrosion potential, ecorr7=pitting corrosion potential,
rdiffIl-diffusion coefficient in the nearfield layer number 1, ecorr3=factor for temperature effect on
ambient corrosion potential, ecorr2=factor for temperature effect in corrosion model, ecorr8=rate for
localized corrosion, ecorr5=decay rate for gamma emitters, and sol4Am=Americium solubility.
In Figure 4-7, conditional CCDFs were plotted where the output has been conditioned by holding
either zero, five, or ten input parameters fixed. Each set of curves is based on a set of 40 LHS-50 runs
and contains five curves derived by grouping eight independent LHS-50 runs into an equivalent LHS-400.
The grouping of results was selected to facilitate comparison with earlier work (Nuclear Regulatory
Commission, 1995). As expected, Figure 4-7 shows that the variance of the output is significantly reduced
as more important parameters are fixed. The original output is represented by the "no parameters fixed"
curves. The other two sets of curves represent intermediate calculations in the importance analysis, and
are not new estimates of system performance.
4.2.2.6

Verification Runs

In Figure 4-8, conditional CCDFs are shown which serve as a check on selected important
parameters. The verification runs were performed to determine if the set of ten parameters truly controlled
the output. If the most important parameters control the output, then one would expect that fixing them
to high or low values would strongly affect the location of the output yet the range of output remains
narrow for any single run. Alternatively, fixing the less important parameters to different values would
not be expected to affect significantly the range or distribution of the output.
In Figure 4-8(a), a coarse LHS-5 was applied to the most important parameters and a fine
LHS-400 was applied to the less important parameters. The LHS-400 was accomplished by combining
eight independent LHS-50 runs. The conditional CCDFs (dashed lines) were compared with the original
CCDF (solid line). The original CCDF was based on a combination of the original 40 LHS-50 runs. It is
noted that conditional CCDFs have steep breaks, indicating a narrow range of output values. This is
because only the less important parameters were being varied. The location and steepness of the breaking
conditional CCDFs are controlled by specific values and combinations of the most important parameters.
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This is expected-the most important parameters control the mean and variance of the output. These
CCDFs enhance confidence in the selection of the important parameters.
In Figure 4-8(b), similar calculations are presented. Here, the important parameters were varied
while the less important parameters were fixed. A fine LHS-400 was used for the most important
parameters and a coarse LHS-5 used for the less important parameters. The conditional CCDFs lie near
the original CCDF, indicating the range and distribution of the output was controlled by the most
important parameters. One of the conditional CCDFs, however, does vary significantly from the cluster
of other curves at small output values. This was investigated further and attributed to a combination of
low values for two parameters: infil and akr3. One parameter was selected as important, infil, while akr3
was not. In Figure 4-6(a), akr3 was almost selected as important. The conditional CCDFs indicate that
akr3 could have been selected. Overall, the conditional CCDFs enhanced confidence that the dominant
parameters were identified in the variance-based method.
4.2.2.7

Conclusions

A variance-based method proposed by McKay (1995) for identifying the important input
parameters in a complex system was investigated. The method represents an alternative approach to
regression-based methods. The method was applied to data generated by a computer program recently
employed in the PA of a proposed HLW repository at YM, Nevada (Nuclear Regulatory Commission,
1995). A subset of ten parameters was identified as being important from a total of 195 input parameters.
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The reduction in output variability was quantified as the important parameters were fixed to their
median values. The range in output was reduced by over two orders-of-magnitude due to fixing the top
ten parameters. The mean of the output was also observed to be strongly affected by the most important
parameters. A set of confirmation runs was completed in which the important parameters were noted to
strongly affect output distribution, with the remaining 185 less important parameters having smaller
effects.
The variance-based method has the potential benefit of not requiring any assumptions about the
functional form of the relationships between input parameters and the output. In addition, it readily
quantifies the reduction in the output variability as input parameters are fixed. Two significant drawbacks
of this method are the need to heuristically select critical (cutoff) values of an importance measure and
the potentially prohibitive costs associated with repetitive execution of the computer program.
The choice between variance- and regression-based methods is probably influenced by the cost
associated with computing time. The variance-based method requires more computer runs than a
regression-based method, hence, this may prohibit its use in certain cases. Overall, the ideas which
motivate the variance-based approach are sound and suggest new avenues for exploring the relationship
between the input and output generated by a complex computer program with many parameters. Having
identified the set of important parameters, the practice of computing conditional CCDFs based on a
combination of alternating coarse and fine LHS discretizations for important parameters enhances
confidence in the selection of those parameters.

4.3

ASSESSMENT OF PROGRESS TOWARD MEETING PROJECT
OBJECTIVES

As indicated previously, one of the main programmatic objectives of the PA Research Project
is to provide enhanced PA models and codes for use in the NRC IPA exercises. A second equally
important objective is to provide PA methodology to be used as CDM analysis tools. During this reporting
period, noteworthy progress was made toward both these objectives.
Research on the airborne contaminant transport resulting from volcanic eruptions produced a
mathematical model and computer code for assessing the probability and consequences of material released
to the air pathway. This new modeling capability provides an enhanced capability for use in the NRC IPA
exercises. A summary of the new probabilistic model for assessing the volcanism scenario is presented
in Section 4.2.1 of this chapter. A journal article on this modeling approach is expected to appear in
Nuclear Technology. This new modeling approach is planned for incorporation in the TPA code.
A detailed evaluation of a new variance-based importance analysis method was completed
utilizing the IPA Phase 2 results. The evaluation provided an independent analysis of the model parameters
having the greatest impact on the model output. This analysis confirmed the importance of key parameters
such as infiltration rate, corrosion rate, solubilities, and sorption. A paper on this evaluation has been
submitted for publication in Risk Analysis.
Studies of advanced computational techniques produced new numerical techniques for solving
the variably saturated flow equation. The new computational methods are more robust, highly mass
conservative, and converge much faster than standard techniques. In addition, a comparative study of
various iterative techniques for solving systems of linear algebraic equations identified methods that will
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greatly improve the computational speed of existing groundwater flow codes while reducing memory
requirements. A paper is being prepared on these computational techniques for future journal publication.
Benchmark testing of the DOE and NRC/CNWRA thermohydrologic codes was conducted for
a series of test problems. This testing provided considerable insight regarding the strong and weak points
of each of the codes tested. The two DOE codes FEHMN and TOUGH2 were tested against the
NRC/CNWRA codes CTOUGH and MULTIFLO. Results of these benchmark test cases are being
documented in a technical report. The experience gained with these DOE codes will have direct benefit
to the forthcoming NRC review of the DOE Topical Report on Process Models, as well as to future DOE
reports on the repository thermal loading strategy.

4.4

PLANS FOR NEXT REPORTING PERIOD

A number of new and challenging research topics have been identified for pursuit which are
essential to meet the priority modeling needs of IPA and subsystem PA. However, the NRC RES program
is currently being restructured as a result of budgetary constraints. It is expected that this research project
will be terminated in the next period.
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5 VOLCANIC SYSTEMS OF THE BASIN AND RANGE
by Brittain E. Hill and Charles B. Connor
Investigators: Charles B. Connor, Brittain E. Hill, F. Michael Conway, and Ronald Martin
NRC Project Officer: Linda A. Kovach

5.1

OVERALL TECHNICAL OBJECTIVES

The Yucca Mountain region (YMR) has been the site of recurring basaltic eruptions during the
last 8 m.y. (e.g., Crowe et al., 1983). This volcanic activity has led to the formation of numerous
volcanoes, six of which are less than about I million yr old and located within 20 km of the candidate
repository site. Because of this igneous activity, it is necessary to evaluate the potential for volcanic
disruption of the candidate high-level radioactive waste (HLW) repository at Yucca Mountain (YM) [Code
of Federal Regulations (CFR) Title 10, Part 60, Section 122, Nuclear Regulatory Commission, 1991].
The probabilities of igneous activity and potential consequences on repository performance are
the subject of considerable debate. Current research shows that the probability of a future volcanic eruption
at the candidate repository site is less than about 1x10-3 in 104 yr (Connor and Hill, 1995; Crowe et al.,
1995). The uncertainty associated with this probability is large; the probability may lie between 10-3 and
10-5 in 104 yr. (Connor and Hill, 1995; Crowe et al., 1995). Ongoing research by the Center for Nuclear
Waste Regulatory Analyses (CNWRA), Los Alamos National Laboratory (LANL), and the State of Nevada
also shows that basaltic volcanoes in the YMR likely represent a range of eruptive energetics, which can
produce vastly different effects on repository performance. Highly explosive eruptions such as at Tolbachik
volcano in Russia can fragment and entrain significant amounts of wall rock and transport that material
tens to hundreds of kilometers away from the vent (e.g., Budinkov et al., 1983). Conversely, relatively
gentle effusions of magma from fissure-fed eruptions as suggested by U.S. Department of Energy (DOE)
for some YMR volcanoes may produce very limited disruption and dispersal of subsurface material
(e.g., Barr et al., 1993). These probability and consequence models will need to be evaluated in detail as
part of prelicensing and licensing activities.
The Volcanic Systems of the Basin and Range Research Project is designed to better characterize
the probabilities and effects of basaltic igneous activity on repository performance. This characterization
will be possible through the development of (i) probability models for continued magmatic activity in the
YMR, (ii) models that better predict the interaction between geologic structures and igneous activity in
this tectonic setting, (iii) petrologic models that relate geochemical evolutionary cycles to spatial or
temporal trends for western Great Basin (WGB) igneous systems, and (iv) scenarios to assess the impact
of igneous activity on repository performance. Research into igneous processes will require the use and
integration of a wide range of geological data from Neogene and Quaternary volcanoes in the YMR and
elsewhere in the WGB. These data will be used to both develop and test probability and consequence
models for the geologic and engineered systems in the YM repository area.
Volcanism research independent of DOE activities is necessary to support specific sections of
the Nuclear Regulatory Commission (NRC) License Application Review Plan (LARP) (Nuclear Regulatory
Commission, 1994). Although the LARP strategy is currently under review due to significant
programmatic changes, it forms a logical framework for the evaluation of technical issues at the candidate
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repository site. Insight into the frequency, distribution, and volume of basaltic magmatism in the YMR,
volcanism effects at both repository and regional scales, and the relationship between volcanism and
regional tectonic and structural settings, forms an integral part of site characterization activities (Potentially
adverse conditions: evidence of igneous activity, LARP Section 3.2.1.9) and the description of total system
performance (Assessment of compliance with the requirement for cumulative releases of radioactive
materials, LARP Section 6.1) (Nuclear Regulatory Commission, 1994). The CNWRA Volcanic Systems
of the Basin and Range research also indirectly supports other site characterization activities (Potentially
adverse conditions: natural phenomena and groundwater, LARP Section 3.2.2.7). The Compliance
Determination Strategy (CDS) associated with evidence of Quaternary volcanism concludes that
independent research must be conducted to evaluate key technical uncertainties (KTUs) associated with
volcanism and that volcanism poses a high risk to the NRC of reaching unwarranted conclusions regarding
compliance with 40 CFR Part 191 (U.S. Environmental Protection Agency, 1991) and 10 CFR Part
60.122(c)(15) (Nuclear Regulatory Commission, 1991).
Four KTUs related to igneous activity, identified as part of the CDS concerned with evidence
of Quaternary igneous activity, are identified in the LARP (Nuclear Regulatory Commission, 1994):
* Low resolution of exploration techniques to detect and evaluate igneous features
* Inability to sample igneous features
* Development and use of conceptual tectonic models as related to igneous activity
* Prediction of future system states (disruptive scenarios)
In addition to KTUs, key technical issues (KTIs) have been defined recently to prioritize work
that supports topics of regulatory concern. Research in the Volcanic Systems of the Basin and Range
Research Project directly supports research needs in the Igneous Activity KTI, in the areas of
(i) characterizing the areas affected by numerous igneous processes, (ii) understanding geologic factors
that localize magmatism in specific areas, and (iii) analyzing the spatial, chemical, and temporal trends
in WGB volcanic fields, including the YMR.
Evaluation of the Igneous Activity KTUs requires detailed safety review supported by analyses.
Most of the Igneous Activity KTUs also require independent tests, analyses, or other investigations for
evaluation, along with detailed safety reviews. Independent research is also needed to ensure that an
accurate range of geological data and processes is considered as part of Igneous Activity KTI evaluation.
In addition to KTU and KTI evaluation, independent research in volcanism provides a basis to question
how DOE research will address the probabilities and potential consequences of igneous activity on
repository performance and to evaluate the DOE responses to these questions. This research will also
facilitate technical interactions with the DOE and other affected parties and with the scientific community
in general.

5.2

SIGNIFICANT TECHNICAL ACCOMPLISHMENTS

Accomplishments during the last 6 mo in the Volcanic Systems of the Basin and Range Research
Project include the following:
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* Analysis of published geochemical data to independently determine the extent of the YMR
igneous system
* Acceptance for publication in the Geological Society of America Bulletin, pending minor
revisions, of Recurrence Rates of Volcanism in Basaltic Volcanic Fields: An Example from
the Springerville Volcanic Field, AZ, USA, by Condit and Connor.
* Continued development of the Geographic Information System (GIS) for the northern part
of the San Francisco Volcanic Field, Arizona
* Field work on the Mesa Butte Fault Zone in the San Francisco Volcanic Field, Arizona
The Condit and Connor article was reported in the previous semi-annual report (Connor, 1995). This
research clearly demonstrates that spatio-temporal probability models developed by CNWRA staff (Connor
and Hill, 1995) can be applied and successfully tested at continental basaltic volcanic systems larger than
the YMR. Two key conclusions of this study are that (i) nonhomogeneous models predict the locations
of subsequent volcanic activity with significantly greater success than homogeneous methods, and
(ii) nonhomogeneous models are least successful when petrogenetic changes occur in the system,
indicating that basalt petrogenesis is an important aspect of probability assessment. This work is directly
applicable to Igneous Activity KTUs-KTIs on probability and prediction of future system states. Research
in the San Francisco Volcanic Field has focused on determining the displacement history of the Mesa
Butte Fault Zone, which has served as a sustained conduit for basaltic magma apparently for several
hundreds of thousands of years. This research directly relates to determining the subsurface areas affected
by igneous activity, in addition to the effects of structural controls in probability models. The analysis of
published geochemical data to determine the boundaries of the YMR magma system is presented in
this chapter.

5.2.1

Definition of the Yucca Mountain Region Igneous System

Any analysis of igneous activity in the YMR must first determine the natural boundaries of the
magma system through time. Determining the probability of future igneous activity at the repository site
is critically dependent on accurately calculating recurrence rates. Increasing the boundaries of the YMR
igneous system will necessarily increase the total number of events, which may be offset by decreasing
the vent density within the expanded region. In addition, accurately determining the extent of the YMR
igneous system is critical to ensuring that a truly representative range of igneous features and processes
are examined and considered in consequence models. Previous work in the YMR has used spatial,
temporal, and chemical associations to define the YMR magma system. Most workers in the YMR have
used the associations presented in Crowe et al. (1983; 1986) to define the YMR magma system. In
general, Crowe et al. (1983; 1986) define three main periods of basaltic magmatic activity related to the
(i) active caldera systems to about 9 Ma, (ii) post-caldera activity between about 9 Ma and about 6 Ma,
and (iii) activity since about 6 Ma. The spatial and temporal boundaries of these periods have changed
over the past decade to incorporate new geochronological data and account for igneous features buried by
alluvial deposits (e.g., Langenheim et al., 1993). Until recently, the southern extent of the YMR post-6 Ma
basaltic system was thought to be 360 30' N (Figure 5-1). Previous workers had long recognized that PlioQuaternary basaltic volcanism extended south of the YMR to the Death Valley region and 150 km north
to the Lunar Crater Volcanic Field (Crowe and Carr, 1980; Vaniman et al., 1982). However, these regions
were thought to represent magmatic provinces that were distinct from the YMR.
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Figure 5-1. Basalt of the Yucca Mountain Region younger than about 12 Ma. Data sources in
Connor and Hill (1995) with the addition of Drewes (1963) and McAllister (1970; 1973). Contours
from 3-arc-second digital elevation model, 200-m contour interval. Universal Transverse Mercator
projection, Nevada zone 11, North American Datum 1983.
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Recent compilations of Nd and Sr isotopic data for western Basin and Range Province basalts
by Yogodzinski (1995) and Yogodzinski and Smith (1995) have indicated that Plio-Quaternary basalts in
the vicinity of Death Valley and the Greenwater Range and as far south as 350 52.5' (Figure 5-1) have
the same, distinct isotopic characteristics as those of the YMR. If supported, this correlation would extend
the southern boundary of the YMR basaltic system about 40 km south and represents a significant addition
to the YMR Plio-Quaternary igneous system.

5.2.2

Application of Nd and Sr Isotopes to Basalt Petrogenesis

Basaltic volcanism has been a prominent characteristic of the WGB, which includes the YMR,
since the middle Miocene. For the YMR and elsewhere, the heat necessary to produce the voluminous
silicic magmas that generated the Miocene caldera systems was provided from mantle-derived basaltic
magmas (e.g., Farmer et al., 1991; Perry et al., 1993). Basalt associated with the caldera systems is
commonly contaminated by crustal material and thus provides limited information regarding its source
characteristics. Since about 9 Ma, basalt has continued to erupt throughout the WGB with relatively
localized production of silicic magma (e.g., Luedke and Smith, 1981). This WGB basalt is often
uncontaminated by crustal material and can provide detailed information about its source characteristics.
Many workers in the Basin and Range have long recognized that basalts have distinct compositional
characteristics that are dependent on the composition of the parental mantle (e.g., Leeman, 1970).
Although no single isotope system provides a unique compositional signature, many areas in the Basin
and Range and WGB define compositionally distinct fields using 143Nd/!44Nd and 8 7 Sr/8 6 Sr ratios
(e.g., Menzies et al., 1983). Nd and Sr isotopes have been determined for a wide range of spatially,
temporally, and compositionally distinct volcanic area in the WGB, with coverage sufficient to evaluate
regional trends effectively.
The application of Nd and Sr isotopes to basalt petrology is relatively straightforward, and a
detailed explanation of these isotopic systematics can be found in most igneous petrology or inorganic
geochemistry texts. A basic starting assumption is that the upper approximately 100 km of the earth's
mantle represents the source region for most of the basalt found in the Basin and Range Province
(e.g., Takahashi and Kushiro, 1983). The mantle is assumed to have initial 143 Nd/1 4 4Nd and 87 Sr/8 6Sr
ratios, which are generally referenced to chondritic meteorite compositions (e.g., DePaolo and Wasserburg,
1976). In addition, initial patent-to-daughter isotopic ratios of 147 Sm/14 3 Nd and 8 7 Rb/ 8 7Sr are assumed.
As the age of the mantle increases, radioactive decay of parent isotopes 147Sm and 87 Rb increases the
respective abundance of 14 3Nd and 8 7 Sr. In addition, numerous geochemical processes such as partial
melting can deplete or enrich the parental isotopes relative to their daughter decay products. These
fractionation processes form distinct compositional zones in the upper mantle (e.g., Leeman, 1970;
Menzies et al., 1983).
Nd isotopes commonly are reported in units of £Nd, which represents deviation from a model
chondritic uniform reservoir (CHUR) composition (DePaolo and Wasserburg, 1976):

d
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Commonly used values for present-day CHUR are 0.511836 for samples normalized to
0.63615; and 0.512638 for samples normalized to 14 6 Nd/'44Nd = 0.7219.

1 46 Nd/ 1 4 2 Nd =

A simple yet useful division for the upper mantle is between asthenospheric and lithospheric
compositions. Asthenospheric mantle generally represents a relatively pristine mantle, uncontaminated by
geochemical enrichment processes. Asthenospheric mantle beneath the western United States has many
of the isotopic characteristics of ocean island and island arc basalts, with relatively high cNd (generally
greater than +3) and low 8 7 Sr/8 6Sr (generally less than 0.7045). Lithospheric mantle is relatively low ENd
(ENd generally less than +3 to -11) and enriched in 87Sr (8 7 Sr/16Sr generally greater than 0.7045, to 0.708)
(Livaccari and Perry, 1993; Kempton et al., 1991).
In general, basalts derived from asthenospheric mantle are thought to represent smaller degrees
of partial melting from relatively deeper in the mantle (e.g., Jaques and Green, 1980). Lithospheric
compositions form from relatively larger degrees of melting at lesser depths. Although this relationship
is not always strictly true (Vaniman et al., 1982), over the Basin and Range Province it is generally
applicable (cf. Fitton et al., 1991; Ormerod, 1988). Basalts in the Basin and Range Province derived from
lithospheric melts are thought to originate from relatively cold, previously unextended mantle, which
begins to melt during decompression associated with crustal extension (e.g., Menzies, 1989). Previously
extended areas commonly contain asthenospherically derived basalt, which may have ascended following
thermal erosion of the overlying lithosphere (Farmer et al., 1989; Kempton et al., 1991; Foland and
Bergman, 1992). Some relatively long-lived volcanic fields in the Basin and Range Province show a
transition from early, lithospherically derived tholeiitic basalts to later-stage asthenospheric alkalic basalts.
For example, Foland and Bergman (1992) concluded that a transition to more alkalic basalts at around
4 Ma in the Reveille Range-Lunar Crater Volcanic Field represents a shift to more asthenospheric source
compositions. Other western Basin and Range areas with similar transitions include the Lake Mead area
(Daley and DePaolo, 1992) and possibly the Saline Range (Hoffine, 1993). Conversely, some relatively
long-lived volcanic fields, such as Cima, have the same asthenospheric source characteristics throughout
5 m.y. of basaltic activity (Farmer et al., 1995).
Thus, Nd and Sr isotope systematics have two direct applications to understanding the YMR
basaltic magma system. First, they provide distinct isotopic characterizations of the mantle source region.
The mantle in the Basin and Range Province has numerous compositionally distinct domains which can
define magma systems having a similar petrogenetic history. The extent of the YMR magma system must
be defined spatially and temporally in order to construct accurate probability models. In addition, accurate
definition of the magma system is required to determine the possible range of igneous features and
processes that can affect repository performance. Isotopic data provide objective criteria for the definition
of the YMR magma system. Second, the relative abundance of lithospheric versus asthenospheric mantle
also provides important information regarding the tectonic history of the area. A shift to a more
asthenospheric mantle may indicate a waning stage of activity, as the degree of partial mantle melting
likely decreases and depth of melting increases. A change in mantle source characteristics for the YMR
over the past several million years would likely indicate a significant change in the tectonic setting of the
area, which could then be evaluated to determine if the system was waxing or waning in activity.
Conversely, if the magma system was derived from a relatively uniform mantle composition over millions
of years, it would support the conclusion that the past pattern of igneous activity would likely continue
for the next tens to hundreds of thousands of years.
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5.2.3

Application of Nd and Sr Isotopes to Yucca Mountain Region Petrogenesis

In the YMR, basalt younger than about 6 Ma appears petrogenetically distinct from older basaltic
systems (Vaniman et al., 1982; Crowe et al., 1986). Thus, only western Basin and Range basalts younger
than about 6 Ma (Figure 5-2) will be compared in this section to temporally equivalent YMR basalts. In
addition, basaltic data only will be included in the analysis if Si0 2 is less than about 52 weight percent
and there are no recognized effects of significant crustal assimilation or interaction. Data are only used
if the original study concluded that the reported basalts represented relatively uncontaminated mantle
melts, which was determined by petrographic and geochemical analyses. Higher silica contents or crustal
contamination can significantly affect the Nd and Sr isotopic composition of the basalt and obscure
important information about mantle compositions.
The major basaltic volcanic fields in the western Basin and Range Province are shown in
Figure 5-2. Data sources for each subprovince are as follows:
* Basin and Range North

Menzies et al. (1983), Ormerod (1988), Lum (1992); 9 samples

* Reveille Range

Lum (1986), Farmer et al. (1989), Smith et al. (1990), Foland
and Bergman (1992); 21 samples

* Lunar Crater

Lum (1986), Lum et al. (1989), Kempton et al. (1991), Foland
and Bergman (1992); 32 samples

* Long Valley

Ormerod (1988), Daley (1992); 7 samples

* Big Pine

Ormerod (1988), Daley (1992); 9 samples

* Saline

Hoffine (1993); 42 samples

* General WGB

Menzies et al. (1983), Ormerod (1988), Daley (1992); 9 samples

* YMR

Farmer et al. (1989), Smith et al. (1990), Perry and Crowe
(1992), Smith and Bradshaw (1994), Asmerom et al. (1994),
Perry (1995); 50 samples

* Darwin-Coso

Ormerod (1988), Daley (1992); 11 samples

* Death Valley

Ormerod (1988), Farmer et al. (1989), Walker and Coleman
(1991), Daley (1992), Asmerom et al. (1994); 33 samples

* Cima

Farmer et al. (1989, 1995); 28 samples

* Mojave

Menzies et al. (1983), Glazner et al. (1991), Kempton et al.
(1991), Glazner and Farmer (1992); 35 samples

* Lake Mead

Daley and DePaolo (1992), Daley (1992), Feuerbach et al.
(1993); 24 samples
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Figure 5-2. Distribution of 6 Ma and younger basalts in the Nevada, California, and Arizona region.
Modified from Luedke and Smith (1981) to include detailed mapping compiled (Connor and Hill,
1994) for the Reveille-Lunar Crater, Big Pine, Coso, and Cima Volcanic Fields, and maps cited for
Figure 5-1. Universal Transverse Mercator projection, Nevada zone 11, North American Datum
1983.
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These references yielded 310 Nd and Sr isotopic analyses for relatively pristine basalt that best represents
the composition of the underlying mantle. Data for all of these regions are presented in Figure 5-3A. The
important feature to note in Figure 5-3A is that post-6 Ma basalts for the YMR have distinctive isotopic
compositions with only small amounts of compositional variation, relative to other reported basalts. This
characteristic is best expressed in Figure 5-3B, which shows only the 50 samples from ten separate PlioQuaternary volcanoes of the previously defined YMR. The only available analysis for Thirsty Mountain
(Perry, 1995) is relatively high in ENd and low in 87Sr/86Sr, although still well within the compositions
normally attributed to lithospheric mantle. The four basalts with the lowest ENd (<-10.5) and highest
8 7 Sr/8 6 Sr (20.7072) are from Pliocene Crater Flat. Although this compositional gap between Pliocene
Crater Flat and the rest of the YMR system is relatively small, it may be petrogenetically significant.
Pliocene Crater Flat basalts contain abundant plagioclase phenocrysts and have low abundances of Sr and
Sm, relative to Quaternary Crater Flat basalts (Vaniman et al., 1982). This may indicate differences in the
composition or extent of partial mantle melting (Vaniman et al., 1982), variations in the depth of partial
mantle melting (Perry and Crowe, 1992), or variations in water content in the magma system (Connor and
Hill, 1993).
Comparison of YMR basalts with other basalts more northerly and westerly in the Basin and
Range Province [Figure 5-4(A)] shows that YMR basalts lack the isotopic affinities common in that area.
Previous comparisons of the YMR with the Reveille-Lunar Crater Volcanic Field (Farmer et al., 1989)
had clearly shown this distinction. Isotopic shifts from more lithospheric in the Reveille Range
(6.8 to 4.3 Ma) to more asthenospheric in the Lunar Crater Volcanic Field (3.3 to 0.3 Ma) are also
apparent in Figure 5-4A, as was shown by Foland and Bergman (1992).
Basalts from the Mojave and Lake Mead areas (see Figure 5-2 for locations) are also
compositionally distinct from YMR basalts [Figure 5-4(B)]. The range of isotopic variation at the Cima
Volcanic Field is relatively small and comparable to the amount of variation in the YMR. Analyzed basalts
from the Cima Volcanic Field range in age from 5.9 to 0.1 Ma, also comparable to the YMR data. In
contrast, large isotopic variations occur in the Mojave and Reveille-Lunar Crater Volcanic Field over
similar intervals of time [Figure 5-4(A)], and within the Lake Mead system over only several m.y. of
Pliocene magmatism. This isotopic heterogeneity in the Lake Mead system may be related to the presence
of larger-scale tectonic features that developed in this area prior to Pliocene magmatism (Angelier et al.,
1985; Feuerbach et al., 1993; Duebendorfer and Simpson, 1994).
The WGB is a commonly referenced subprovince of the western Basin and Range that
encompasses most of the Plio-Quaternary volcanic fields between Coso and Long Valley (see Figure 5-2
for locations) and extends east to the California-Nevada border area (Fitton et al., 1988). The eastern
boundary of the WGB is a broad zone that marks a transition from dominantly Basin and Range extension
to the northeast to dominantly strike-slip or transtensional extension to the southwest (e.g., Stewart, 1988);
the YMR is located within this zone. Not surprisingly, many basaltic magma systems in the WGB have
common isotopic characteristics, which are generally attributed to a lithospheric mantle-source composition
(Farmer et al., 1989; Ormerod, 1988; Kempton et al., 1991). Data compiled from WGB basaltic systems,
however, show that only several specific areas within the WGB have isotopic characteristics similar to the
YMR (Figure 5-5).
Basalts of the Saline Range vary in age from 3.3 to 1.4 Ma (Hoffine, 1993). Based on Hoffine's
work in the southernmost part of the Saline Range, samples with the lowest ENd (i.e., less than -7) tend
to be located in the uppermost parts of the stratigraphic section. Although there is a large amount of
compositional variation in the Saline Range basalts (Hoffine, 1993), this stratigraphic relationship may
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5-11

Western Great Basin Basalts <6 Ma
10

I

I

8640

0

2z

2 O-

-4

-

-6

-

-8

-

-10

-

o
*

o
El

*
-

al

I

A

U

0.704

0.705

0

E EP-_ l0
El
OE

Western Great Basin
WGB Big Pine
WGB Coso
Death Valley
Death Valley Nova Fm
Saline Range
Yucca Mtn Region
.

0.703

0
.

El

-2

-12

OOCD

0

.

.

.

I I l

0.706

.

.

0

I

.

.

0.707

8 7 Sr/ 8 6 Sr

Figure 5-5. Compilation of 112 isotopic analyses for basalts from the western Great Basin, with
Yucca Mountain Region basalts shown for reference. Basalts from Death Valley are indistinguishable
from Yucca Mountain Region compositions. Although some basalts from the Saline Range have
Yucca Mountain Region-Death Valley characteristics, there is significantly more compositional
variation for the Saline basalts. Data sources in text, area names correspond to Figure 5-2.
indicate that a more lithospheric-dominated mantle component emerged late in the history of Saline Range
magmatism. This trend is opposite that observed in the Reveille-Lunar Crater Volcanic Field, which
showed a large increase in the asthenospheric mantle component in post-4 Ma basalts (Foland and
Bergman, 1992). The observed isotopic relationships at the Saline Range indicate that one mantle
component may be related to the YMR-Death Valley system, but that mixing with a more asthenospheric
component dominates the isotopic variations (Hoffine, 1993). Clearly, the amount of isotopic variation for
2 m.y. of basaltic magmatism in the Saline Range greatly exceeds the variations observed in over 4.5 m.y.
of magmatism in the YMR (Figure 5-5).
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With the exception of basalt from the Nova Formation (Walker and Coleman, 1991), most of
the analyzed basalts from the Death Valley region have the same isotopic characteristics as YMR basalt
(Figure 5-5). These samples are Pliocene basalts from the 4-6 Ma Funeral Formation in the Greenwater
Range (Drewes, 1963; McAllister, 1970; 1973), from Quaternary Cinder Hill and Shoreline Butte (see
Figure 5-2 for location), and also two Pliocene samples (L82-119 and L82-122 from Ormerod, 1988) from
the Grapevine Mountains east of Ubehebe Crater in northern Death Valley (Figure 5-2). All of these
samples will be collectively referred to as "Death Valley" samples in this section. Currently available maps
of the Funeral Formation focus on the Greenwater Mountains (McAllister, 1970; 1973), with limited data
available east of the Black Mountains (Drewes, 1963). Basalts of the Funeral Formation are interbedded
with coarse-grained fanglomerates and alluvium and are not associated with more silicic igneous rocks.
A prominent angular unconformity separates the Funeral Formation from the underlying Greenwater
Volcanics and Furnace Creek Formation, which are also thought to be Pliocene to late Miocene
(McAllister, 1970; 1973). The Furnace Creek Formation consists mainly of lacustrine deposits, with
subordinate amounts of fragmented basalt and silicic pyroclastic rocks, whereas the Greenwater Volcanics
primarily consist of tuffaceous sedimentary rocks and silicic vitrophyres (McAllister, 1970; 1973). The
one Death Valley sample with anomalously high ENd (-2.9) is from Daley (1992), from a "hill-capping
flow N edge of Shoshone, CA" that is thought to be Pliocene. It is likely that this basalt is part of the
older Furnace Creek Formation (McAllister, 1973), which underlies the Funeral Formation northwest
of Shoshone and likely represents an older episode of magmatism with significant crustal interaction.
The Nova Formation is a 4-6 Ma section of basaltic to dacitic lavas located in the Panamint
Mountains west of central Death Valley (Figure 5-2). Isotopically, the Nova Formation basalts have
significantly higher ENd and lower 87 Sr/8 6 Sr than other Death Valley basalts. However, the Nova
Formation basalts are thought to be derived from relatively young, enriched lithospheric mantle related
to the Sierra Nevada Mountains (Walker and Coleman, 1991). In contrast, the lithospheric mantle beneath
the YMR is thought to be related to Proterozoic crust with Nd model ages of 2.0 to 2.3 Ga (Menzies,
1989; Farmer et al., 1989). The Nova Formation is located west of the Death Valley-Furnace Creek Fault
Zone (Figure 5-6), whereas the other Death Valley basalts are located to the east. Based on these
distinctions, the Nova Formation basalts do not appear genetically related to the YMR and other Death
Valley basalts.
Based on the observed temporal and isotopic similarities between the YMR and analyzed Death
Valley basalts, the available data support the conclusion that the aforementioned Death Valley basalts,
including Cinder Hill and Shoreline Butte, are part of the YMR magmatic system. Yogodzinski (1995)
and Yogodzinski and Smith (1995) have reached similar conclusions and refers to the YMR-Death Valley
system as the "Amargosa Valley" province. This term is somewhat ambiguous, because the Death Valley
basalts are not located in the Amargosa Valley. In addition, the Death Valley basalts also occur in the
Grapevine Mountains, east of the Furnace Creek-Death Valley Fault Zone (Figure 5-6). Likewise, some
of the Death Valley basalts are located within the "Death Valley-Pancake Range" field of Crowe and Carr
(1980) and Crowe et al. (1983). However, Death Valley basalts in the Grapevine Mountains are located
northwest of this zone. Basalts of the Reveille-Lunar Crater Volcanic Field also are compositionally
distinct from those of the YMR-Death Valley system (Lum et al., 1989; Farmer et al., 1989). The term
"Yucca Mountain-Death Valley" (YM-DV) system is favored for clarity, and the current boundaries of
the system are shown in Figure 5-6. The Furnace Creek-Death Valley Fault Zone represents the western
boundaries of the YM-DV, based on isotopic differences between the Funeral Formation and Nova
Formation, and Grapevine Mountains versus the Saline Range.
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Although previous workers have recognized that Death Valley basalts south of the Amargosa
Valley had temporal and compositional similarities to YMR basalts (Crowe et al., 1983; 1986; Farmer et
al., 1989), these basalts have not been included in probability and consequence studies for the candidate
HLW repository site at YM (Connor and Hill, 1995; Crowe et al., 1995). The effect of several tens of
Pliocene volcanoes about 50 km south of the repository site on probability models is likely small but
needs to be evaluated. However, the Death Valley basalts also contain important geological information
on spatial, temporal, and compositional trends within the YMR magma system that can constrain
probability models. For example, the large number of basaltic vents in the YM-DV can provide insight
into the rates of change in the spatial distribution of vent clusters and frequency of episodes of volcanism,
factors that directly impact probability models. In addition, the degree of dissection within the Funeral
Formation is often greater than observed at other Pliocene volcanoes in the YMR (Hill and Connor, 1995).
Studies of the Funeral Formation basalts can provide critical information regarding the influence of preexisting structures on shallow magma ascent and on the geometries and effects of shallow subvolcanic
intrusions.

5.3

ASSESSMENT OF PROGRESS TOWARDS MEETING PROJECT
OBJECTIVES

The primary goal of the Volcanic Systems of the Basin and Range Research Project is to
construct and evaluate probability models for future igneous activity at the candidate repository site during
the next 10,000 yr. Condit and Connor (in press) provide further analysis of the utility of spatio-temporal
probability models developed by CNWRA staff (Connor and Hill, 1995). This work is directly applicable
to KTUs on the low resolution of exploration techniques to detect and evaluate igneous features,
development and use of conceptual tectonic models as related to igneous activity, and prediction of future
system states. In addition, this probability modeling directly supports Igneous Activity KTI-needs on
sensitivity analyses for igneous activity and characterizing spatial patterns in volcanic fields.
Any probability model, regardless of mathematical elegance, is only as good as the data
ultimately used in the model. Research during the past 6 mo has shown that basalts located 30-50 km
south of the current boundary of the YMR Volcanic Field are compositionally and temporally part of the
YMR magma system. Although previous studies have placed boundaries on the extent of the YMR magma
system (e.g., Crowe et al., 1986), these boundaries were based on limited amounts of data. Following the
approach used by Yogodzinski (1995) and Yogodzinski and Smith (1995), Nd and Sr isotopic abundance
provide objective criteria to better define the boundaries of the YM-DV magma system. Recognition that
the Death Valley basalts are part of the YMR magma system directly supports the highest priority
KTI-need for igneous activity; stabilization of the available database using data from DOE and others.
Data gleaned from the Death Valley basalts will also support Igneous Activity KTI-needs regarding
characterization of subsurface effects of igneous activity, evaluation of spatial trends in the YMR volcanic
system, and more complete determination of the geochemical evolutionary trends within the YMR magma
system. In addition, studies of Death Valley basaltic intrusions can also provide a crucial link to the YMR
for research analog areas such as the San Francisco Volcanic Field.

5.4

PLANS FOR NEXT REPORTING PERIOD

Probability studies during the next 6 mo will concentrate on bounding and sensitivity studies of
volcanism. Work will continue on compiling data for the Plio-Quaternary basalts of the Death Valley
region. High priority will be placed on obtaining aerial photographs of the Greenwater Range to identify
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likely vent areas in the Funeral Formation and field work in the spring to corroborate photograph
interpretations. U.S. Borax Company has drilled a number of exploration holes that penetrate the Funeral
Formation in the Greenwater Range (Hill and Connor, 1995). Informal conversations with U.S. Borax
geologists have indicated a willingness to share stratigraphic information on Funeral Formation basalts
encountered in these holes. This opportunity will be explored during the next reporting period. Additional
time will also be spent in trying to obtain unpublished U.S. Geological Survey data and maps, and maps
from other sources, for the Greenwater Range, Grapevine Mountains, and Black Mountains. Once vent
areas are identified, the effect of the newly recognized YM-DV system on available probability models
can be evaluated.
Research will be completed during the next several months for an Intermediate Milestone
(5704-125-602) on volcano-tectonic models. This milestone will focus on regional relationships between
mapped faults and the locations of volcanic fields, utilizing data from the Volcanism GIS and the
3DSTRESS program developed in the Tectonic Processes in the Central Basin and Range Region Research
Project. Research will also continue on the relationship between the structural features and timing of
igneous activity at local and subregional scales in the Big Pine Volcanic Field, California, and the San
Francisco Volcanic Field, Arizona. Additional work may be planned for the Funeral Formation basalts,
if conditions warrant. Sampling and analysis of Neogene and Quaternary basalts of the YMR will also
continue. Additional petrological studies may be conducted on the Death Valley system basalts if data are
unavailable.
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NRC Project Officer: Edward O'Donnell

6.1

TECHNICAL OBJECTIVES

The principal technical objectives of the Tectonics Research Project are to compile and integrate
tectonic data for the Central Basin and Range and Yucca Mountain (YM) regions and develop and assess
models of tectonic processes in those regions. Of particular concern is the adequacy of existing and
anticipated data for evaluating compliance with quantitative waste-isolation performance objectives.
Geologic structure, structural deformation, and tectonic processes are important to long-term
repository performance and preclosure operational safety and performance objectives because tectonic
processes present potentially adverse conditions if they are characteristic of the controlled area or may
affect isolation within the controlled area [10 CFR 60.122(c)]. Furthermore, design criteria for the geologic
repository operations area require design of structures, systems, and components such that natural
phenomena (e.g., earthquakes and ground rupture associated with fault slip) anticipated at the geologic
repository operations area will not interfere with necessary safety functions [10 CFR 60.131(b)(1)].
Understanding the tectonic history and structural style of YM is critical for assessing the
potential for future seismicity, basaltic magmatism, and the potential for faults and fractures to serve as
fast pathways for groundwater flow. YM is part of a larger structural system that includes Crater Flat and
Bare Mountain (BM), and its tectonic development is tied directly to their structural evolution. The
overprinting of structural deformation and the measurable record of the thermal history of BM provide
key constraints on YM tectonics extending from the time prior to the deposition of the volcanic rocks that
compose YM to the present. Crater Flat provides considerable structural and temporal constraints on the
tectonic history of the area during the time after deposition of the YM strata due to the accumulation of
dateable volcanic and alluvial strata in the basin (Carr and Parrish 1985; Faulds et al., 1994; Ferrill et al.,
1995b; Pezzopane, 1995).
Faults at YM have been interpreted to be due to (i) hangingwall deformation above a regional
low angle detachment system (Scott, 1990; Hamilton, 1988); (ii) collapse of a Miocene caldera centered
in Crater Flat (Carr et al., 1986); (iii) deformation related to normal displacement on the Bare Mountain
Fault (BMF) (Ferrill et al., 1995a); and (iv) deformation on the margin of a pull-apart basin (Fridrich
et al., 1994). These tectonic models strongly control predictions of potential future activity of the faults.
For example, tectonic models that invoke Miocene magmatism or displacement on the regional Bullfrog
Hills detachment predict that YM faults are largely inactive. In contrast, tectonic models that tie the
activity of YM faults to activity of the BMF (interpreted to have experienced displacement within the last
10,000 yr) suggest that YM faults are likely to experience slip in the next 10,000 yr. The potential future
activity of faults in and around YM is obviously important to the assessment of hazards related to
earthquakes and direct disruption by fault rupture. Fault activity is also potentially important for
assessment of hazards related to basaltic volcanism due to potential for faults to channel magma; the
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possible trade-off between faulting and dike intrusion as mechanisms of crustal strain; and the potential
for dike intrusion to trigger fault slip (Parsons and Thompson, 1993). Faults and fractures also may
provide the fastest paths for the transport of radionuclides to the accessible environment via groundwater.
Active faults in the upper part of the earth's crust may tend to have more open fractures than inactive
faults that have been exposed to mineral precipitation for longer periods of time. Fault barriers that cause
trapping (perching) of groundwater could be breached by slip and related fracturing, potentially releasing
perched water.
The three-dimensional (3D) structural geometry is important for understanding the geometry and
subsurface linkage of faults and resulting effects on the potential for slip on faults, the risk of seismicity,
and the potential for fault dike and interaction. In normal-faulting regimes such as the Basin and Range
Province, seismic slip tends to occur on steeply dipping faults that trend parallel to the maximum
horizontal stress (Jackson, 1987). Planar high-angle faults that are oriented favorably for slip in the
contemporary stress state may be more likely to seismically rupture over a larger area than faults that
flatten with depth (Ofoegbu and Ferrill, 1995). Moreover, high-angle faults in tectonically extending areas
like the YM region are more likely to serve as pathways for magma ascent than are low angle faults such
as the subhorizontal parts of listric normal faults. Surface data, subsurface data, and modeling techniques
must be employed and integrated in order to fully understand the tectonic configuration of YM and the
surrounding area.
In this chapter, new thermal constraints were used along with structural data to interpret the
history
of BM. In addition, physical analog modeling was used to model strike-slip releasing
tectonic
bends in order to test one of the multiple contending models for the neotectonic setting of Crater Flat
Valley. These studies represent considerable progress in understanding the geological factors that directly
influence repository performance, especially with regard to the development of conceptual tectonic models
that constrain rates and styles of structural deformation in the YM region.
Information concerning models of tectonic processes (e.g., patterns and rates of historic and
prehistoric faulting and seismicity) and structural features will be necessary to assess compliance with
specific regulatory requirements as documented in License Application Review Plan (LARP) Sections
3.2.1.5 through 3.2.1.9 and 3.2.2.8. Key Technical Uncertainties (KTUs) that have been or will be
addressed by the Tectonics Research Project include the following:
* Poor resolution of exploration techniques to detect and evaluate structural features (see LARP
Section 3.2.1.5)
* Evaluation of faulting mechanisms in alluvium (see LARP Section 3.2.1.5)
* Development and use of conceptual tectonic models as related to structural deformation (see
LARP Section 3.2.1.5)
* Inability to predict the likelihood of earthquake occurrence during the next 10,000 yr (see
LARP Sections 3.2.1.7 and 3.2.1.8)
* Correlation of earthquakes with tectonic features (see LARP Sections 3.2.1.7 and 3.2.1.8)
* Migrating seismicity between fault systems in the Basin and Range Province (see LARP
Section 3.2.1.8)
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* Uncertainty in fault plane solutions (see LARP Section 3.2.1.8)
* Low resolution of exploration techniques to detect and evaluate igneous features (see LARP
Section 3.2.1.9)
* Understanding the cause of the large hydraulic gradient located north of YM and the potential
for tectonic disruption of fault-related barriers (see LARP Section 3.2.2.8)
Important goals of the Tectonics Research Project include development and analyses of alternate
tectonic models, evaluation of potential hazards due to fault displacement and seismic shaking, and
initiation of field studies to address tectonic issues. Descriptions of key tasks of the Tectonic Processes
of the Central Basin and Range Research Project are available in the project plan (Ferrill and
Stirewalt, 1995).

6.2

SIGNIFICANT TECHNICAL ACCOMPLISHMENTS

Significant technical accomplishments of the Tectonics Research Project have focused on
developing an understanding of the tectonic setting of YM and tectonic processes in the YM region that
could directly effect performance of the proposed repository. These include (i) the tectonic history of BM
and the activity of the BMF, which highlights the important role the BMF may play in generating slip and
seismicity on faults at YM; (ii) the potential for fault slip and related seismic risk associated with known
and unknown faults at YM, which clearly demonstrates the importance of accurate constraints on
subsurface fault orientation and the contemporary stress in the assessments of relative risks of faults at and
around the proposed repository; (iii) the relative potential for faults to serve as barriers to or conduits for
groundwater flow and basaltic magma ascent which can be used to refine groundwater flow models and
volcanic hazard assessments for YM; and (iv) the potential seismicity of the YM area from the historic
seismic record, interpretations of linked patterns of seismicity associated with historic seismic events
(e.g., Landers and Little Skull Mountain), contemporary strain measurements, and assessments of
uncertainties in fault slip parameters. Results of these studies provide the critical foundation for assessing
the rigor and accuracy of probabilistic seismic hazard assessment, fault slip hazard assessments, and fault
and fracture-related effects on flow and stability of the proposed repository at YM. Taken together, these
studies form the basis for prelicensing guidance and review of structural deformation and seismicity issues
in DOE's License Application.

6.2.1

Tilting and Uplift of Bare Mountain from Calcite Geothermometry

6.2.1.1

Introduction

Geothermometry utilizes temperature-sensitive processes to document peak temperatures during
burial or deformation. Based on the temporal and spatial distribution of these paleo-temperatures, uplift
and fault offsets can be determined when coupled with detailed field mapping, geophysical observations,
paleomagnetism, and thermochronometric studies. At BM, the geothermometry of the exposed Paleozoic
carbonates was investigated from the characteristics of deformation twins in calcite. Calcite deformation
twins form in response to an applied differential stress and their resulting size and shape are sensitive to
temperature. When combined with other paleotemperature estimates including those from metamorphic
grade maps, apatite fission track thermochronometry, and conodont alteration indices, these results
document an uplift history for BM that includes significant tilting toward the northeast. Understanding the
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nature and timing of this tilting event is critical to the KTUs outlined in 6.1 because realistic 3D models,
fault-slip estimates, and seismic hazard assessment require an accurate depiction of the underlying
structural framework of YM.
6.2.1.2

Previous Geothermometry

Monsen (1983) examined the metamorphic history of BM and used the metamorphic facies to
map peak metamorphic temperatures. The most striking features are the juxtaposition of metamorphic
facies across the Conejo Canyon (CC) and Gold Ace Mine (GAM) faults (Figure 6-1). Maximum
temperatures (above 520 'C) associated with upper amphibolite grade metamorphic rocks that contain
staurolite are interpreted for rocks just north of the CC Fault, and lower amphibolite facies rocks that
contain garnet (above 450 'C west of the GAM Fault). Directly south and east of these faults are biotitezone greenschist-facies (350-400 'C) and sub-greenschist facies (<300 'C) rocks. A lack of pressurerelated mineral assemblages makes it difficult to constrain the paleobarometry, but the mapped mineral
assemblages suggest peak confining pressures less than about 400 MPa. These data indicate vertical offsets
across the CC Fault System of >2,000 m (assuming an average geothermal gradient of 30 'C/km) and
show that the deepest levels of the crust in the area are exposed in the northwest corner of BM.
Conodont Color Alteration Indices (CAI) have also been determined across the northern part of
BM as a means of assessing peak burial temperatures. Conodonts are phosphate remains of marine
microorganisms that change color systematically (from black or brown to white and clear) as they are
heated. The colors are scaled as indices (1.0 through 8.0) and calibrated to temperature from empirical
observations (Wardlaw and Harris, 1984; Rehebian et al., 1987). The method has been successfully used
to interpret maximum temperatures in a variety of tectonic settings (e.g., Harris et al., 1978; Raven and
van der Pluijm, 1986). Except for one anomalously high value (-6) in the eastern part of the mountain
that may be related to hydrothermal activity, the conodont data for BM indicate coolest burial temperatures
in the northeast and hottest burial temperatures in the northwest (Figure 6-1). The high conodont values
in the northwest corner of BM (5.0 to 7.0) are consistent with the peak metamorphic temperature estimated
from the facies maps.
Total vertical displacement across the GAM Fault can be estimated from a combination of
conodont and metamorphic temperature data. The GAM Fault juxtaposes relatively younger and cooler
Upper Cambrian to Ordovician carbonates in the hangingwall against substantially hotter and older Lower
Cambrian and Precambrian siliciclastics in the footwall. Conodont CAI values in the hangingwall indicate
peak temperatures between 250 and 350 'C, whereas peak metamorphic temperatures are interpreted to
have reached 400 °C in the footwall. The average 100 °C difference corresponds to approximately 3.3 km
of apparent vertical offset, assuming an average Basin and Range geothermal gradient of 30 °C/km
(Sass et al., 1994). For comparison, a recent geologic cross-section based on stratigraphic offsets across
BM indicates about 3.0 km of vertical offset along the GAM Fault (Ferrill et al., 1995a).
Lower-temperature constraints on faulting and uplift are provided by apatite fission track results
(Ferrill et al., 1995b) from similar lithologies to those used in the higher-temperature analyses of
Monsen (1983). Apatite fission tracks anneal at temperatures around 110 °C and are preserved in grains
at temperatures below 110 'C. Thus, apatite fission track ages constrain the timing of uplift and cooling
of the host rocks as they passed through the 110 'C geotherm. For BM, fission track ages average between
14.0 and 16.0 Ma (in the Middle Miocene). There are no significant offsets of apatite ages across either
the GAM or CC Faults (see Figure 2-4 of Ferrill et al., 1995b). Thus, significant fault displacements
recorded by the metamorphic and conodont temperature data must have occurred prior to the
Middle Miocene.
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Figure 6-1. Map of Bare Mountain, Nevada, showing simplified distribution for conodont and
metamorphic facies data (Monsen, 1983; Monsen, et al., 1992; Grow et al., 1994)
6.2.1.3

Calcite Geothermometry

Twin lamellae develop in calcite crystals in response to mechanical stress. Calcite
geothermometry takes advantage of the temperature dependence of the twinning mechanism to determine
ambient temperatures during deformation. The main competing processes of twin strain are growth of
existing twins and nucleation of new twins (Ferrill, 1991; Burkhard, 1993). With increasing deformation
temperature, growth is favored over nucleation. Based on empirical relationships, several distinct
temperature regimes for twinning have been identified (Ferrill, 1991; Burkhard, 1993).
Samples of coarse-grained limestone for this study were collected from Cambrian through
Devonian carbonates from sites distributed throughout BM (Figure 6-2). Samples were oriented in the field
with a magnetic compass (the magnetization of the carbonates is too weak to significantly deflect the
magnetic compass readings). Oriented thin sections were then prepared and examined optically using a
standard petrographic microscope. During petrographic examinations, dominant twin types indicative of
deformation temperature were characterized, and associated deformational temperatures were interpreted.
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6.2.1.4

Results

The distribution of calcite twins reveals several distinct temperature domains within BM
(Figure 6-2). In the northwest corner of BM the carbonates are completely recrystallized, indicating highest
temperatures there, consistent with the high temperatures recorded by the metamorphic and conodont data.
Type IV twins (>250 'C) are found in the hangingwall of the GAM, along the southwestern flank of BM.
Type II and III twins (150 to 250 'C) are common in the central portions of BM and south of the Panama
Thrust. Type I twins (<200 'C) are only found in the northeast corner of BM, within the upper plate of
the Meiklejohn Peak Thrust.
Structural relationships outlined in Ferrill et al. (1995a) show that BM plunges about 400 to the
northeast. Structural data from recent field mapping exercises near the GAM reinforce this earlier
conclusion. The northeast plunge is evident from the intersection of fault and bedding planes exposed near
the GAM. These intersections are defined by the pole of a best-fit plane containing the mean centers of
the fault plane and bedding plane populations (Figure 6-3). The resulting intersection lineation trends
N42 0 E and plunges 370 northeastward.

The pattern of calcite-twins temperatures, which shows a trend of increasing deformation
temperatures from northeast to the southwest across BM, is entirely consistent with the structural data.
Assuming a uniform horizontal geothermal gradient, it appears that this trend of deformation temperatures
reflects greater uplift of initially more deeply buried strata to the southwest. Uplift of these more deeply
buried strata appears to have occurred about a northwest-southeast horizontal axis, around which BM has
been tilted downward toward the northeast.
The amount of tilting can be estimated from the calcite twin data from sites along a southwestnortheast profile from the GAM to Meiklejohn Peak. These sites, except for one from the hangingwall of
the Meiklejohn Thrust, are situated in a relatively continuous fault block and thus, comprise a single
stratigraphic section. The distribution shows a 100 to 150 'C difference in peak deformational temperature
at sites that are currently at about the same elevation [Figure 6-4(a)]. To obtain a more reasonable
configuration with horizontally oriented geotherms, the profile needs to be restored to a pre-tilt orientation.
This restoration involves (at least hypothetically) tilting BM back to the southwest about a northwestsoutheast horizontal axis [Figure 6-4(b)]. The most realistic geothermal gradient is obtained when BM is
back-rotated between 30 and 45°. This range of rotations yields typical Basin and Range geothermal
gradients between 24 and 50 'C/km (Sass et al., 1994).
Such a restoration assumes that the twins recorded deformational temperatures at about the same
moment in geologic time within an essentially horizontal temperature field in the upper crust. Given these
assumptions, the calcite strain results show development of calcite twins during deformation at depths
between 3 and 8 km below the surface. This deformation is followed by significant northeast tilting and
uplift of BM, which brought the calcite twins to their present exposure levels.
6.2.1.5

Summary and Discussion

Based on published metamorphic mineral assemblage data, conodont CAI data, and new calcite
deformation geothermometry, distinct patterns of paleotemperatures can be identified in northern BM.
Hottest temperatures were reached by rocks in the northwest corner of the mountain (footwall of the GAM
Fault) and coolest temperature estimates are from the northeastern corner of the mountain (near Meiklejohn
Peak). The southwest-northeast transect from the GAM to Meiklejohn Peak indicates cooler temperatures
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Figure 6-3. Lower hemisphere, equal-area projection showing the best-fit great circle and its pole
from the intersections of poles to bedding planes and poles to fault planes from structures in the
Gold Ace Mine area
of deformation from southwest to northeast. The interpretation of thermal gradient is consistent with the
independent structural plunge interpretation from fault-bedding intersections, fold axes, and cleavagebedding intersections. Apatite fission track data constrain the timing of cooling of northern BM through
110 'C to the Middle Miocene. Calcite microstructures in the present study indicate that deformation
temperatures exceeded 250 'C. These microstructures must have formed prior to the Miocene uplift
recorded in the apatite grains. Additional constraints on the timing of the northeastward tilting are provided
by preliminary paleomagnetic data (Ferrill, 1995a). The northeastward plunge of BM apparently formed
prior to the emplacement of Oligocene-aged mafic dikes, but after the acquisition of a Permian-Triassic
magnetization in Paleozoic carbonates (Ferrill et al., 1995a). This Permian-Triassic magnetization was
acquired after folding of the Meiklejohn Peak Thrust fold, which itself plunges to the northeast similar
to the fault-bedding intersection shown in Figure 6-3. Collectively, therefore, these data suggest the
following tectonic sequence:
* Folding and thrusting of the Meiklejohn Peak Thrust before the latest Permian or earliest
Triassic.
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* Acquisition of a post-folding magnetization in the carbonates during the Late Permian or
Early Triassic.
* Extensional faulting of the western portions of BM, including the GAM Fault that offset
high-temperature metamorphic facies and conodont isotherms. Calcite twins may have
developed during the same general time period as this faulting.
* Tilting of BM (-40°) to the northeast.
* Uplift of the present erosional surface of BM through the 110 'C isotherm in the Middle
Miocene, possibly related to the tectonic denudation of the Fluorspar Canyon detachment.
These constraints on the tectonic history of BM, along with the occurrence of megabreccia of
Paleozoic rock between 12.7 and 11.6 Ma tuff units in Crater Flat (Carr and Parrish 1985) indicate that
BM was exposed during the Miocene, prior to 11.6 Ma. This interpretation provides a major constraint
on the present neotectonic setting of YM. YM faults were interpreted by Scott (1990) to have formed as
part of the Bullfrog Hills detachment system which was then severed by the BMF. Yet, no direct
connection between YM faults and faults of the Bullfrog Hills Detachment System has been demonstrated.
A viable alternative, which is derived in part from the structural and thermal data presented above, is that
YM faults were never active as part of the Bullfrog Hills-Fluorspar Canyon detachment system. Instead,
they may have developed in concert with the BMF and Crater Flat; for example as part of an asymmetric
pull-apart basin system. In this model, the position of YM is in the hangingwall of the BMF, and the
general dips of YM faults are toward the BMF. As predicted by this model, structural data shows the YM
faults have continued their activity into the Quaternary (Pezzopane 1995). The extended period of fault
activity from the Middle Miocene to the present makes it quite likely that the BMF exerts considerable
control on slip of the YM faults. If this model is realistic, the importance of the BMF is elevated far
beyond its well-recognized role as a local potential source for repository-affecting earthquakes. Activity
of the BMF may directly control fault slip, seismicity, and fault block deformation (such as dilation of
fracture systems in the unsaturated zone) at YM. The estimated Quaternary slip rate for the southern part
of the BMF of 0.2 mm/yr (Reheis 1986, 1988; Pezzopane 1995) would equate to 2 m in the next
10,000 yr or 200 m over the next 1 m.y. Slip at this rate could potentially lead to considerable triggered
fault activity during the period of regulatory concern at YM.

6.2.2

Analog Modeling of Pull-Apart Basins

6.2.2.1

Introduction

Pull-apart basins are a common feature of the Cenozoic structural deformation in the central
Basin and Range Province. These basins develop in response to extensional bends, en-echelon step-overs,
or terminations in strike-slip fault systems (Figure 6-5). The basins are generally rhombohedral in plan
view and are often bounded on their opposing sides by normal faults or extensional detachments
(Mann et al., 1983; Woodcock and Fisher, 1986; Twiss and Moores, 1992). Basin subsidence can be rapid
such that the newly created topographic depressions become depocenters for thick (several km) alluvial
and evaporite deposits as well as loci for basaltic volcanism (Matthews, 1976). Pull-apart basins terminate
downward either along horizontal detachments (Burchfiel et al., 1987) or within the brittle-to-ductile
transition of the middle crust (e.g., Serpa et al., 1988).
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Figure 6-5. Tectonic models of pull-apart basins: (a) releasing bend, (b) en-echelon faults, (c) diffuse
fault termination, and (d) abrupt (pinned) fault termination
The kinematic evolution of pull-apart basins was first described by Burchfiel and Stewart (1966)
in their interpretation of central Death Valley, California, as a pull-apart. Located less than 60 km
southwest of YM, central Death Valley resulted from extension within a releasing bend along the Death
Valley-Furnace Creek (DVFC) Fault System (Burchfiel and Stewart, 1966; Wright and Troxel, 1967).
The opposing margins of the valley consist of the Panamint and Black Mountains, which form the
hangingwall and footwall respectively of the Death Valley extension system. The Black Mountains are
thought to have originated at mid-crustal depths and subsequently been uplifted isostatically in response
to the westward motion of the Panamint Mountains (Stewart, 1985; Holm and Wernicke, 1990).
The DVFC Fault System is considered the most active fault in the western Great Basin, with slip
rates on the order of 10 mm/yr (Reheis, 1994). Although no large-magnitude earthquakes are noted in the
historic records (dating back to 1812), the large slip rate and surface area of the DVFC Fault System
suggest that it has the potential for large magnitude earthquakes (M>7.0). In addition to their direct impact
on YM, such large magnitude events could remotely trigger aftershocks on faults within the YM block.
For these reasons, knowledge of the nature of faulting along the DVFC Fault System is critical to
evaluations of seismic risk at YM.
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In addition to central Death Valley, several researchers have proposed that Crater Flat, lying just
west of the proposed repository between YM and BM, is also a pull-apart basin. Carr (1988, 1990)
considers Crater Flat as part of the so-called "Kawich-Greenwater Rift," which formed pull-aparts in
response to transtension along the Walker Lane Belt. Fridrich et al. (1994) envision Crater Flat as an
oblique pull-apart formed from distributed oblique dextral shear pinned in the northwest corner of the
basin (similar to model d in Figure 6-5). Implicit within both these pull-apart models is the significant role
that faults within and along the pull-apart margins may play with regard to fault-controlled volcanic
eruptions, fault-enhanced groundwater flow, or seismogenic hazards.
In order to gain insight into the development of pull-apart basins, a series of analog modeling
experiments was designed to simulate the evolution of first-order structures in strike-slip releasing bends.
Specific interest lies in the locations, shapes, and evolution of structural elements that accommodate pullapart basin development. These models present a useful tool for the study of structural deformation
directly at YM and in the YM region, particularly as a means for evaluating and assessing the
aforementioned pull-apart models proposed for Death Valley and Crater Flat.
6.2.2.2

Methods

Modeling of pull-apart basins was accomplished through a series of sand-box experiments
utilizing a deformation apparatus specifically configured to simulate strike-slip and transtensional
deformation. Because of concerns about scaling problems between the analog models and nature, careful
considerations were given to material properties of the deforming medium, size and shape of the
deforming volume, and rates of deformation.
Modeling of geologic structures in the brittle crust at smaller scales requires media exhibiting
Coulomb type behavior (Vendeville et al., 1987; Ellis and McClay, 1988; Davy and Cobbold, 1991). Such
material is resistant to deformation unless the shear stress on a given plane is greater than the critical
resolved shear stress (Te), whereby the material fails by faulting (Hubbert, 1981; Cobbold et al., 1989).
This relationship is given by:

Ic =c + p(G,-p)

(6-1)

where c is the cohesion, o, is the normal stress acting upon the plane, pt is the coefficient of internal
friction, and p is the pore fluid pressure. In experiments using dry sand, the pore fluid pressure is
assumed to be negligible and the equation reduces to:
T

= c + 11 a

(6-2)

At room temperature, dry sand follows the Coulomb criteria outlined above.
Although the gross geometry of faulting is well represented by dry sand experiments (McClay
and Ellis, 1987a), some aspects of the deformation are not properly accounted for. For instance, sand is
granular and thus, the deformation mechanisms of the grain-to-grain relationships in the models do not
represent those found in nature. Accordingly, the exact dimensions of shear zones that develop between
fault blocks may not be accurately represented (Mandl, 1988). The effect is to produce narrow shear zones
in the model instead of discrete fault planes (McClay and Ellis, 1987a,b). The formation of the narrow
shear zones is accompanied by softening along the fault plane that, once formed, becomes a locus of low
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shear strength on which motion will preferentially occur during later deformational stages (Mandl et al.,
1977).
In addition to material properties, analog models must also be scaled in terms of geometric,
kinematic, and dynamic similarities (Hubbert, 1937; Ramberg, 1967). For the models, critical values are
model size and duration of experimental deformation. Because it was assumed that inertial forces on the
model were negligible (i.e., no accelerations), these two scaling parameters can be derived independently
(Hubbert, 1937; Withjack et al., 1995). In the experiments reported here, 1 cm in the models represents
about 1 km in nature (a scaling factor of lxlO-5 ) and I hr of modeling time represents about 7.5 Ma in
nature (a scaling factor of 1.5x10-11).
The deformation apparatus is comprised of six mobile walls (Figure 6-6). Wall motion was
accomplished by step motors with indexers controlled by a custom designed computer program. The step
motors are connected to flexible shafts that drive individual worm gears. Modeling space was 100 cm long
by 50 cm wide by 15 cm high. For the models described, indexers were programmed to produce 9 cm of
dextral strike-slip displacement. Walls moved at a constant velocity of 4.76 cm/hr to produce the pullapart. Mylar sheets at the base of the model were attached to the two mobile walls of the modeling rig.
These sheets mimic either a horizontal detachment or the transition between ductile and brittle crust. The
mylar was consistently cut such that lateral offset between the displacement-parallel strike-slip sections
was 15.25 cm.
Initial conditions of different pull-apart settings were primarily controlled by modification of the
step angle. The step angle is the angle measured between the strike-slip displacement direction and a line
connecting the ends of the pure strike-slip sections of the mylar detachment (Figure 6-6). The rig allows
the step angle linking the two strike-slip regions to be controlled. Other possible modifications include
offset between strike-slip sections and sand pack thickness.
In these experiments, colored model material consisted of clean quartz sand (commercially
named Oklahoma #1) pigmented with an acrylic dye and insoluble when dry, that was evenly layered into
the deformation rig with alternating layers of white sand. Each layer was approximately 1.25 cm thick,
with a total thickness of 10 cm. Following completion of each model run, the sand pack was saturated
with water, thus increasing cohesion so it would not collapse under its own weight when sliced. Crosssections were cut across the pull-apart every 1 to 1.5 cm and photographed. In addition to cross-sections,
the surface of each model was also photographed from start to finish preserving the plan-view sequence
of faulting.
In a series of preliminary test simulations it was noted that faults in the model tended to degrade.
To better preserve fault scarps, alternating layers of yellow and blue sand were added to the actively
forming basins. The syn-deformational fill was deposited in the interior of the basins after each 1 cm
increment of strike-slip offset for the first 8 cm of total displacement. At each increment, fill was added
to bring the floor of the graben even with the uppermost colored layer of the model. In addition to helping
preserve the fault scarps, the secondary sand simulated development of growth faults (Vendeville, 1991;
Vendeville et al., 1987; Childs et al., 1993; McClay and Ellis, 1987a,b).
6.2.2.3

Results

Six models were run in which the step angle was changed in 50 increments between 25 and 500.
Right-lateral strike-slip displacement in each model consistently produced pull-apart basins bounded by
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Fixed Mylar

Screwjacks
Figure 6-6. Plan view (schematic) of the deformation box used in the analog modeling experiments
steeply basinward dipping normal to oblique slip faults. A typical sequence of model development includes
the following:
* Initiation of the pull-apart with normal fault scarps forming approximately parallel to the step
angle of the controlling strike-slip fault [Figure 6-7(a)].
* Curvature of the tips of the normal faults into near parallelism with the displacement
direction of the controlling strike-slip faults [Figure 6-7(b)].
* Development of cross-basin strike-slip faults that cut diagonally across the pull-apart,
eventually linking the linear segments of the master strike-slip fault [Figure 6-7(b)].
* Enclosure of the sigmoidal pull-apart basin at the surface by connection of normal and strikeslip fault segments [Figure 6-7(c)].
* Development of en-echelon normal to oblique-slip faults and relay ramps along the margins
and within the pull-apart basin [Figure 6-7(c)].
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Figure 6-7. Photographs showing evolution of the strike-slip pull-apart as seen from above:
(a) formation of boundary faults, (b) formation of cross-basin strike-slip faults, and (c) relay ramp
development. This is model 11/29/95 with a 400 step angle.
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A typical set of cross-sections taken across the fully developed pull-apart (Figure 6-8) revealed
the following geometric relationships:
* Asymmetric half-graben defined by a master normal fault on one margin and a rollover
structure consisting of a series of smaller-displacement normal faults on the opposite margin
[Figure 6-9(a) to (c)]. This geometry was expected because of the asymmetry of deformation;
one side of the model was mobile (localizing a master normal fault) and one side was held
fixed (producing the rollover). Models with two mobile walls moving at the same rate in
opposite directions produced more symmetrical pull-aparts.
* Complex apparent offsets on the cross-basin strike-slip faults. In some cases these offsets
showed what appeared to be normal displacements in the pre-deformational sand layers and
reverse displacement in the syn-deformational fill [Figure 6-9(d)]. This apparent reversal of
slip probably reflected lateral variations in the fill thickness that were then juxtaposed across
the strike-slip fault.
* Predictable relationships between step angle and pull-apart morphology. Smaller step angles
produce longer and narrower basins. Yet, throughout the range of step angles, the overall
geometry and evolution of pull-apart structures was similar.
6.2.2.4

Summary and Discussion

The basic dimension of Crater Flat and central Death Valley are well-simulated by the analog
pull-apart models. The model pull-aparts are about 25 cm long (corner to corner) and 7 cm wide, which
scales to a natural basin with dimensions of 25 km long by 7 km across. Crater Flat, by comparison, is
roughly 28 km long by 16 km across and Death Valley is roughly 70 km long by 18 km across. Crater
Flat appears to have developed since the Middle Miocene as indicated by initiation of BM faulting, which
is constrained by structural, stratigraphic, and geochronologic data to be at least 11.5 Ma and possibly
15 Ma. The two hour run time of the models scales to about 15 Ma. Two first-order observations of
particular interest to questions of performance and seismic risk assessment are the evolution of the
potential rupture area (which controls earthquake magnitude) and the location and constraining geometry
of the master and subordinate faults.
In the early stages of pull-apart development, the normal and strike-slip faults are separated into
individual fault segments. This segmentation is important because some research suggests that fault
segment terminations may act as kinetic barriers that inhibit earthquake rupture beyond the isolated fault
segment (e.g. Sibson, 1986). Because earthquake magnitude depends on rupture area, segmentation of
faulting during the initiation of pull-aparts may limit earthquake magnitude. Although the independence
of motion on strike-slip and normal faults may persist throughout the evolution of a pull-apart basin, the
tendency for pull-aparts to arrest earthquake rupture is likely to be reduced significantly once cross-basin
strike-slip faults have bridged the gap between the two main strike-slip fault segments.
Knowledge of how earthquake-prone faults are segmented is therefore critical for the assessment
of seismic risks. For example, DePolo et al. (1991) noted a mix of behavior in the Basin and Range with
both moderate magnitude earthquakes (5.5<M<7.0) that ruptured individual fault segments and large
magnitude earthquakes (M>7.0) that ruptured multiple and complex fault segments. Sibson (1986) also
points out that dilational jogs (pull-aparts) in some strike-slip systems seemed to arrest earthquake rupture.
If the apparent reversal of fault slip observed in the model cross-sections is characteristic of cross-basin
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Figure 6-8. Photograph (plan-view) showing the final pull-apart created in Model 10/02/95. Lines
a, b, c, and d are locations of cross-sectional cuts shown in Figure 6-9.
strike-slip faults, then recognition of this pattern would greatly enhance evaluation of potential seismic
risks in inferred pull-apart basins like central Death Valley and Crater Flat.
Structural analog models of the pull-apart basins show strong similarities to central Death Valley,
and both similarities and differences when compared with Crater Flat. Central Death Valley is
characterized by a deep north-south-trending basin bounded on the east by the Black Mountains which
are in the footwall of a large-displacement westward-dipping normal fault. The western side of central
Death Valley is bounded by the Panamint Mountains that structurally dip towards central Death Valley.
Normal faults in the eastern Panamint Mountains tend to dip eastward into the basin. Northwest-southeasttrending right-lateral strike-slip faults extend from the north and south ends of central Death Valley. The
mapped strike-slip faults, prominence of the central Death Valley basin, the presence of the master fault
on the east side of central Death Valley, and the antithetic dip and minor normal faulting on the western
side of central Death Valley are all consistent with analog models of pull-apart basins above a horizontal
detachment as described here.
Comparison with Crater Flat is less convincing than the central Death Valley example, primarily
because of the lack of well-documented strike-slip faults exiting Crater Flat at its northern and southern
ends. In the comparison between Crater Flat and the pull-apart models, the BMF would be the master fault
for an asymmetric pull-apart. The YM faults and the overall basinward sheet-dip of YM volcanic
6-17

stratigraphy are quite consistent with the pull-apart model. An important observation from the analog
models is that many of the faults within pull-apart basins tend to be steeply dipping or vertical-similar
to many of the YM faults (Scott, 1990). Development of overall antithetic dip to the west of YM in Crater
Flat may have rotated steep west-dipping faults to near verticality. The problem of no strike-slip fault
exiting the north end of Crater Flat is serious for a simple pull-apart model. The lack of a welldocumented strike-slip fault exiting the southern end of Crater Flat is perhaps less of a problem because
the fault could be obscured by Quaternary alluvium (Schweickert, 1989). Strike slip faults tend to develop
little vertical relief across surface ruptures. This lack of relief would be relatively easy to disguise in
alluvium. A modified pull-apart model may hold more promise for explaining the tectonics of YM, Crater
Flat, and BM. Structurally pinning Crater Flat at its northern end and allowing for a northward decrease
in horizontal extension may explain lateral displacement gradients on the BMF, Solitario Canyon Fault,
and several other faults within YM (as discussed by Scott, 1990).
The possibility of Crater Flat as a pull-apart or modified pull-apart has significant implications
for performance assessment and seismic hazard analyses. In this interpretation, if Crater Flat has matured
to the point where cross-basin strike-slip faults now link deformation on the bounding master faults, then
the analog modeling analyses suggest large-magnitude earthquakes may occur in the vicinity of YM during
the next 10,000 yr to 1 Ma, even if evidence for such an earthquake has not been found in the historic
or recent geologic record. Such a scenario obviously warrants further scrutiny. However, the potential
consequence of a large magnitude event at YM (fracture dilation, formation of new fractures, fault-zone
brecciation, and related effects on groundwater flow, for example) demonstrates the need for construction
and evaluation of viable tectonic models. As shown here, the tectonic setting exerts intimate control on
the expected mode and magnitude of deformation during the period of regulatory concern.

6.3

ASSESSMENT OF PROGRESS TOWARDS MEETING
PROJECT OBJECTIVES

Compilation of data on tectonics, faulting, and seismicity into the Tectonics Geographic
Information System (GIS), and critical review of the compiled tectonic data are proceeding on schedule.
Regional data sets compiled into the GIS to date include digital terrain elevation, Quaternary faults, in situ
stress, historic earthquakes, conodont CAI, and volcanic fields. The Tectonics GIS will provide a basis
for assessing adequacy of existing and anticipated data for evaluating compliance with quantitative waste
isolation performance objectives. The GIS database is critical to key technical issues (KTIs) dealing with
volcanism, structural deformation and seismicity, performance assessment, and geohydrology and
geochemistry.
Slip- and dilation-tendency analysis techniques have been developed at the Center for Nuclear
Waste Regulatory Analyses (CNWRA) that provide an interactive means for evaluating relative risk of
slip on existing faults, relative risk of magma injection along faults or extension fractures, and potential
effect of existing fractures on groundwater flow patterns. The slip-tendency technique also provides an
independent means for nodal plane selection and for critically evaluating fault-plane orientations inferred
from earthquake focal-mechanism solutions. The slip- and dilation-tendency analysis techniques provide
new tools for assessing compliance with performance objectives and for reducing KTUs that address
aspects of tectonic modeling, earthquake hazard assessment, fault-plane solution interpretation,
relationships between tectonic processes and groundwater, and affects of tectonics on igneous activity
(LARP Sections 3.2.1.5 through 3.2.1.9, and 3.2.2.8).
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Tectonic field studies are well underway and include fission track, paleomagnetic, and
microstructural analyses of ranges in the vicinity of YM. Analyses of alluvial fans around BM are
providing an independent constraint on the movement history of the BMF. Field studies of faulting within
BM are providing solid new constraints on the geometry of pre-Miocene structures beneath YM. Similar
older structures may be the sources for deep and blind seismicity such as the 1992 M=5.6 Little Skull
Mountain earthquake. Examples of fault and dike interaction have been identified and are in various stages
of investigation. Results of these field studies will be reported in an upcoming major milestone. These
studies are important for KTUs dealing with poor resolution of exploration techniques, faulting
mechanisms in alluvium, tectonic models of structural deformation, predictions of seismicity in the next
10,000 yr, correlation of earthquakes with tectonic features, and the large hydraulic gradient north of YM.
Regional tectonic modeling of the greater Death Valley region, including YM, is in progress.
A structural analog modeling lab is now functional and has been instrumental in developing models of
strike-slip releasing bends and extensional structures analogous to those in the YM area.
Data and references compiled by the Tectonics Research Project staff were used to develop
Compliance Determination Strategies on Structural Deformation (LARP 3.2.1.5), Evidence of Igneous
Activity (LARP 3.2.1.9), and Structural Deformation and Groundwater (LARP 3.2.2.8). Digital terrain
models, boundary data, Quaternary fault coverage, and in situ stress data compiled by Tectonics Research
Project staff, along with visualization methods developed for tectonics research, are being used in a
collaborative effort with the Regional Hydrology Research Project to study regional groundwater flow in
the regional carbonate aquifer.
Three major national conference presentations were made during the past year (Henderson and
Ferrill 1995; Ferrill et al., 1995a; Spivey et al., 1995). "Mechanisms of Extensional Fault-Bend Folding
and Fault Block Deformation: Examples from BM, Nevada" was presented at a Geological Society of
America Penrose Conference on fault-related folding. A major milestone report on faulting in the YM
region was completed in August 1995 (Ferrill et al., 1995b). A paper entitled "Slip-Tendency Analysis
and Fault Reactivation" was accepted for publication in Geology. A paper on "Quaternary Slip History
of the BMF (Nevada) from the Morphology and Distribution of Alluvial Fan Deposits" was submitted to
Geology to be considered for publication.

6.4

PLANS FOR NEXT REPORTING PERIOD

Efforts of the Regional Tectonics Research Project have been enveloped within the new KTI
framework. Work will continue in those areas that are directly related to the technical and research tasks
specified in the operations plan for the KTI on Structural Deformation and Seismicity (Chapter 2.12,
Table 2.3-1). Milestones to be submitted include the following: (i) Identification and Critical Review of
Type I Faults, (ii) Identification and Critical Review of Type 2 Faults, (iii) Tectonic Setting and Estimate
of Slip Rates in the YMR, (iv) Fault Dike Interaction, and (v) Tectonics of Bare Mountain Fault.
In addition, work will focus on bounding and sensitivity analyses of structural deformation and
seismicity on repository performance. Specifically, the probabilities of faulting and seismicity and their
effects on groundwater flow, infiltration, rock-mass properties, and volcanism at the proposed repository
will be assessed. These studies of probability and consequence of events that may directly affect repository
performance will include analyses of various viable tectonic models developed in the milestones
listed above.
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7 FIELD VOLCANISM RESEARCH
by Charles B. Connor, Peter C. Lichtner, F. Michael Conway, and Brittain E. Hill
Investigators: Charles B. Connor, Brittain E. Hill, F. Michael Conway, Peter C. Lichtner, and
Ronald Martin (CNWRA); and Yuri Taran, Yuri Doubik, Alexander A. Ovsyannikov,
Igor Federchenko, Slava Shapar (Institute of Volcanic Geology and Geochemistry,
Petropavlovsk-Kamchatskii, Russia)
NRC Project Officer: Linda A. Kovach

7.1

TECHNICAL OBJECTIVES

The Yucca Mountain (YM) region has been the site of recurring small-volume basaltic eruptions
during the last 10 m.y. (Crowe et al., 1983; Smith et al., 1990). This volcanic activity has led to the
formation of numerous cinder cones, eight of which are less than 1.6 m.y. These volcanoes likely represent
a range of eruptive activity, from extremely explosive eruptions to comparatively gentle effusive volcanic
eruptions (Valentine et al., 1992; Amos et al., 1983; Walker, 1991, 1993). The technical objectives of the
Field Volcanism Research Project are to better characterize the effect of this type of volcanic activity on
repository performance and, as a result, better constrain probability models of disruption of the repository.
This characterization will be possible through investigation of the (i) mechanics of mafic cinder cone
eruptions, (ii) extent and characteristics of shallow hydrothermal systems and diffuse degassing associated
with small volume mafic eruptions, and (iii) nature of mafic intrusive geometries at repository depths.
During the last 6 mo, investigations in the Field Volcanism Research Project focused on both
direct and indirect effects of volcanism on repository performance. Analog cinder cones, such as the
erupting Cerro Negro volcano, Nicaragua, and the Tolbachik cinder cones, Kamchatka, Russia, have been
used to gather empirical evidence of processes such as diffuse degassing through rock surrounding active
magma systems, ash dispersion and lava flow rates, and rates of the cooling of igneous dikes in the
shallow subsurface. Discussion in this report will concentrate on investigation of shallow dike cooling.
Field measurements and observations made at the Tolbachik cinder cones, coupled with simple heat
transfer models, provide the technical foundation for a bounding estimate of the indirect effects of igneous
activity on repository performance. These estimates indicate that, in some circumstances, dike intrusion
can saturate the repository near-field and create a comparatively fast pathway for radionuclide transport
to the groundwater table.
Results of the Field Volcanism Research Project will be used to support specific sections of the
License Application Review Plan (LARP) [Nuclear Regulatory Commission (NRC), 1994]. Insight into
the possible magnitude of volcanic processes likely to occur near YM in the event of further volcanic
activity, the areas probably affected, and the likely duration of volcanic activity form an integral part of
site characterization activities (evidence of igneous activity as a potentially adverse condition, Section
3.2.1.9; and impact of volcanism on groundwater movement, Section 3.2.2.7) and the description of overall
system performance (assessment of compliance with the requirement for cumulative releases of radioactive
materials, Section 6.1). Compliance determination strategies (CDSs) for these LARP sections are currently
under development. The CDSs associated with evidence of Quaternary volcanism are of Type 5, indicating
that independent research must be conducted to evaluate key technical issues (KTIs) associated with
volcanism and that volcanism poses a high risk to the NRC of reaching unwarranted conclusions regarding
repository performance.
7-1

Igneous activity is considered to be a KTI by the NRC. The Field Volcanism Research Project
has been designed to address several of the sub-issues associated with volcanism KTI:
* Bounding sensitivity and uncertainty of the probability and consequences of volcanism
* Characterization of the area factors related to igneous activity
* Estimation of the effects of volcanism and consequences of volcanism on repository
performance
Resolution of these sub-issues requires a combination of field volcanological research and
model development.

7.2

SIGNIFICANT TECHNICAL ACCOMPLISHMENTS

Activities that addressed the consequences of volcanic activity during the last 6 mo include
the following:
* Observation and modeling of the indirect effects of volcanism due to dike cooling in the
repository environment
* Field work on the 1995 eruption of Cerro Negro
* Quantitative comparison between physical volcanological products of Lathrop Wells and
historically active cinder cones
* Continued analysis of the degassing behavior of cooling cinder cones
* Development of models of structural control on the Tolbachik cinder cone alignment
Quantification of the indirect effects of volcanism related to dike intrusion without direct
disruption is an ongoing concern. During the last 6 mo, field studies over a cooling dike at Tolbachik,
Russia, have been used to gather empirical data on dike cooling and the impact of dike cooling on flow
in the unsaturated zone (Connor et al., 1995). These data provide a bound on numerical models of
multiphase flow and heat transfer that are used to estimate the indirect consequences of volcanism for
repository performance. Results of this analysis are discussed in the following sections.
Hill et al. (1995a) reported on observations of radon degassing during the June 1995 phreatic
activity at Cerro Negro volcano. Further analysis of these data indicate a discernable radon pulse
associated with diffuse degassing through the earth surrounding Cerro Negro volcano. Details of the
observed radon pulse and its implications for the indirect effects of volcanism are summarized in a
manuscript submitted for publication to the Journal of Volcanology and Geothermal Research. The Cerro
Negro eruption resumed in November 1995. A team from the Center for Nuclear Waste Regulatory
Analyses (CNWRA) arrived at the volcano several days after the initiation of eruptive activity. During this
eruption, a new cone was built within the 1992 crater as a result of pyroclastic activity, and blocky-aa lava
flows overtopped the north rim of the 1992 crater. CNWRA staff continued radon gas sampling and made
direct observations of ash dispersion during early December. Observations made throughout the Cerro
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Negro eruption will serve as the basis for modeling the direct and indirect effects of low-energy eruptions
on repository performance.
Physical volcanological studies performed during the last 6 mo resulted in a quantitative
comparison of the rheologic properties of basalts of the Lathrop Wells cinder cones and the 1975
Tolbachik cinder cones (Hill et al., 1995b). The magnitudes of the two eruptions cannot be distinguished
based on granulometric, phenocryst size, or mineralogy of the products of the two eruptions. These results
indicate, that it until evidence to the contrary can be collected, we should consider violent-strombolian to
Plinian eruptive behavior in models of the direct consequences of volcanism at YM. Doubik et al. (1995a)
described the eruption of lx10-2 km3 of shallow crustal xenoliths late in the eruption of Cone I at
Tolbachik in 1975. This research indicates that xenolith concentrations, which have been used as analogs
for the behavior of fragmented radioactive waste (e.g., Valentine et al., 1993), may increase dramatically
during some stages of eruptions, possibly as a result of collapse of the magmatic system late in the
eruption. Results of these studies will help bound estimates of the consequences of high-energy basaltic
eruptions for repository performance.
Conway et al. (1995) reported on the temporal and spatial cooling and degassing of seven young
cinder cones studied as analogs to basaltic volcanoes near YM. A key result of this study has been
provided by empirical observations of rates of cinder cone cooling. Temperatures at Cone I of the 1975
Tolbachik eruption, Russia, remain in excess of 600 'C, and areas of Jorullo cinder cone are 125 'C,
220 yr after its eruption. Similar high temperatures were observed at the other five young cinder cones.
These high temperatures and accompanying degassing (Conway et al., 1995) greatly accelerate degradation
of the cone rim and crater, may impact estimates of the longevity of cinder cone eruptions based on
paleomagnetic methods, and indicate that the thermohydrologic settings of cinder cones remain perturbed
long after the cessation of eruptive activity.
The development of cinder cone alignments is an important aspect of understanding the
probability and consequences of volcanism at YM. Probability is strongly affected by assumptions about
dike zone length and width, the abundance of individual dikes within these zones, and the relationship
between dike zones and structures or the neotectonic setting of volcanism (e.g., Connor and Hill, 1995;
Ferrill et al., 1995). Consequences of volcanism are affected by shallow dike zone geometry and the
timing of development of dike zones. Doubik et al. (1995b) describe the development of the 1975
Tolbachik cinder cone alignment and its relationship to pre-existing cinder cones. A unique aspect of the
1975 Tolbachik eruption is that the development of dike segments was observed over a period of several
months during the eruption. These dike segments are analogous to dike segments observed elsewhere in
cinder cone alignments (Doubik et al., 1995b). Thus, the development of the Tolbachik alignment may
be used as an example of the sequence and development of shallow dike zones should a volcanic event
occur at YM.

7.3

MODELING DIKE COOLING AND THE INDIRECT CONSEQUENCES
OF VOLCANISM

Indirect effects of volcanism include any release of radionuclides from the waste repository as
a result of volcanic activity in which radionuclides are not directly transported to the surface by magma.
The potential exists for alteration of hydrologic flow, the geochemical setting of the repository, or damage
of waste canisters by volcanism, resulting in the release of radionuclides. Although it is generally believed
that the radionuclide release due to indirect effects are much less than those due to direct effects, the area
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impacted by indirect effects may be much larger, and, hence, the probability that indirect effects of
volcanism influence repository performance is greater than the probability of direct effects. Furthermore,
indirect effects of volcanism may persist over a longer period of time than direct effects.
One of the goals of the Field Volcanism Research Project is to quantify the indirect effects of
volcanic events on repository performance. In this report, a preliminary bounding estimate of the
radionuclides released by the indirect effects of dike intrusion into the repository is estimated, only
considering the thermal load the dike places on the repository. Effects of volcanic degassing, waste
canister damage, and related processes are not considered in this analysis.
This bounding analysis is accomplished using a combination of empirical observations made at
a cooling dike near the Tolbachik cinder cones and numerical modeling of dike cooling. Field work at the
Tolbachik cinder cones was performed during the summers of 1994 and 1995 in collaboration with
volcanologists from the Institute of Volcanic Geology and Geochemistry (IVGG). Modeling was done
using a one-dimensional (ID) time-transient analytical solution for pure conduction, and CTOUGH, a
numerical model that considers multiphase transport in addition to simple conduction (Nitao, 1990;
Lichtner, 1994; Green et al., 1995).

7.3.1

Field Observations at Tolbachik

Three of the cinder cones formed during the Tolbachik eruption form a N-trending alignment.
These three cones and their associated lava flows erupted between July and September 1975 (Magus'kin
et al., 1983; Doubik et al., 1995a,b; Hill et al., 1995b). These three cinder cones extend an alignment that
includes three older (Holocene) cinder cones that are south of the 1975 cones. The northernmost of these
Holocene cinder cones is Cone 1004. A period of dike injection during the eruption of the first of the 1975
cones, Cone I, caused tremendous deformation of Cone 1004, including formation of a slump block.
Shallow dike intrusion associated with this deformation eventually led to the formation of a lava vent
(Figure 7-1). Formation of the slump on Cone 1004 and the lava vent was fortuitous because it provided
an opportunity to investigate a shallow igneous dike between Cone I and the lava vent, an area where
juvenile material did not vent at the surface.
The Cone 1004 slump block formed during a period of several days in late July and August
1975. Pyroclastic eruption at Cone I began on July 7, 1975, and continued throughout July
(Magus'kin et al., 1983; Budnikov et al., 1983; Hill et al., 1995b). On July 29, deformation began on the
southwest flank on Cone I. This deformation produced the Cone 1004 slump block. The valley between
the slump block and Cone 1004 is approximately 240 m long and 100 m wide (Figure 7-2). Remarkably,
there is little difference in the elevation of the Cone 1004 agglutinate beds exposed by this deformation
across the valley. Thus, the slump block is not really the product of gravity-driven slumping at all. Rather,
lateral sliding of the block occurred, possibly accompanied by gentle uplift of the area around the zone
of deformation. This can only be achieved by intrusion of magma beneath the block. Pit craters opened
at the base of Cone I and along the axis of the valley during deformation. This activity was followed by
the formation of a lava vent 285 m from the base of Cone I but offset from the axis of the valley
(Figure 7-2). This vent is at an elevation 45 m lower than the elevation of the floor of the valley. Initial
effusion rates from this vent were approximately 100 m/hr, and by July 31 the lava flows were 4 km long.
In July and August 1995, the CNWRA and IVGG teams mapped ground temperatures on the
Cone 1004 slump block. This was accomplished by measuring ground temperatures at depths of
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In July and August 1995. the CNWRA and IVGG teams mapped ground temperatures on the
Cone 1004 slump block. This was accomplished by measuring ground temperatures at depths of
1.75-2.0 m, using 2-m-long probes and ungrounded chromel-alumel thermocouples. Probes were allowed
to equilibrate in thermal areas for 1-2 hr. These measurements were made at 310 stations on the slump
block, concentrating on a 160-m-long and 50-m-wide thermal zone (Figure 7-3). Background temperatures
on the slump block were 0-23 'C. Temperatures within the thermal zone are as high as 475 'C.
This thermal anomaly is interpreted to be related to a shallow cooling igneous dike because of
its high temperatures, the length and narrow width of the anomaly, its relationship to the Cone 1004 lava
vent southwest of the slump block, and because the anomaly trends oblique to bedding exposed in the
slump block. A similar high temperature zone was identified on the slopes of Cone 1004 and is also
inferred to be a dike, although this thermal anomaly was not mapped in detail.
The scoria at the surface over the thermal zone is typically 100-120 'C and remains dry during
rain. Small patches of steaming ground occur 20-30 m upslope from the axis of the thermal anomaly;
during rainfall these patches grow in area. The water table is located at a depth of approximately 300 m
beneath the surface at the Tolbachik cinder cones (Fedotov, 1984). Consequently, there is no opportunity
for interaction between the dike and groundwater at shallow depths.
An electromagnetic (EM) survey was conducted to investigate the character of the thermal
anomaly at greater depths. Dry or nearly dry sconia has an infinite resistivity except when heated to
temperatures in excess of 600 'C. Above 600 'C, the resistivity of basalt is 1-10 Qm (Rai and
Manghnani, 1977; Kauahikaua et al., 1986). Twenty-four EM stations were occupied on the Cone 1004
slump block; EM soundings were made using a large-loop-source and frequencies of <1 Hz. The results
indicate a region of very low resistivity exists at depths as shallow as 80 m beneath the valley that
separates the slump block from Cone 1004 (Figure 7-4).
Identification of this anomaly indicates a significant volume of rock is heated above 600 'C at
depths as shallow as 80 m. This anomaly is interpreted to be the result of a cooling basalt intrusion. This
80 m depth correlates well with the elevation difference between the valley floor and the elevation of the
lava vent (Figure 7-2). Thus, the dike segments observed at the surface may be the upper part of a more
voluminous intrusion beneath the slump block. The presence of this more voluminous intrusion explains
the tremendous deformation associated with the formation of the slump block.

7.3.2

Modeling Dike Cooling

ID time-transient dike cooling models are usually used to show that dike cooling is a rapid
process, essentially complete after a few months or years in the case of large dikes (e.g., McBimey, 1984;
Delaney, 1987; Wilson et al., 1994). Clearly, the Cone 1004 dike segment is taking longer to cool than
implied by these models. Several factors may contribute to the extended cooling period for this dike:
* Large difference in bulk thermal conductivities of the dike and the scoria it intrudes
* Heat transfer within the dike due to the presence of a more voluminous intrusion at a depth
of 80 m, as indicated by the EM survey
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The influence of the first factor, a large difference in thermal conductivities between the dike
and scoria, can be investigated using a iD conduction model. iD, time-transient heat conduction in a rock
can be described by Eq. (7-1)

aT K a2T

(7-1)

aX2

At

where T is the rock temperature at time t and distance x within the rock of density p, specific heat C,
porosity 4), and bulk thermal conductivity K. The thermal properties of the rock relevant to conductive
heat transfer can be summarized as the thermal diffusivity, a. In the case of a cooling dike in scoria, the
differences between thermal diffusivity of the rock and scoria have to be considered in the heat transfer

Kd
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PdCd(

(7-2)
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where the subscripts d and r refer to the thermal properties of the dike and surrounding rock,
respectively. Note that thermal diffusivity is strongly effected by porosity, which effects both bulk heat
capacity and thermal conductivity (Somerton, 1958; Bailsford and Major, 1964; Beck, 1976). Typical
scoria porosity is 30-80 percent (Williams and McBirney, 1979) and is 40-60 percent for the Cone 1004
scoria. Therefore, it is important to consider the effect of porosity on thermophysical rock properties in
calculation of heat transfer around the cooling Cone 1004 dike segment.
7.3.2.1

Thermal Properties

The change in bulk thermal conductivity as a function of porosity has been shown (Bailsford and
Major, 1964) to be bounded by

1
K.

KmaC = ( 1 -

1 - 4,
Kb

'4)

(74)

K

4:)) Kb + (4K

(75)

where Key is the minimum possible bulk thermal conductivity, and Key is the maximum possible bulk
thermal conductivity for a given volume fraction porosity, 4). Kb is the thermal conductivity of massive
basalt; Ka is the thermal conductivity of air, assuming that air fills the porous rock. For K., the basalt
is assumed to be continuous and pore spaces are limited to discontinuous spherical cavities, a situation
not applicable to scoria. If the basalt exists as individual fragments and pore space is completely
continuous, as occurs in scoria, then Key better describes the change in the bulk thermal conductivity of
the rock.
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Asaad (1955) and Somerton (1958) suggested the relationship
=

Kb a

(7-6)

based on empirical observation. Km, is the expected geometric mean bulk thermal conductivity for porous
materials. Bailsford and Major (1964) used
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where Km is the bulk thermal conductivity, based on Maxwell's relation, pore space is continuous
throughout the rock. Each of these four equations are plotted in Figure 7-5 for Kb=2 .0 W/m 0C and
K0 =0.058 W/m 'C.
In the scoria of Cone 1004, the basalt clasts are nonwelded, poorly sorted, and inflated. Based
on the thermal conductivity models [Eqs. (7-4) to (7-7)] and assuming dense basalt has a bulk thermal
conductivity of 2.0 W/m 'C, the thermal conductivity of the Cone 1004 scoria lies within the range

0.1-0.5 W/m 'C.
Bulk thermal conductivity of the Cone 1004 scoria was also determined in the field using
temperature and heat flux measurements. Temperature was measured at depths of 2 m and 10 cm in the
same locations to determine the shallow temperature gradient. Heat flux was measured at a depth of 10 cm
using a microfoil heat flow sensor anchored to an aluminum plate. Using measured heat flux and the
temperature gradient, the thermal conductivity is determined by application of Fourier's Law

q =-K AT

(7-8)

AX

where q is heat flux, K is the apparent bulk thermal conductivity, and AT/Ax is the measured
temperature gradient. K was estimated using this technique at 14 locations on the Cone 1004 slump block,
both inside and outside the zone of highest measured temperatures. Apparent thermal conductivity is
shown as a function of temperature gradient in Figure 7-6. Measured apparent thermal conductivity was
most consistent between temperature gradients of 125-200 'C/m, corresponding to measurements made
near the axis of the thermal anomaly. Based on these measurements, the thermal conductivity of scoria
in this zone is 0.21±0.07 W/m 'C. This zone is interpreted to be a dry-out zone, within which conduction
is the dominant heat transfer process. Dry air is circulating in the pore space within this zone, but the heat
transfer coefficient between the aluminum plate and the hot air is very small, resulting in a small
convective contribution to the measured heat flux through the plate. At lower temperature gradients, and
further from the axis of the thermal anomaly, the temperatures are low enough for water vapor to be
present in the pore space of the scoria. The presence of water in the pore space increases the bulk thermal
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conductivity of the rock. Liquid water, for example, has a thermal conductivity about twenty times that
of air. Thus, the bulk thermal conductivity of water saturated scoria is about 0.75-1 W/m 'C [Eqs. (7-4)
through (7-7)]. In the field, even higher apparent bulk thermal conductivities were measured than
I W/m 0C in areas of lower temperature gradient. These higher apparent thermal conductivities may result
from convection of water vapor across the plate. The heat transfer coefficient between the water vapor and
the plate is several orders of magnitude greater than the heat transfer coefficient between dry air and the
plate, resulting in a much higher heat flux through the plate. Thus, the convection of water vapor in the
lower temperature gradient zones around the thermal anomaly (<100 'C/m) results in higher heat fluxes
and higher apparent bulk thermal conductivities (Figure 7-6). Development of a condensate film on the
plate in lower temperature areas will have a similar effect.
Thus, field measurements in the high temperature-gradient zone indicate bulk thermal
conductivity of the porous scoria is 0.21±0.07 W/m OC, in good agreement with theoretical models
[Eqs. (7-4) through (7-7)]. The field measurements also indicate the occurrence of dry-out within the
highest temperature area and the convection of water vapor around this dry-out zone.
0
Delaney (1987) noted that the bulk thermal conductivity of dense basalt varies from 1-2 W/m C
between 0 and 1,000 0C, showing a decrease in thermal conductivity with increasing temperature. The
thermal conductivity of air also varies with temperature. However, this effect is small compared with the
thermal conductivity contrast between scoria and the dense basalt of the dike and is not considered further.

Representative thermophysical properties for the dike and scoria used in the following
calculations are given in Table 7-1. Thermophysical properties of backfilled tuff (Lichtner and Walton,
1994; Walton, 1994) are also provided for comparison.
7.3.2.2

One-Dimensional Time-Transient Model

An analytical solution for the temperature field based on 1D time-transient heat conduction is
achieved using a LaPlace Transform (Carslaw, 1921, pages 46-47; Ozisik, 1980, pages 323-328),

T(x,t) = T + (Td- T)( -d
(7-9)
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Table 7-1. Typical thermophysical properties for dikes, scoria, and backfilled tuff used in
calculations

k (dry)
(W/m 0 C)

k (wet)
(W/m OC)

Density
(kg/m 3 )

Specific
heat, C
(Jlkg 0C)

Porosity

Permeability

(%)

(in2 )

Dike

1.74

2.3

2800

840

10.0

1.8x10-14

Scoria

0.174

0.23

1400

840

57.5

1.5x10-10

Tuff (bf)

0.155

0.2

2800

840

37.0

1.0x10-10

Yd

dir

(7-10)

rXd

KFad
Kr d
and
(7-11)

Kdfr + Krad
KrXd

T(x,t) is the temperature at time t, x meters from the dike wall, T. and

Td

are the initial wallrock and

dike temperatures, respectively, and a is the half-width of the dike. In practice, the sum can be truncated
and excellent convergence is achieved after n=10 terms. This is the same analytical solution used by
Wilson et al. (1994) in their evaluation of the thermal effects of dike intrusion on thermal loading of the
repository, with the exception that porosity is taken into account here. In this solution, the rock the dike
intrudes is considered to be an infinite medium with uniform thermophysical properties. The thermal
diffusivities of the rock and dike are assumed not to vary as a function of temperature and latent heat of
crystallization in the dike is not considered. Phase changes can also occur in the rock surrounding the
cooling dike; latent heat of these phase changes is not considered in estimation of the temperature profiles.
Heat transfer by conduction within the dike can be an important process if there is a large difference
between a, and ad. Heat conduction along the dike is not considered in the ID model.
Varying thermophysical properties strongly affects rates of dike cooling by conduction
[Figure 7-7(a)]. One yr after intrusion of a 5-m-wide dike with an initial temperature of 1,200 'C into
scoria, temperature at the dike scoria contact remains over 850 'C, based on the ID conduction model.
The more dense and less porous repository tuff backfill is 730-740 'C at the dike contact and cools below
400 'C within 2 m of the dike contact. A dike intruding tuff, assumed to have the same thermal properties
as the dike itself, cools much faster because of its higher bulk thermal conductivity [Figure 7-7(a)].
Maximum temperatures at the dike contact are about 440 'C 20 yr after a 5-m-wide dike intrudes scoria,
and temperature within the scoria falls below 100 'C within 40 m of the dike. Undisturbed tuff
surrounding an intruding dike cools to approximately 120 'C at the contact and to <100 'C within 25 m
of the dike after 20 yr [Figure 7-7(b)].
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Figure 7-7. (a) Expected change in temperature as a function of distance from the dike contact 1 yr
after intrusion; and (b) 20 yr after intrusion, calculated using Eq. (7-11), for a dike intruding scoria
(Ti), backflhled tuff (Tbf), and undisturbed tuff (Ttff). Open circles indicate measured temperatures
at depths of 1.75-2.0 m below the surface for a typical traverse, measured from the axis of the
thermal anomaly. Departure from the conduction model at about 15 m may indicate the edge of the
dry-out zone. See text.
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The ID model cannot fully capture the heat transfer process for two-dimensional (2D) cooling
of the dike in the near-surface and, therefore, is not directly applicable as a model for the data collected
on the Cone 1004 slump. Nonetheless, a heuristic comparison between the ID model for cooling 20 yr
after dike intrusion into scoria indicates the strengths and limitations of the conduction model. Temperature
data collected at 2 m depths for a typical profile on the Cone 1004 slump are plotted in Figure 7-7b from
the axis of the thermal anomaly to a distance of 30 m. There is reasonable agreement between the
conduction model and the observed temperatures within 15 m of the axis of the thermal anomaly. The
temperature data were collected above the cooling dike rather than adjacent to the dike as the model
implies. This suggests that the observed temperatures are higher than expected. However, heat transfer
occurs along the length of the cooling dike much faster than it does through the scoria, allowing the dike
to be heated by the more massive intrusion below. This effect is not taken into account in the ID model
and would result in higher temperatures near the surface.
Beyond 15 m from the dike axis, the observed temperatures fall much more rapidly than
predicted by the conduction model [Figure 7-7(b)]. This rapid drop in temperature at 15-20 m from the
axis of the thermal anomaly is seen in all of the profiles along the length of the Cone 1004 thermal
anomaly. One factor that can lead to such abrupt cooling is the influence of small amounts of water in
the unsaturated zone. A comparison of the shape of the expected temperature in the scoria based on a
conduction model and the observed variation in temperature within the thermal zone indicates that the
effect of water in the unsaturated zone is an important consideration to account for in rates of
dike cooling.
7.3.2.3

Effect of Water in the Unsaturated Zone

Flow in the unsaturated zone in response to dike intrusion and the resulting change in
temperature was modeled using the CTOUGH code (Lichtner, 1994), a modification of the VTOUGH code
for multiphase transport (Nitao, 1990). The equation of state for water vapor was modified in CTOUGH
to include the very high temperatures that accompany dike intrusion. The theoretical basis for models of
thermally driven redistribution of moisture in the unsaturated zone and the effects of moisture on rates of
cooling, are amply discussed in Pruess (1985), Buscheck and Nitao (1993), Lichtner and Walton (1994),
and Green et al. (1995). The computer code CTOUGH solves the conservation equations for mass and
energy in time and space for a nonisothermal two-phase system. The components of the system are liquid,
water vapor, and air. Darcy's law combined with binary diffusion in the gas phase is used to compute the
liquid and gas fluxes. Heat flow may take place by conduction through the solid portion of the porous
rock mass, or by convection of water and water vapor through the pore spaces. Capillary forces are taken
into account through the phenomenological Van Genuchten functions of capillary pressure. The code
provides the spatial distribution of temperature, pressure, saturation and gas and liquid fluxes as functions
of time.
CTOUGH was used to model the change in water saturation in response to dike injection, using
various initial volume fractions of liquid water in the unsaturated zone. This change in the volume fraction
of liquid water, for example, may correspond to varying elevation above the water table
(Green et al., 1995).
The presence of even a small amount of water in the unsaturated zone has an important effect
on rates of dike cooling. Application of the CTOUGH model suggests that a 5-m-wide dike will be
approximately 100 'C cooler 20 yr after the dike is emplaced in scoria, if the scoria initially contains
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10 percent water and cools by conduction and convection rather than cooling by pure conduction
(Figure 7-8). High-temperature gradients near the dike create a dry-out zone within which the volume
fraction of water is 0, and heat transfer is by conduction only. In the case of 0.1 initial volume fraction
of water, the dry-out zone is 20 m wide after 20 yr of cooling of the 5-m-wide dike. Groundwater is
vaporized beyond the dry-out zone. Vaporization of groundwater results in flow of liquid water toward
the dike driven by capillary suctions and flow of water vapor away from the dike. This water vapor cools
and condenses between 20 and 80 m from the dike, and the volume fraction of water increases and
temperature is uniformly 100 'C within this zone as a result of condensation (Figure 7-8).
Figure 7-9(a) illustrates the temperature profiles and Figure 7-9(b) illustrates change in water
saturation expected for a 5-m-wide dike, 20 yr after injection, for initial liquid water saturations of 0 to
0.5 in the scoria. Dike cooling is accelerated by the presence of higher water fractions in the scoria in
unsaturated conditions. In the pure conduction case, the temperature near the dike-scoria boundary is about
450 'C after 20 yr, and the scoria temperature cools to near-ambient (50 'C) conditions within 50 m of
the dike. A 0.1 volume fraction of water in the scoria results in a lower temperature at the dike-scoria
boundary-approximately 350 'C after 20 yr. With 0.5 volume fraction of water in the scoria, the dike
has cooled to 100 'C after 20 yr. The greater rate of cooling observed near the dike-scoria boundary is
accompanied by the development of a zone of 100 'C temperatures extending approximately 100 m from
the dike. The width of this condensation zone is not greatly effected by initial water volume fraction.
In the case of 0.5 initial water saturation, water re-wets the dike zone after cooling for 20 yr.
Water concentrations are higher within the dike than in the surrounding scoria due to the hydrologic
properties of the dike. A comparison of Figures 7-8 and 7-7(b) indicates that the observed rapid drop in
temperature and departure from the conduction model correlates well with the expected limit of the dry-out
zone 20 yr after dike injection in scoria.

7.3.3

Application to Yucca Mountain

Dike emplacement in undisturbed tuff was modeled by assuming the tuff has the same
thermophysical properties as the dike itself (Table 7-1). This is a simplification of the problem because
there would be a greater fracture density near repository drifts, decreasing bulk thermal conductivity and
heat capacity, and within drifts, the backfill or collapsed sections of the repository would have
thermophysical properties closer to scoria than to undisturbed tuff (Table 7-1). The temperature of the tuff
before dike injection is assumed to be 50 °C and the volume fraction of water is assumed to be 0.5,
conditions that may exist within the repository block 10,000 yr after closure (Buscheck and Nitao, 1993).
Some models indicate saturations of 68-85 percent may be more realistic (Buscheck and Nitao, 1993). As
before, the initial dike temperature is 1,200 'C.
Water saturation with distance from the dike is shown in Figure 7-10, for 1 yr, 10 yr, and 100 yr
after the emplacement of a 5-m-wide dike. Because of the thermophysical properties of the undisturbed
tuff, the dike cools much faster than in scoria. However, the geometry of the dry-out and condensation
zones is quite similar. After 1 yr, the dry-out zone extends 10 m from the dike, and the condensation zone
extends approximately 20 m from the dike. The tuff becomes fully saturated over an approximately 6-mwide zone between 14 and 20 m from the dike. With time, the dry-out and condensation zones broaden;
10 yr after dike emplacement, saturated conditions exist 30 m from the dike. The dike is beginning to rewet after 100 yr, and fully saturated conditions no longer exist in the condensation zone.
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Figure 7-8. Expected temperature 20 yr after a 5-m-wide dike intrudes scoria (Table 7-1) with
distance from the dike center line, modeled using pure conduction and with 10 percent initial water
saturation in the scoria. Redistribution of liquid water is indicated for the latter case.
7.3.3.1

Significance of the Condensation Zone

The development of a wide condensation zone around cooling dikes can have important
implications for radionuclide release as a result of volcanism. Although the area directly impacted by the
dike may be small, the area within which condensation occurs is comparatively large. The 1D timetransient model indicates that saturated conditions could exist over a 20-m-wide zone on either side of the
cooling dike between 1 and 10 yr after emplacement. In many ways, this condensation zone is similar to
the condensation zone expected to develop above the repository due to heating from the waste in many
models of normal performance (e.g., Buscheck and Nitao, 1993). One key difference lies in the geometry
of dike condensation zones, which are isolated above the water table during normal repository
performance. Water and leachate that begins to flow in locally saturated conditions are unlikely to reach
the water table because of dispersion and evaporation. With dike injection, condensation zones form
vertically, mimicking the geometry of the dike itself. These condensation zones will form an area of
saturated flow that extends from the repository to the groundwater table. Thus, the development of
saturated conditions within condensation zones may provide a fast path for radionuclides into groundwater.
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7.3.4

Conclusions
Field observations on the Cone 1004 slump block provide the following empirical evidence:
* Dike cooling is significantly impacted by variation in the thermophysical properties of the
intruded rock
*

Even a small amount of water in the unsaturated zone results in a change in the rate of dike
cooling; heat transfer is by conduction along the axis of the thermal anomaly, convective heat
transfer is a significant factor at distances of 15-30 m from the axis of the thermal anomaly

*

Dry-out, vaporization, and condensation zones develop around cooling dikes

*

Multiphase transport codes, such as CTOUGH, model the observed behavior of the cooling
dike zone reasonably well

Preliminary numerical models of dike intrusion into the repository indicate that the development
of condensation zones may have a significant impact on transport of radionuclides into the regional
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groundwater system. Calculation of the effects of the condensation zone will depend on assumptions about
repository thermal loading, canister integrity and fractional release rates in the condensation zones. These
assumptions will be more fully considered following development of a 2D model. Other factors related
to dike intrusion, including deformation and volcanic degassing, must be considered in a full model of the
indirect effects of volcanism.

7.4

ASSESSMENT OF PROGRESS

The Field Volcanism Research Project has strived to achieve a balance between empirical
observation at analog volcanoes and numerical modeling of dynamic volcanic processes in order to
estimate the consequences of volcanism for repository performance. Data-gathering activities continue to
provide essential information about the range of volcanic activity and rates of these processes. Observation
of dike cooling at Tolbachik, for example, provides a strong empirical basis for application of CTOUGH
to dike modeling. Parenthetically, observations at Tolbachik provide a test for the CTOUGH model in a
natural environment and at a comparatively long time (20 yr) after thermal loading was initiated. These
data and application of these models will continue to provide an important source of information for
bounding analyses and sensitivity studies for disruptive volcanic events.

7.5

PLANS FOR THE NEXT REPORTING PERIOD

Planned work during the next reporting period will concentrate on additional bounding analyses
for the consequences of volcanism. These bounding analyses will include direct and indirect eruptive
effects.
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8 REGIONAL HYDROGEOLOGIC PROCESSES OF THE DEATH
VALLEY REGION
by Gordon W. Wittmeyer and David R. Turner
Investigators: Richard V. Klar, David R. Turner, and Gordon W. Wittmeyer
NRC Project Officer: Thomas J. Nicholson

8.1

TECHNICAL OBJECTIVES

Yucca Mountain (YM) has been proposed as a potential site for a high-level nuclear waste
(HLW) repository, in part because of the favorable geochemical and hydrologic environment provided by
its 700-m-thick unsaturated zone. Siting the repository in the unsaturated zone may significantly reduce
the potential for waste canister corrosion and subsequent dissolution of the waste form. Moreover, the low
water flux rates presumed to exist in the unsaturated zone reduce the likelihood that dissolved
radionuclides would be rapidly transported to the accessible environment. Mechanisms that may saturate
the repository horizon, and thus compromise favorable conditions provided by the YM site, include rapid
infiltration of water from the surface through highly conductive fracture networks and an increase in the
elevation of the regional water table. Elevation of the water table may occur due to increased recharge to
the regional carbonate system along stream channels and mountain fronts in topographically closed basins
100 km to the north and northeast of YM or by neotectonic disruption of structural or stratigraphic
features that control the steep hydraulic gradient north of the proposed repository block at YM. Even if
elevation of the regional water table does not saturate the repository block, the reduced thickness of the
unsaturated zone has the potential to diminish travel times within the vadose zone. In addition, travel times
in the saturated zone and the location of potential discharge areas for dissolved radionuclides down
gradient from YM are performance-related issues addressed by this research project. The primary
objectives of this research project are to: (i) analyze existing conceptual models and develop new
conceptual models of the regional hydrogeologic flow regime in the Death Valley region that contains YM
and (ii) construct numerical models of regional flow that may be used to assess the potential for the water
table beneath YM to rise in response to wetter climatic conditions. The results from this research project
will also be used to estimate the degree of mixing that occurs in that portion of the saturated zone
extending south from YM to the south central Amargosa Desert and to determine how these mixing and
transport processes may be altered by climatic change.
Predictions made with numerical models will be used by the U.S. Department of Energy
(DOE) in its License Application (LA) to demonstrate that the YM site meets the overall performance
standards outlined in 10 CFR 60.112 and the geologic subsystem performance standard defined in Code
of Federal Regulation Title 10, Part 60, Section 113(a)(2) [10 CFR 60.113(a)(2)]. In addition, the DOE
may choose to use numerical models to demonstrate the absence or influence of potentially adverse
conditions including: the effects of future pumping on the regional flow system [10 CFR 60.122(c)(2)];
structural deformation and groundwater [10 CFR 60.122(c)(4)]; the potential for deleterious changes to
the hydrologic system [10 CFR 60.122(c)(5)]; the potential for changes to the hydrologic conditions
resulting from climate change [10 CFR 60.122(c)(6)]; the potential for water table rise [10 CFR
60.122(c)(22)]; and the presence and influence of favorable conditions, including the clear absence of fully
saturated pathways connecting the repository to the water table [10 CFR 60.122(b)(8)(ii)]. Understanding
of the regional hydrogeologic system developed in this project will be used to guide review of the DOE
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LA and associated prelicensing submittals and to assess the adequacy of the models used by the DOE to
demonstrate compliance with the regulatory requirements and environmental standards.
Understanding of the regional hydrogeologic system gained from this research project will also
be used to construct specific Compliance Determination Methods outlined in the License Application
Review Plan (LARP) (Nuclear Regulatory Commission, 1994). Literature reviews and hydrogeologic data
gathered in Task 1 of the project will provide information that may be directly used to assess the
description of individual systems and characteristics of the site (LARP Section 3.1) and, in particular, the
description of the hydrologic and geochemical systems (LARP Sections 3.1.2 and 3.1.3, respectively).
Evidence gleaned from literature reviews and data analyses in conjunction with conceptual and numerical
models of the regional flow regime developed in this research project will be used to determine if the
applicant has provided convincing evidence of the presence or absence of favorable hydrogeologic
conditions and potentially adverse hydrogeologic conditions (LARP Sections 3.2.1.1, 3.2.2.1, 3.2.2.3,
3.2.2.6, 3.2.2.8, 3.2.2.9, 3.2.2.11, and 3.2.4.2). Flow models developed in this project will also be used
to confirm whether velocity fields and travel times within the saturated zone estimated by the DOE are
accurate enough to demonstrate compliance with the Ground Water Travel Time performance objective
(LARP Section 3.3).
Compliance Determination Strategies (CDSs) for the LARP sections listed previously have been
developed but will not be finalized until a thorough review and integration of the various LARP sections
is conducted. However, the Regional Hydrogeology Research Project will be instrumental in resolving
specific technical uncertainties identified during the CDS development process. Key Technical
Uncertainties (KTUs) that pose a high risk of noncompliance with the total-system or subsystem
performance requirements may require the Nuclear Regulatory Commission (NRC) to conduct independent
research to resolve the issue. Uncertainty in developing a conceptual and mathematical model for transport
of liquid and vapor phase water that is representative of the YM site flow system has been identified as
a KTU that must be addressed in LARP Sections 3.2.2.1, 3.2.2.9, 3.2.2.12, 3.2.3.7, and 3.3.
The Regional Hydrogeology Research Project is divided into five tasks: Task I-Collect and
analyze data and existing models; Task 2-Construct alternative conceptual models of key hydrogeologic
processes in the Death Valley region of the western Great Basin; Task 3-Construct and calibrate
mathematical and numerical models of subsurface flow at local, basin, and regional scales; Task 4-Use
geochemical data to evaluate and refine regional flow models; and Task 5-Apply models to analyze
problems critical to repository performance. Tasks 1 and 2 were completed in the first 2 yr of the project.
The remaining tasks were initiated in the third year and were scheduled to be completed by the fifth and
final year of the project. Efforts during the past 6 mo have focused on Tasks 2 and 3. The primary
technical objectives of Task 2 are to critically evaluate geologic, hydrogeologic, and geochemical data
from the Death Valley region and use data compiled in the computerized Geographic Information System
(GIS) to construct alternative conceptual models of flow in the Death Valley region. The primary technical
objectives of Task 3 are to develop numerical models of regional flow in the Death Valley region and
develop or acquire parameter estimation methods for automatically calibrating these flow models.

8.2

SIGNIFICANT TECHNICAL ACCOMPLISHMENTS

During the past 6 mo, research has focused on reviewing existing conceptual and mathematical
models of the Death Valley regional groundwater flow system. An extensive report was compiled on this
subject (Wittmeyer and Turner, 1995). This report contained two major sections: (i) a review of literature
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on the Death Valley regional flow system and (ii) an evaluation of the models in terms of their utility for
assessing the effects of water table rise due to climate change and disruption of the steep hydraulic
gradient on the proposed YM repository. Studies reviewed in the first major section included those of
Schoff and Moore (1964), Rush (1970), and Winograd and Thordarson (1975), which examined the
Nevada Test Site (NTS) groundwater system using a combination of hydrochemical facies data,
hydrostratigraphic data, and hydraulic data. Waddell (1982) and Rice (1984) developed numerical models
of the NTS and Greater Death valley regional flow systems. Studies by Czarnecki and Waddell (1984)
and Czarnecki (1985; 1989) outlined the results of numerical and conceptual modeling studies of the YM
flow system conducted to assess the effects of neotectonism and climatic change on the proposed
repository. Ahola and Sagar (1992) developed regional and subregional numerical flow models based on
Rice (1984) to evaluate the effects of increased recharge, neotectonism, and dike or sill emplacement.
Feeney et al. (1987) and Sadler et al. (1992) developed numerical models of the western NTS and Death
Valley system flow systems, respectively, using deuterium calibrated mixing cell models. Also reviewed
were conceptual and mathematical models of the subsurface flow regime in the carbonate province of
eastern Nevada, western Utah, and southern Idaho developed by Dettinger (1989; 1992) and Burbey and
Prudic (1991). In the second major section, a comparison was made of these alternative conceptual models
in terms of their geographic setting, size of the region each considered, and scale of the hydrogeologic
system studied. In addition, the second major section considered the implications of each model regarding
magnitude of water rise due to increased recharge under a pluvial climate and potential for water table rise
due to disruption of the steep hydraulic gradient located at the north end of the proposed repository at YM.
The recently released National Academy of Sciences (NAS) (National Research Council, 1995)
report on the development of a performance standard for YM recommends that the U.S. Environmental
Protection Agency (EPA) replace the current release-based standard with a standard based on the risk to
a critical group of individuals of adverse health effects from released radionuclides. Findings outlined in
the NAS report indicated that peak risk may not occur until several tens to hundreds of thousands of years
after closure of the repository. The saturated flow regime may play a significant role in forming estimates
of repository performance in accordance with the proposed NAS recommendation for at least two reasons.
First, dose-to-man calculations must include the dose received via radionuclide contaminated water which
is either pumped from the fractured tuff aquifer near YM or the alluvial aquifer in central Amargosa
Desert, or is discharged to a surface water body, such as may occur at Franklin Lake Playa under wetter
climatic conditions. Clearly, the drinking water dose will be affected by the transport properties of the tuff
aquifer, the alluvial aquifer, and perhaps the underlying lower carbonate aquifer. Second, extending the
risk-based analysis to a performance period of a million years or more would require accounting of
climatic cycles which include a cooler-wetter full glacial climate. Performance assessment models of flow
and transport in the saturated zone would be required to simulate the effects of increased recharge under
a full-glacial pluvial climate on the direction of flow beneath the repository and in the Amargosa Desert
and the corresponding transport time and mixing potential.
In this semi-annual report, some of models reviewed in Wittmeyer and Turner (1995) are
re-examined to assess their implications regarding the potential for groundwater mixing to dilute
radionuclide concentrations both within the tuffaceous aquifer beneath YM and in the likely groundwater
pumping areas in the alluvial aquifer of the central Amargosa Desert. In addition, hydrochemical studies
of the groundwaters in YM and the Amargosa Desert are reviewed to determine areas where mixing of
groundwaters occurs. Estimates of the expected dose-to-man resulting from spent fuel released from the
repository are affected by: (i) the mass release rate from the canisters; (ii) the timing of radionuclide
releases; (iii) the quantity of water into which the spent fuel is initially dissolved as well as the thermal
regime; (iv) the flow rate beneath YM; (v) the molecular diffusion, pore-scale dispersion, macro-scale
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dispersion, radioactive decay, and chemical reaction experienced by the dissolved radionuclides during
transport; (vi) the quantity of water with which the radionuclide plume is mixed in the area of primary
water use; and (vii) the amount of mixing and dilution that occurs within a pumping well. Processes (i),
(ii), and (iii) are controlled by the nature of infiltration and deep percolation at YM as well as by the
spatial configuration of the repository, the design of the spent fuel canisters, and the thickness and
composition of backfill. The processes described in (v) depend on the radionuclide of interest, the
geochemistry of the porous medium, and the detailed structure of the pore-scale and Darcy velocity fields.
However, owing to their scale and two-dimensional (2D) nature, the sub-regional to regional models
considered in Wittmeyer and Turner (1995) can only be used to indirectly assess the effects of processes
(iv) and (vi). An overview of the regime's physiography is shown in Figure 8-1.

8.2.1

Conceptual Models of the Regional Hydrogeologic Setting of Yucca Mountain

The conceptual flow models reviewed in Wittmeyer and Turner (1995) can be classified by the
region, area, or sub-basin considered. Three scales based on the region, area, or sub-basin of interest can
be identified: (i) hydrogeographic province scale, (ii) regional groundwater flow system scale, and
(iii) groundwater basin scale. The hydrogeographic province scale refers to those studies which consider
all or part of the carbonate province of eastern Nevada, western Utah, and southeastern Idaho.
Hydrogeographic province scale models include those of Dettinger (1989; 1992) and Burbey and Prudic
(1991). Mifflin (1968) defined a regional groundwater flow system to be "...a large ground-water flow
system which encompasses one or more topographic basins... [and].. .may include within its boundaries
several ground-water basins." Studies by Rush (1970), Winograd and Thordarson (1975), Waddell (1982),
Rice (1984), Ahola and Sagar (1992), and Sadler et al. (1992) focused on the Death Valley regional
groundwater flow system. As defined by Mifflin (1968) a groundwater basin usually represents "...only
a part of ground-water system," but may include "...more than one [regional or local] ground-water flow
system." Investigations by Czarnecki and Waddell (1984) and Czarnecki (1985; 1989), were concentrated
on the YM and Amargosa Desert basins, while Feeney et al. (1987) developed a model for the western
portion of the NTS. Table 8-1 shows the geographic setting and the area of the region considered in each
of the studies. The boundaries of the conceptual models developed in these studies are shown in
Wittmeyer and Turner (1985).
While the groundwater basin scale models reviewed in Wittmeyer and Turner (1995) may allow
the hydrogeologist to define the hydrogeologic setting of YM and to assess the effects of increased
recharge or neotectonic disruption on the water table beneath YM, somewhat artificial boundary conditions
must be imposed to adequately match predicted to measured head contours. For example, Czarnecki and
Waddell (1984) imposed a prescribed head condition at Timber Mountain to account for recharge to the
YM groundwater system from the Pahute Mesa area, although there are no surface water features that
could impose a constant head. Similarly, regional scale models by Waddell (1982) and Rice (1984) used
prescribed flux boundary conditions to incorporate the effects of underflow from Pahranagat Valley to the
Ash Meadows sub-basin. The Death Valley groundwater flow system is composed of a number of
topographically closed basins hydraulically connected at depth by the highly transmissive Paleozoic
carbonate aquifer. The physical extent of the Death Valley system may be defined if a boundary across
which no water is transported can be delineated. If these zero-flux boundaries are identified, the nature
of the hydrogeologic regime is largely determined by the location of internal recharge and discharge zones.
Hydrogeographic province scale models, such as those by Dettinger (1989; 1992) and Burbey and Prudic
(1991), are of great enough areal extent that their boundaries can be located along zero-flux, regional
groundwater system divides. As such, hydrogeographic province scale models could be used to assess the
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Table 8-1. Hydrogeologic study areas

Geographic Setting

Hydrogeologic Study

l Specified
Boundaries

|ASetting 2 )
Area (kmt

Czamnecki and Waddell (1984)

YM/NTS

Yes

3,000

Czarnecki (1985)

YM/NTS

Yes

3,000

Feeney et al. (1987)

Western NTS

Yes

3,740

Czarnecki (1989)

YM/NTS Amargosa
Desert

Yes

4,900

Schoff and Moore (1964)
Winograd and Thordarson
(1975)

NTS

No
Yes

NA
11,700

Rush (1970)

Death Valley/NTS

Yes

17,000

Waddell (1982)

Death Valley/NTS

Yes

18,000

Sadler et al. (1992)

Death Valley

Yes

19,000

Dettinger (1989; 1992)

Carbonate Province of
Nevada

No

NA

Rice (1984); Ahola and Sagar
(1992)
Burbey and Prudic (1991)

Death Valley

Yes

41,000

Carbonate
Province/Death Valley

Yes

52,000

Death Valley/NTS
__

effects of increased or decreased recharge on the water levels and fluxes throughout the region. However,
the sheer size of the hydrogeographic province scale models precludes detailed description of the
subsurface hydraulic regime at the scale of YM, and thus cannot be used to quantitatively evaluate the
dilution effects at the repository within the pumping area used by the critical group or along the
connecting transport path.
In several of the studies, separate groundwater sub-basins or subsystems were delineated on the
basis of distinct water chemistry or the presence of groundwater divides inferred from potentiometric data.
Rush (1970) identified the Ash Meadows, Pahute Mesa, and Sarcobatus Flat sub-basins. The boundaries
of these sub-basins indicate that YM lies within Rush's Pahute Mesa sub-basin. Winograd and Thordarson
(1975) identified the Ash Meadows and Oasis Valley-Fortymile Canyon sub-basins. Winograd and
Thordarson (1975) did not delineate the boundaries of the Oasis Valley-Fortymile Canyon sub-basin;
however, it appears that YM must lie within this flow system. Waddell (1982) identified the Ash
Meadows, Alkali Flat-Furnace Creek Ranch, and Oasis Valley sub-basins by the locations of principal
discharge areas. YM lies within Waddell's Alkali Flat-Furnace Creek Ranch sub-basin. Later modeling
studies of the YM saturated flow regime by Czarnecki and Waddell (1984) and Czarnecki (1985)
considered the central portion of Waddell's Alkali Flat-Furnace Creek Ranch sub-basin. This YM
subregion extends from Timber Mountain south to the Furnace Creek Ranch discharge area in Death
Valley, but excludes the northwest portion of Frenchman Flat. The western NTS subregional flow system
considered in the mixing cell model developed by Feeney et al. (1987) includes the YM area and appears
to be roughly coincident with Waddell's Alkali Flat-Furnace Creek Ranch sub-basin. However, rather than
8-6

being extended to the Furnace Creek Ranch discharge area in Death Valley, the model constructed by
Feeney et al. (1987) terminates immediately to the west of Ash Meadows. The YM subregional system
considered by Czarnecki (1989) extended the western boundary of the region delineated by Czarnecki and
Waddell (1984) to include the northern Amargosa Desert but excluded eastern Jackass Flat and Rock
Valley. Additional hydraulic head data obtained from mining company boreholes in the Greenwater range
indicated a groundwater divide between the southern Amargosa Desert and Death Valley. On the basis of
this groundwater divide, Czarnecki (1989) hypothesized that the primary discharge area for the Alkali FlatFurnace Creek Ranch sub-basin is Franklin Lake Playa (Alkali Flat) and, therefore, elected to exclude the
Furnace Creek Ranch discharge area from his conceptual model. Burbey and Prudic (1991) inferred the
presence of a groundwater divide that parallels eastern Pahute Mesa and extends north through Kawich
Valley. Although this Pahute Mesa flow boundary extends only as far south as Timber Mountain, it
appears that YM lies to the west when this boundary is extended southward. Burbey and Prudic's (1991)
groundwater divide appears to closely follow the boundary between Waddell's Alkali Flat-Furnace Creek
Ranch and Ash Meadows sub-basins.
For those conceptual and mathematical models which either subdivide the Death Valley system
into sub-basins or explicitly consider the saturated zone setting of YM, it is apparent that YM is always
included in the sub-basin that discharges at Franklin Lake Playa in southern Amargosa Desert rather than
in the sub-basin discharging at Ash Meadows. However, the northern extent of these conceptual models
varies greatly and extends from as close as Timber Mountain (Czarnecki and Waddell, 1984) to as far
away as Big Smoky Valley (Burbey and Prudic, 1991), which is bounded on the east and west by the
Toquima and Toiyabe ranges, respectively. Those conceptual models that include the more northern
mountain ranges in the YM saturated zone setting imply increased sub-basin recharge due to the general
increase in altitude and precipitation from south to north. Burbey and Prudic's (1991) model suggested
that as much as 58 percent of the total recharge to the Death Valley regional flow system occurred in the
Toiyabe, Toquima, southern Monitor, and Hot Creek Ranges. While it is not clear that waters recharged
to the Alkali Flat-Furnace Creek Ranch sub-basin from Big Smoky Valley flow beneath YM, the
northward extension of the flow system suggests that fluxes beneath YM may be greater than previously
estimated. Clearly, higher fluxes through the YM saturated zone could both increase the dilution potential,
and decrease groundwater travel times.

8.2.2

Potential For Mixing Beneath Yucca Mountain

This section addresses the implications of the reviewed conceptual models on the dilution
potential in the saturated zone at YM under both present day climatic conditions and the wetter-cooler
conditions that would exist under a full-glacial, pluvial climate. Most of these models suggest that YM
lies wholly within the Alkali Flat-Furnace Creek Ranch sub-basin; YM would, therefore, presumably be
unaffected by changes to the hydrogeologic regime of the adjoining Ash Meadows sub-basin. Accordingly,
recharge occurring to the northeast in Pahranagat, Tikaboo, Sand Spring, Railroad, Groom Lake, and
Papoose Lake Valleys may be assumed to have little or no effect on fluxes beneath YM. However, this
assertion assumes that the boundary separating the Ash Meadows and Alkali Flat-Furnace Creek Ranch
sub-basin, which was delineated primarily using hydraulic data and hydrogeochemical facies data taken
from boreholes that tap the upper tuffaceous and alluvial aquifers, also reflects the hydraulic regime in
the lower carbonate system. At YM there is both hydraulic and thermal evidence of vertical flow between
the tuffaceous aquifer and the lower carbonate aquifer (Czarnecki, 1989; Fridrich et al., 1994), so
additional data are clearly required to unequivocally establish that YM lies within the Alkali Flat-Furnace
Creek Ranch sub-basin as presently defined.
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Assuming that YM does indeed lie within the Alkali Flat-Furnace Creek Ranch sub-basin, it is
clear that the groundwater basin scale models of Czarnecki and Waddell (1984) and Czarnecki (1985;
1989) cannot be used to assess the consequences of increased recharge north of Timber Mountain except
by imposing a larger specified flux along their northern boundaries. The regional groundwater flow system
scale models by Rush (1970), Winograd and Thordarson (1975), Waddell (1982), Rice (1984), and Sadler
et al. (1992) all appear to include Kawich Valley, Gold Flat, and southern Cactus Flat in the Alkali FlatFurnace Creek Ranch sub-basin, thus allowing increased recharge to be incorporated by specifying areal
recharge zones for the Belted, Reveille, Kawich, and Cactus Ranges, as well as for Pahute Mesa.
Deuterium data described by Feeney et al. (1987) confirm there is southward flow of water from at least
Kawich Valley to Pahute Mesa. The deuterium calibrated DSC model of Sadler et al. (1992) indicates
there is little inflow to Kawich Valley from Railroad Valley, which receives runoff from the Quinn
Canyon, Grant, and Pancake Ranges, suggesting that Kawich Valley may be the most northern
hydrographic basin influent to the Alkali Flat-Furnace Creek Ranch sub-basin. Burbey and Prudic (1991)
extended the Alkali Flat-Furnace Creek Ranch sub-basin northward to include Alkali Spring Valley,
Ralston Valley, Stone Cabin Valley, Tonopah Flat, and Big Smoky Valley. According to Burbey and
Prudic (1991), southward flow of water from the northern mountain ranges bordering these valleys can
be inferred from the relatively light deuterium values (8D = -110) found in Reveille Valley. This
northward extension of the Alkali Flat-Furnace Creek Ranch sub-basin may imply greater groundwater
flow rates beneath YM during pluvial climatic regimes due to increased recharge from the northern
mountain ranges. Indeed, according to Mifflin (1988), early work by Meinzer (1916) indicated the former
presence of a pluvial lake in Big Smoky Valley. While evidence of the former presence of a pluvial lake
indicates that significantly higher recharge rates may occur in northern Alkali Flat-Furnace Creek Ranch
sub-basin under a full-glacial climate, the evidence also suggests that Big Smoky Valley is
hydrogeologically closed and thus not a part of the Death Valley groundwater flow system.
It is apparent that each model of the Alkali Flat-Furnace Creek Ranch sub-basin will need to be
quantitatively evaluated in order to determine the flux and the corresponding dilution potential in the
saturated zone beneath YM. The conceptual model of Burbey and Prudic (1991) appears to have
significant implications for the dilution potential at YM. Additional effort must be devoted to
understanding the hydraulic connection between the thick volcanic sequences within this sub-basin and
the Paleozoic carbonate aquifer to determine if the Alkali Flat-Furnace Creek Ranch sub-basin and the Ash
Meadows sub-basin are indeed distinct flow systems in the vicinity of YM. If the Ash Meadows sub-basin
contributes flow to the YM site groundwater system through the lower carbonate aquifer, increased
recharge from the Pahranagat, Groom, and Sheep Ranges, and perhaps the Spring Mountains under a fullglacial climate will also have to be considered. Czarnecki's (1989) conceptual model, from which he infers
that groundwater flowing beneath YM does not discharge in the Furnace Creek Ranch area, also suggests
that groundwater fluxes beneath YM may be less than previously estimated. If Franklin Lake Playa is
indeed the sole discharge area for the YM groundwater flow system, dilution at YM due to inflow from
the north may be substantially reduced.
The computational models reviewed herein are all 2D areal models and thus do not explicitly
consider the vertical movement of water. Accordingly, these models cannot be used to estimate the mixing
of waters among the various transmissive tuff units nor between these tuff units and the underlying
Paleozoic carbonate aquifer at YM. Fridrich et al. (1994) presented an in-depth review of the
hydrogeologic regime at YM and developed two models to explain the steep hydraulic gradient north of
the proposed repository. Fridrich et al. (1994) noted that within the volcanic units the degree of
hydrothermal alteration and the lithostatic loading increase with depth. Moreover, alteration increases
strongly to the north, and the ratio of the horizontal to vertical in situ stresses decreases to the south, from
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which Fridrich et al. (1994) infer a southward decrease in shear stress. It should be noted that their
conclusion is only true if the horizontal stress exceeds the vertical stress. Fridrich et al. (1994) infer from
the spatial trends in the degree of alteration and the stress regime suggest that the bulk permeability in the
tuff units decreases with depth, and increases from the north to the south, consistent with the presence of
the steep gradient. The major volcanic hydrostratigraphic units at YM are dissected by a series of northtrending, normal faults across which low- and high-permeability units are juxtaposed. One would expect
that the abrupt lateral changes in permeability caused by faulting would effect a spatially complex
hydraulic head field; however, the hydraulic gradient within most of YM is uniformly small, which
suggests that the hydraulic regime is controlled by an underlying, highly permeable unit.
Since the hydrogeology and structure of the upper tuff units do not appear to be the cause of the
steep gradient, Fridrich et al. (1994) examined the influence of deeper units and structures, such as those
formed by the buried contact between the low-permeability Eleana Formation and the Paleozoic carbonate
aquifer. There are additional lines of evidence that indicate a hydraulic connection between the shallow
tuff units and the Paleozoic carbonate aquifer. A heat flow low measured in the unsaturated zone above
the steep gradient area may be caused by local downwelling of water from the tuffs to the Paleozoic
carbonate aquifer. High water temperatures measured to the south of the steep gradient may be caused by
water upwelling from the Paleozoic carbonate aquifer. Carbon isotope data and vertically upward hydraulic
gradients measured in borehole UE-25 P#1 appear to support the theory that water flows upward from the
Paleozoic carbonate aquifer into the tuff units in the low-gradient area.

8.2.3

Mixing And Dilution Within the Central Amargosa Desert

Winograd and Thordarson (1975) identified two distinct groundwater sub-basins influent to the
Amargosa Desert. The Ash Meadows sub-basin is the larger of these two groundwater basins and extends
from the Timpahute and Pahranagat Ranges to the north and northwest, to the Sheep Range in the east,
to the Belted Range, Shoshone Mountain, and near Fortymile Wash in Jackass Flat to the west, and the
Spring Range and Amargosa Desert near Ash Meadows and Franklin Lake Playa to the south. This
groundwater sub-basin discharges along the Ash Meadows spring line, which lies approximately 20 km
east-southeast of the primary groundwater pumping area in the Amargosa Desert. The Oasis
Valley-Fortymile Canyon sub-basin lies immediately to the west of the Ash Meadows basin and includes
Kawich Valley, the western portion of Pahute Mesa, Oasis Valley, western Jackass Flat, Buckboard Mesa,
and Crater Flat. Approximately 30 percent of the total Oasis Valley-Fortymile Canyon sub-basin flow is
discharged through springs in Oasis Valley, while the remaining flow moves south into the Amargosa
Desert through Crater Flat and western Jackass Flat.
According to Winograd and Thordarson (1975), waters discharging from the lower carbonate
aquifer along the Ash Meadows spring line are a calcium magnesium sodium bicarbonate facies, reflecting
the geochemistry of the Paleozoic carbonate aquifer. Winograd and Thordarson (1975) note that the
chemistry of water sampled from wells tapping the valley-fill aquifer in the east-central Amargosa Desert
have a lower ionic strength than do the waters from other valley-fill aquifers in the NTS area, and belong
to the same hydrochemical facies as water discharging at Ash Meadows, suggesting that water flows
upward from the lower carbonate aquifer and is then diluted by locally recharged water. The chemical
quality of water in the central Amargosa Desert varies considerably from place to place leading Winograd
and Thordarson (1975) to infer that the water is derived from at least three sources. Water with the
calcium magnesium sodium bicarbonate facies is probably derived from flow across the hydraulic barrier
that causes the Ash Meadows spring line. Water of the sodium potassium bicarbonate facies found
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southwest of Lathrop Wells (Amargosa Valley) is probably derived from Jackass Flat, and water in the
west-central and northwestern portion of the Amargosa Desert is believed to come from Oasis Valley.
These findings by Winograd and Thordarson (1975) suggest that water influent from Oasis
Valley may serve to dilute radionuclide concentrations within the primary pumping area in west-central
Amargosa Desert. However, these findings also suggest that water from the Paleozoic carbonate aquifer
does not upwell into the alluvial aquifer in central Amargosa Desert and thus would not serve to dilute
radionuclide concentrations. Czarnecki (1989) notes that water level and temperature data from deep
drillholes in the Amargosa Desert indicate that there is an upward component of flow from the carbonate
rocks into the overlying units. However, it is unclear whether the area in which the upward flow is
inferred lies within the west-central portion of the Amargosa Desert or further to the east near Ash
Meadows. Additional information on mixing of waters from different sources in the Amargosa Desert may
be gleaned from the geochemical evidence described in Section 8.2.4.

8.2.4

Hydrochemical Evidence of Mixing From Yucca Mountain to the
Amargosa Desert

As mentioned earlier, the NAS recommended a standard that includes estimates of dose-to-man
from drinking water. The major source of available water in the vicinity of the YM is groundwater in
isolated basins such as Pahrump Valley, the Amargosa Desert (to the south and east of the region), and
Railroad and Pahranagat Valleys to the north (Basse, 1990). Of these groundwater basins, the Amargosa
Desert is the closest groundwater source downgradient from the proposed repository and is most likely
to be affected by radionuclide migration from the site. For this reason, determining the potential for
mixing and dilution in the saturated zone in the Amargosa Desert is an important step in evaluating
repository performance. Because most of the groundwater withdrawn in the Amargosa Desert is from
alluvial aquifers, an important aspect of studying mixing is to evaluate communication between
groundwater in the alluvium and the underlying tuff and carbonate aquifers beneath YM and the
surrounding recharge areas. A general overview of the Amargosa Desert Region in shown in Figure 8-2.
Available saturated water chemistry data are typically difficult to interpret for evidence of mixing
due to the lack of samples from discrete intervals and the reliance on integrated samples taken from the
entire saturated thickness in the well column. Nevertheless, several studies have used a number of
geochemical tracers and environmental isotopes to interpret the hydrogeology of the YM region, including
Oasis Valley, Ash Meadows, Fortymile Canyon, and the Amargosa Desert (Claassen, 1985; White and
Chuma, 1987; Stuckless et al., 1991). Based on these tracers, several issues relevant to the potential for
mixing/dilution were identified.
8.2.4.1

Hydrogeochemistry

Based on major element analyses of well and spring waters, Schoff and Moore (1964) identified
three types of waters:
(i)

Na+K waters that the authors related to tuff aquifers or samples collected from
tuffaceous alluvium. For these waters, the authors used an operational definition
where Na+K makes up 60 percent or more of total cations. In all cases, Na is
the dominant cation, with only small amounts of K.
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(ii)

Ca+Mg waters related to carbonate aquifers and carbonate-bearing alluvium. As
with Na+K waters, the authors developed an operational classification such that
Ca+Mg makes up more than 60 percent of the total cations. Unlike the Na+K
waters, either Ca or Mg can be the dominant cation and are typically present in
subequal amounts.

(iii)

Mixed types where neither cation pair constitutes more than 60 percent of total
cations, but both pairs amount to more than 40 percent. These waters were
found predominantly in carbonate rocks, with some occurrence in alluvium.
Schoff and Moore (1964) observed that either cation pair might predominate.

Claassen (1985) contoured major element hydrochemistry south of YM and identified a southeast
trending trough of low concentration centered beneath the main drainage emerging from Fortymile Canyon
into the central Amargosa Desert. Higher concentrations are associated with readily dissolved playa
deposits and lower total dissolved solids (TDS) associated with coarser, more permeable deposits. Relative
to the more dilute groundwaters in the trough, higher ionic concentrations (e.g., Na+, Ca 2+) are measured
for groundwater samples collected from the upstream reaches of the Amargosa River channel. The high
Na+ of Amargosa River samples from the upstream reaches suggest interaction with tuffaceous alluvium,
while the elevated Ca2+ may be due either to mixing of alluvial waters with upwelling water from the
underlying carbonate aquifers or to interaction with carbonate alluvium at the base of the Funeral
Mountains. Further downstream, below the confluence of the Fortymile Canyon and Amargosa River
drainages, ionic concentrations decrease relative to the upstream reaches, suggesting a mixing (and
dilution) of the two waters.
Across the concentration gradient at the west side of the trough in west-central Amargosa Desert,
Claassen (1985) noted east-west trends of decreasing Ca/Na ratio in groundwaters from the tuffaceous
alluvium. Because the potentiometric contours indicate a southerly flow, Claassen (1985) considered it
unlikely that significant east-west mixing of fluids occurred; this is supported by the lack of significant
changes in Cl- concentrations across the gradient. Groundwater diffusion with calcite precipitation to
reduce Ca2+ was also considered to be inadequate by Claassen (1985) due to lack of a corresponding
decrease in calcite saturation. Claassen (1985) suggested the observed trend was more likely to be due to
continued evolution of the valley-fill water by interaction with tuffaceous alluvium and increased
precipitation of clinoptilolite but offered no mineralogical evidence to support this hypothesis.
Across the gradient on the east side of the trough, Schoff and Moore (1964) used increasing
Ca/Na ratios in east-central Amargosa Desert towards the Spring Mountains to indicate mixing between
Na+ + K+ + HCO- tuffaceous waters from the north and Ca + Mg 2+ + HCO- groundwaters recharged
in the carbonates in the Spring Mountains. Based on major ion hydrochemistry and a change in the
potentiometric contours, Claassen (1985) proposed mixing across a region 5 to 10 km northeast of the Ash
Meadows discharge zone. This region, west of Rock Valley Wash, occurs near the intersection of the
Specter Range Thrust Fault and the Gravity Fault and may represent a break in the hydrologic barrier
separating the Ash Meadows spring line from the Amargosa Desert. Hydrochemical and temperature data
(i.e., higher temperatures in the deeper carbonate waters) support upwelling and mixing of carbonate
waters with groundwaters in valley fill. Using major element chemistry and presumably conserved ions
such as Cl-, Claassen (1985) was able to show that progressive mixing of dilute waters from the center
of the trough with mixed valley-fill and carbonate waters leaking across the Gravity Fault/Specter Thrust
intersection could produce the observed hydrochemistry. Waters closer to the intersection are composed
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of a larger component of carbonate water, while there is a general increase in tuff water component from
north to south.
8.2.4.2

Stable Isotope Studies (8D and 8180)

With respect to deuterium and 180, the most depleted samples in the area come from wells in
tuffaceous aquifers in Pahute Mesa (8D = -109 to -1 14%o and 8180 = -14.05 to -14.75%c) (White and
Chuma, 1987). These depleted values, due to the high elevation on Pahute Mesa, are similar to values
sampled from springs and wells in the headwaters of Oasis Valley. Down gradient enrichment in both
deuterium and 0 in the Oasis Valley basin was attributed to partial evaporation and progressive mixing
between waters originating in Pahute Mesa and heavier waters recharging locally at lower elevations in
the Bullfrog Hills (8D = -102%c and P8O = -13.30 to -13.42%o). In general, the isotopic signatures for
waters from Tertiary volcanic and Quaternary alluvium aquifers overlap. All of the waters fall on a line
that parallels the global meteoric water line (GMWL) of Craig (1961) but is shifted to slightly more
depleted (-5%o) deuterium values. Assuming that erosion was negligible to minimize the potential effects
of changing elevation, several authors inferred that this shift is due to a cooler climate during the period
of recharge (White and Chuma, 1987; Stuckless et al., 1991).
The waters collected from volcanic aquifers beneath YM are isotopically heavier (3D = -100
to -108%o and 8180 = -13.4 to -14.2%o) than waters collected at Pahute Mesa. YM waters define a
3D _818O line parallel to the GMWL, but it does not coincide with the trend observed by White and
Chuma (1987) for Pahute Mesa and Oasis Valley. Stuckless et al. (1991) used these trends in the isotopic
data as evidence that there is little communication between recharge at Pahute Mesa and the waters
beneath YM. At least, in part, this lack of communication may be an explanation for the discrepancy
between calculated (8D = -I lKo) and measured (1D = -1l 4 %c) values for Pahute Mesa in the deuterium
calibrated mixing model of Feeney et al. (1987).
Additional evidence related to mixing is in the isotopic character of water samples from
Fortymile Canyon. These samples are enriched in both deuterium and 180 relative to all other water
samples from the YM region (8D = -92.0 to -97.5%, and 8180 = -12.4 to -13.0%o). From this evidence,
it seems that there is little communication between the Tertiary aquifers beneath Fortymile Canyon and
those to the west under YM (White and Chuma, 1987; Stuckless et al., 1991). Groundwater from the upper
reaches of Fortymile Canyon is closer to the modem GMWL, suggesting local, relatively recent recharge,
predominantly from summer precipitation at lower elevations. Claassen (1985) used this information to
support inferred overland flow and recharge in Fortymile Canyon into drainages in the Amargosa Desert.
In this model, the chemical composition of the groundwater is principally determined by interaction with
alluvial fill, with little input from tuff aquifers up gradient. This would tend to argue against significant
mixing and dilution between tuff groundwaters beneath YM and those in the alluvial aquifers in Fortymile
Canyon. An alternative proposal (White and Chuma, 1987) suggests that groundwater in the Amargosa
Desert originates from tuffs in Fortymile Canyon with little interaction with alluvium. There is a gradual
depletion in both deuterium and 180 from wells UE-29a#1 and UE-29a#2 in the headwaters of Fortymile
Canyon to wells J-12 and J-13 15 km to the south. This trend is the opposite from the enrichment that one
might expect either due to progressive water-rock interaction or to evaporation. The isotopic signatures
of wells J-12 and J-13 might instead be due to mixing between waters flowing from beneath YM down
gradient to the southeast (Fridrich et al., 1994).
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8.2.4.3

Carbon Isotopes (81 3 C and

14 C)

Carbon isotope interpretation is complicated by the ready reaction of carbon between different
phases in a groundwater/rock/gas system. However, some inferences can be drawn from the available data.
In Oasis Valley, White and Chuma (1987) observed a general down gradient decrease in 813 C. In the
headwater region, relatively enriched 1 3C values (- -2 to -4%c) suggest a source derived from mixing
4
3
between water interaction with detritus from Paleozoic carbonate outcrops (51 C = +1. %c) to the west

and atmospheric CO2 (8 13 C - -7%c). Coupled with an order of magnitude increase in the equilibrium
P(CO2), decreasing 5 3 C suggests a progressive down gradient reaction of the shallow groundwater system
with atmospheric CO2 . Values in the lower reaches are even more depleted (- -6 to -8 %c), suggesting
an increasing input from phreatophytes.
In contrast to Oasis Valley, measured groundwater 813 C in Fortymile Canyon tends to increase
from north (81 3 C = -13.1%c in UE-29a#2) to values of about -7 to -8%0 in the southern reaches of
Fortymile Canyon and northern Amargosa Desert (White and Chuma, 1987). Samples in the central
Amargosa Desert about 10 to 15 km south of the town of Amargosa Valley are enriched still further
(Claassen, 1985) to 513 C = -3.4 to -4 . 4 %c. Heavier 513 C = -5.7 to -6.2%o are also reported (Claassen,
1985) in the south central Amargosa Desert near the Nevada-California state line at the base of the Funeral
Mountains, and just south of U.S. Highway 95 about 5 km south of Bare Mountain. Claassen (1985) used
these carbon isotope trends to support overland recharge through Fortymile Canyon into drainages in
northern and eastern Amargosa Desert. More negative values to the north are possibly due to plant
respiration (813 C - -24 to 25%c) exerting a larger control on carbon isotope systematics at higher
elevations and shallower depths to water in wells UE-29a#1 and UE-29a#2. With progressive flow to the
south, 813 C increases through increasing interaction with atmospheric CO 2 and fracture calcite. In the
southern areas, the highest o 3C values may be due either to progressive upward mixing with groundwaters
from the carbonate aquifers (Claassen, 1985; Stuckless et al., 1991; Fridrich et al., 1994) or perhaps to
increased interaction with carbonate alluvium originating in the Paleozoic carbonate uplands in the Spring,
Funeral, and Bare Mountains (White and Chuma, 1987).
Age-dating using 1 4C also supports the general flow from north to south in Fortymile Canyon,
with the youngest (uncorrected 14C) measured in UE-29a#1 and UE-29a#2, and increasing in age to the
south in wells J-12 and J-13. As is the case with deuterium and 180 data, waters from Fortymile Canyon
are distinctly "younger" (higher 14C) than those in the tuff aquifers beneath YM, supporting the hypothesis
of limited mixing between these two groundwaters. It is still possible that mixing of recharge waters in
Fortymile Canyon with older groundwaters from beneath YM produces the observed ages in J- 13 and J- 12,
although the complexities of carbon systematics complicate the interpretation.
8.2.4.4

Heavy Radiogenic Isotopes

Peterman and Stuckless (1993) reported the results of strontium analyses for groundwaters in the
vicinity of YM. In general, there is an increase in 58 7 Sr from the Spring Mountains (88 7 Sr = -0.5%o)
towards the west and the springs at Ash Meadows (5 8 7 Sr = 6 to 13.1 %c), suggesting increased interaction
with Cambrian and Precambrian clastics. There is also a general down gradient increase in 88 7 Sr from
Pahute Mesa to Franklin Lake Playa. Peterman and Stuckless (1993) suggested that this trend represents
progressive water rock interaction within the volcanic units south to Amargosa Valley, where interaction
with alluvial fill and increased mixing from groundwaters below the valley fill result in a general increase
in 887 Sr. The highest values to the south may be from upwelling or possibly interaction with alluvial fill
made of Precambrian debris from the Funeral Mountains. Peterman and Stuckless (1993) also observed
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about 3%o "noise" in the 58 7 Sr data obtained from wells in volcanic tuffs north of the Amargosa Desert.
This probably reflects the 10%v range in 88 7 Sr for the different volcanic units and the complex structure
that results in different lithologic units at the water table and complex flow (Fridrich et al., 1994). The
fact that these heterogeneities are to some extent preserved in the noise suggests that mixing of fluids may
be limited beneath YM.
Hydrochemistry serves to reinforce the heterogeneity of the regional groundwater system in the
vicinity of YM. A lack of samples from discrete intervals limits drawing region scale conclusions with
regard to particular aquifers, but general trends can be observed and interpreted. Although some large-scale
homogenization of water chemistry through mixing among flows beneath Fortymile Canyon, the Amargosa
Desert, and the Spring Mountains can be supported by the available hydrochemical data, small scale
heterogeneities can be significant. Wide ranges in hydrochemistry suggest different flow paths and
different degrees of interaction with aquifer minerals. This is not surprising given the complex structure
of the area and the fact that the water table cuts across different tuff and alluvial units throughout the
region (Fridrich et al., 1994). Stable isotopic chemistry also suggests a heterogeneity in recharge, possibly
due to differences in paleoclimate, vegetation, and water/mineral/gas interactions. The fact that these
heterogeneities are preserved in the groundwater suggests that channeling of fluid flow (e.g., Winograd
and Pearson, 1976; Murphy, 1995) is common in the subsurface.

8.3

ASSESSMENT OF PROGRESS TOWARD MEETING
PROJECT OBJECTIVES

During the past 6 mo, significant progress was made in conducting an in-depth review of existing
conceptual and mathematical models of the Death Valley regional groundwater flow system. None of the
12 conceptual flow models reviewed in Sections 8.2.2. and 8.2.3, nor any of the hydrochemical studies
reviewed in Section 8.2.4, may be used to quantitatively assess the amount of radionuclide dilution that
may occur in the saturated zone directly below YM or to the south in the Amargosa Desert. However,
general patterns of mixing or potential mixing, both within the immediate YM area and within the central
Amargosa Desert, can be inferred. The northern extent of the Alkali Flat-Furnace Creek Ranch sub-basin,
in which YM is located, is not well established, so predicted flow rates and inferred mixing and dilution
beneath YM may be expected to vary among these models. Evidence of vertical flow between the
tuffaceous aquifer and the underlying Paleozoic carbonate aquifer at YM suggests that three-dimensional
(3D) flow models may be required to properly simulate fate and transport of dissolved radionulides. It
appears that the hydrochemistry of groundwaters in the Amargosa Desert is highly heterogeneous,
suggesting that large-scale mixing within the Amargosa Desert may be minimal. Waters entering the westcentral Amargosa Desert from the Oasis Valley sub-basin, and waters entering the east-central Amargosa
Desert from Rock Valley and eastern Jackass Flat are markedly higher in TDS than waters from the
central Amargosa Desert in the vicinity of Fortymile Wash.

8.4

PLANS FOR NEXT REPORTING PERIOD

Because of budget cuts, much of the work conducted under this research project may end.
However, it is apparent that regional hydrogeology will remain an important issue, particularly with the
emphasis being placed on understanding the technical difficulties associated with implementing the NAS
proposed YM standard. Future work in this area and specific products will be coordinated with the Key
Technical Issue plan for Unsaturated and Saturated Flow Under Isothermal Conditions. For example,
technical needs (TNs) 6 and 8 both address the issue of transport and dilution in fractured rock and
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alluvial aquifers and TN 9 focuses on refinement of the GIS database for the hydrogeology of YM. In
addition, recent flow and transport modeling conducted as part of the Iterative Performance Assessment
project suggest that an improved understanding of the 3D hydrogeology from YM to the central Amargosa
Desert is required to realistically model saturated zone transport processes. Accordingly, some effort during
FY96 will be devoted to extending the current Center for Nuclear Waste Regulatory Analyses
hydrogeologic framework model using information obtained from the 3D hydrostratigraphic model
constructed by IT corporation (Roberson et al., 1995; Gillson et al., 1995) for the NTS environmental
restoration project.
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9 SUBREGIONAL HYDROGEOLOGIC FLOW
AND TRANSPORT PROCESSES
by Stuart A. Stothoff and Amvrossios C. Bagtzoglou
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9.1

TECHNICAL OBJECTIVES
Yucca Mountain (YM) was originally selected as a candidate high-level waste (HLW) repository

site because it is situated in a remote location, the general area has a low population density, and it is
characterized by an unsaturated zone which at places is 700 m thick [U.S. Department of Energy (DOE),
1986]. The favorable geochemical and hydrologic environment provided by this last condition led
scientists to hypothesize that high fluxes of water would not readily reach the repository, thus rendering

unlikely the occurrence of corrosion and spent fuel dissolution. The complex hydrologic regimes associated
with highly heterogeneous rocks, nonisothermal flow, and conductive structural features, such as fracture
and fault zones have defined the need for further research to test the hypothesis.
Research requirements dealing with such site characteristics as groundwater travel time (GWTT),
favorable conditions (FACs), and potentially adverse conditions (PACs) relate to support of the Nuclear
Regulatory Commission (NRC) staff's License Application Review Plan (LARP) (Nuclear Regulatory
Commission, 1994). Other processes and phenomena of importance include, but are not limited to, the
potential for flooding of the repository as a consequence of water table rise from meteorological or
climatic changes, volcanism, or faulting. To review DOE's License Application (LA), it will be necessary
to evaluate the inherent variability and distribution of hydrogeologic and transport properties, initial and
boundary conditions, hydro-geostratigraphic unit interfaces, and modeling strategies.
Several key technical uncertainties (KTUs) pertaining to subregional hydrogeologic flow and
transport processes have been identified in the LARP: (i) development of a conceptual groundwater flow

model representative of the YM site groundwater flow system, (ii) development of a mathematical
groundwater flow model that is representative of the YM site groundwater flow system, (iii) determination
of the fastest path of likely radionuclide travel from the disturbed zone to the accessible environment,
(iv) identification of uncertainties associated with determining characterization parameters,
(v) determination of uncertainties related to modeling the formation of perched water zones, (vi)
preparation of conceptual model representations of the natural and engineered systems, (vii) variability
(temporal, spatial, etc.) in model parametric values, (viii) appropriateness of assumptions and
simplifications in mathematical models, and (ix) validation of mathematical models. In the case of the YM
site, these issues are complicated by the highly heterogeneous and nonlinear nature of the subsurface flow
processes. It is useful to describe briefly some aspects of the hydrogeologic conditions prevailing at the
site before formulating the specific objectives of this research.
First, the proposed repository is intended to be situated deep in unsaturated tuffs, about 300 m
below land surface and 250 m above the water table (U.S. Department of Energy, 1988). Second, in
addition to the presence of markedly distinct geologic units and faults, the geologic units are variably
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fractured. For example, the Topopah Spring welded unit, in which the proposed repository is to be located,
is a low-porosity welded tuff believed to be densely fractured, while the underlying Calico Hills, a
nonwelded-vitric or zeolitized unit, is a higher porosity, nonwelded tuff with seemingly much lower
fracture density (U.S. Department of Energy, 1988). Finally, the net annual infiltration from rainfall and
surface water over YM may vary from -1.0 to 5.0 mm/yr, from a mean annual rainfall of about
150 mm/yr. These mean values do not take into account the more extreme rainfall rates that may occur
due to inter-annual fluctuations, inter-seasonal fluctuations, and individual storms. In addition, these values
reflect only contemporary rainfall and infiltration conditions. Typically, groundwater flow assessments are
made using simplistic, average infiltration rate models. This methodology may not be satisfactory for
compliance demonstrations. The NRC needs to be cognizant of alternative infiltration models that could
be applicable to the YM site. Under ambient conditions, it is likely that radionuclides released from the
repository zone will be transported predominantly in the unsaturated flow regime. However, locally
saturated flow conditions may also occur in the vadose zone, possibly due to short and intense rainfalls,
caused by extremes in climatic fluctuations on larger time scales, or caused by repository-induced elevated
temperatures.
The research conducted under the Subregional Hydrogeologic Flow and Transport Processes
Research Project, hereafter called the Subregional Hydrogeology Research Project, is in direct response
to NRC staff-identified research needs. The anticipated products of this research project will have a direct
application to review DOE's LA in the areas of: (i) evaluating overall system performance, (ii) assessing
performance of the geologic setting (GS), and (iii) determining compliance with various siting criteria (i.e.,
PACs and FACs). This research project will also contribute significantly to the execution of the Vertical
Slice Implementation Plans, and in particular to resolution of the technical issues on "Unsaturated and
Saturated Flow Under Isothermal Conditions" and "Thermal Effects and Redistribution of Moisture."
The activities of this Research Project address groundwater flow and transport assessment for
selected technical issues associated with the following: (i) infiltration and recharge (both focused and
distributed) processes, (ii) conditions and properties that contribute to perched water zone development,
(iii) thermally driven vapor-phase transport processes including coupled effects, and (iv) temporal and
spatial distributions of initial and boundary conditions for site and repository-scale modeling. The
Subregional Hydrogeology Research Project has been divided into seven tasks: Task 1-Peer Review;
Task 2-Contribution to the Center for Nuclear Waste Regulatory Analyses (CNWRA) Semi-Annual
Research Reports; Task 3-Development of Three-Dimensional (3D) Site-Scale Model;
Task 4-Evaluation of Approaches for Estimating Infiltration and Recharge; Task 5-Characterization of
the Potential for Present or Future Perched Water Development; Task 6-Site-Scale Flow and Transport
Modeling; and Task 7-Coordination of Apache Leap Tuff Site (ALTS) Studies.

9.2

SIGNIFICANT TECHNICAL ACCOMPLISHMENTS

During the last 6 mo, the Subregional Hydrogeology Research Project has focused on:
(i) updating the CNWRA databases and associated models, with geological and hydrogeological
information; (ii) applying the Geographic Information System (GIS) infiltration evaluation methodology,
presented in the previous semi-annual report, to the YM site; (iii) compiling, evaluating, and combining
available isotopic and geochemical data with the existing 3D Geological Framework Model (GFM) for
the YM site, with particular emphasis on data from perched water bodies found at YM; and
(iv) investigating the conditions that lead to sustained perched water bodies at the YM site. Progress made
to date on the estimation of spatial distribution of infiltration at YM is reported here.
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9.2.1

Spatial Distribution of Annual Average Infiltration at Yucca Mountain

Determining compliance with the performance objectives for both the repository system and the
geologic setting (GS) requires prediction of groundwater flow. Since infiltration is one of the possible
sources of water in the subsurface, the amounts and locations of infiltration are controlling factors in the
movement of groundwater throughout the GS. In fractured, unsaturated rock, such as that found at the YM
site, occurrence of infrequent, high-intensity rainfall events may modify, perhaps drastically, the subsurface
flow regime from the one predicted by assuming that all rainfall events have averaged intensities. Indeed,
the DOE has concluded that the spatial and temporal distribution of infiltration may be the most important
factors influencing groundwater flow path development (U.S. Department of Energy, 1992). Deep
percolation fluxes are affected by processes active in the near-surface zone, including evaporation,
transpiration, liquid water flow, and vapor flow. Each of these processes is governed by several factors.
For example, precipitation has been found to vary substantially over the YM region, both spatially and
temporally, and winter storms are, in general, more uniform and of longer duration than summer storms
(Hevesi et al., 1992a,b; 1994a). These observations indicate that, especially for summer storms, a spatially
uniform precipitation pattern is clearly not applicable, even at the subregional scale. Similarly, evaporation
from the ground surface is affected by air temperature, atmospheric vapor pressure, wind speed profile,
incident solar radiation, surface soil and rock texture, plant activity, surficial temperature, and surficial
moisture content. Many of these factors, such as surficial slope and orientation (which control incident
solar radiation), surficial composition, and plant distributions, are or can be mapped at the YM site.
9.2.1.1

Sensitivity Analyses

In order to identify processes that would be expected to have a strong impact on predicted values
of long-term net infiltration, sensitivity of BREATH model predictions to hydraulic properties, depth of
cover, and meteorological conditions is investigated using a hypothetical two-layer one-dimensional (ID)
vertical column of alluvium/colluvium overlying a fracture continuum. The procedure for evaluating
sensitivities follows the work presented by Stothoff et al. (1995) and Bagtzoglou et al. (1995), in which
a homogeneous semi-infinite column of alluvium was considered. The numerical simulator, BREATH
(Stothoff, 1995), is used to calculate flow in the ID column. At the bottom boundary of the column, a
zero-saturation-gradient (unit-head-gradient) boundary condition is applied to simulate gravity drainage.
At the top boundary of the column, the simulator is presented with 10 yr of meteorological input on an
hourly basis, based on hourly readings from the Desert Rock, NV, National Weather Service
meteorological station located approximately 30 miles to the east of YM. Whenever precipitation exceeds
infiltration, the excess is assumed to run off. Within a day of a precipitation event, the hourly
meteorological readings are used; otherwise, monthly average readings are used. The weather data
sequence is repeated until the effects of the initial conditions are eliminated; all reported results are for
the last decade simulated. Simulations with alluvial cover less than 0.5 m eliminate the effects of the initial
conditions within a decade whereas deeper alluvial covers require additional repetitions.
The hydraulic properties for the media considered here are presented in Table 9-1. Alluvial
properties are within the ranges reported by Guertal et al. (1994), Hudson et al. (1994), Hevesi and Flint
(1993), and Hevesi et al. (1994b). The base-case combination of alluvial parameters yields relatively high
rates of infiltration in a semi-infinite column (Stothoff et al., 1995). Below the alluvium, it is assumed that
the welded-tuff matrix is essentially impermeable on the time scales considered and thus does not interact
significantly with the fractures. Fracture properties considered here are based on the range of parameters
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Table 9-1. Hydraulic properties used to assess infiltration sensitivity
Bubbling

Case

Intrinsic
Permeability (cm2)

van Genuchten m
Scale Parameter

104|

0.1

Pressure
(Pa)

Alluvium

Low perturbation
Base case

10-,

High perturbation

10-6

0.2
0.3

|

x10 5

Porosity |

J

0.2

5

0.3

5x 105

0.5

2xN0

Fracture
Low perturbation

1.15xl104

0.6

9.8

104

2

0.7

98

lo-,

0.8

980

10o-2

Base case

1.15x 1-

High perturbation

1.15x10 0

reported in the TSPA-93 performance assessment (Wilson et al., 1994) and are representative of both the
Tiva Canyon and the Topopah Spring welded tuffs.
The impact of alluvial depth on predicted infiltration is examined in Figure 9-la, which displays
the long-term average net infiltration for various alluvial depths. The impact of alluvial depth on deep
moisture content is examined in Figure 9-lb, which displays the long-term average saturation in the
alluvium immediately above the fracture continuum for various alluvial depths. Each of the points on the
displayed curves results from a simulation using the corresponding depth of alluvium. In order for water
to enter the fracture continuum, the alluvium at the alluvium/fracture contact must be almost saturated.
Once flow is initiated, the fracture continuum drains almost exclusively due to gravity; there is negligible
upward transport of moisture due to capillary action or vapor transport. With deep alluvial covers, the
moisture at the interface varies little with time, and the long-term net infiltration is the same as would be
transmitted by a semi-infinite alluvium column. For shallow depths of alluvium, moisture reaches the
alluvium/fracture interface in pulses, with pulse magnitudes damping as alluvial depth increases. A
particularly rainy four-month period starting in December demonstrates this behavior clearly. The
saturation traces plotted in Figure 9-2a are for a point in the alluvium immediately above the interface,
which is drier and responds faster with decreasing cover. The cumulative infiltration over each day, in the
same simulations, are shown over the same time period in Figure 9-2b, with fewer events triggering
infiltration into fractures and less infiltration for each event as the alluvial cover increases. With very
shallow alluvial covers, more than half of the precipitation makes it into the fracture continuum, but this
percentage decreases to essentially zero by 25 cm of alluvial cover. With the alluvium/fracture interface
deep enough that the alluvial cover provides protection against evaporation, on the order of 10 m, a
near-saturated zone can exist indefinitely immediately above the interface and allow relatively steady
infiltration fluxes to occur.
Shallow-alluvium infiltration sensitivities for a hydraulic property are examined by perturbing
the specific hydraulic parameter in question and running a simulation. In Figure 9-3a, the ratio of annual
average infiltration (AAI) to annual average precipitation (AAP), where the AAP for the Desert Rock
dataset is 165 mm/yr, for five alluvial depths (2, 5, 10, 15, and 25 cm) is plotted as a function of the
long-term average saturation in the alluvium matrix immediately above the fracture continuum. The base
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case fracture continuum is used for all simulations and each of the alluvium properties is perturbed, one
at a time. Each simulation is denoted by a symbol, and the base case for each alluvium depth is denoted
by the intersection point of all simulation. A rapid decrease in AAI with alluvial depth is evident with all
parameter combinations. The largest scatter in the AAI/AAP ratio is due to porosity (increasing porosity
yields decreasing AAI), particularly as depth increases, while the largest scatter in saturation is due to the
van Genuchten m parameter (increasing m yields lower saturations). The alluvial-property sensitivities
follow the general trends presented in Stothoff et al. (1995) for semi-infinite media. A similar plot
(Figure 9-3b), showing simulations in which the alluvium properties are held at the base case but the
fracture properties are varied, suggests that the fracture properties have relatively little impact on net
infiltration as long as the fracture pore volume is above some threshold (the low-infiltration outlying curve
is obtained from the low-porosity perturbation). In order to examine the sensitivity of AAI to
meteorological conditions, a series of simulations is presented that uses the base case properties and
perturbs the AAP or the annual average air temperature (AAT). For a semi-infinite medium, these are the
meteorological values that Stothoff et al. (1995) found to have the largest impact on AAI at YM. As in
Stothoff et al. (1995), the sensitivity to precipitation is examined by multiplying all precipitation rates by
a constant factor (here, 0.9 and 1.1) and the sensitivity to temperature is examined by adding a constant
factor (±3 0C) to all temperatures. The resulting simulations are shown in Figure 9-3c, again plotting the
AAI/AAP ratio versus average saturation at the bottom of the alluvium. The corresponding semi-infinite
medium response is plotted for comparison. For a semi-infinite medium, the slope of the log(q) versus
saturation response to meteorologic conditions is the same, regardless of which meteorological input is
changed. For the two-layer system, there appears to be a different slope for precipitation and temperature,
which may be attributed to the different time scales of redistribution due to precipitation and evaporation.
A semi-infinite medium is able to store wetting pulses at depth for subsequent retrieval by evaporation;
the fracture continuum quickly removes deep pulses from access to evaporation, so that the deep saturation
is relatively less responsive to change in precipitation than is the AAI.
9.2.1.2

Modification of Spatial Distributions Due to Meteorology

Sensitivities to hydraulic properties and meteorologic forcings, presented in section 9.2.1.1, are
instructive in and of themselves. In this section, distributions of infiltration at the YM site are calculated
using estimated spatial distributions of infiltration-affecting parameters and applying the estimated
sensitivities. It is assumed that the impact on infiltration of modifying a parameter is independent of the
impact of modifying all other parameters. With this assumption, the base case infiltration rate can be
modified by changing each parameter independently to obtain the overall infiltration rate. Thus, estimating
infiltration is broken into the independent subtasks of estimating the spatial distribution of each parameter,
which are combined using the relevant sensitivity.
The most straightforwardly calculated impacts on infiltration distributions are the meteorological
impacts, which can be modeled as being dependent only on topography. Sensitivities of net infiltration
to air temperature, precipitation, vapor density, long-wave radiation, wind speed, and ground-surface solar
aspect (short-wave radiation) were presented in Stothoff et al. (1995) for two semi-infinite alluvium
columns. Assuming that long-wave radiation is essentially constant over YM and the sensitivity is
relatively small, and noting that wind speeds are large enough to yield relatively small sensitivities, these
two factors are neglected in the current analysis.
Simple models are used here to estimate spatial distributions of meteorological factors. AAP is
estimated by an exponential expression regressed by Hevesi et al. (1992a), based on cokriged elevation
and AAP for numerous stations in southwestern Nevada. The Desert Rock station and a central Nevada
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Figure 9-3. The ratio of annual average infiltration to annual average
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(c) meteorological perturbations, plotted as a function of long-term average
saturation at the bottom of the alluvium for various alluvial depths
meteorological station at an elevation of over 2,100 m (McKinley and Oliver, 1994) are used to estimate
AAT and annual average vapor density (AAV), assuming temperature decreases linearly and vapor density
decreases exponentially with elevation. The formulae used to estimate elevation-dependent distributions are:
AAP = exp(4.26 + 0.000197Z)

(9-1)

AAT = 25.83 - 0.00256Z

(9-2)

AAV = exp(-12.31 - 0.0001039Z)

(9-3)

where Z is elevation in feet. The elevation of the ground surface is obtained from a 6 km E-Wx9 km N-S
digital elevation map (DEM) of the subregional area, with a grid resolution of 30x30 m.
Modification of the base case infiltration by solar radiation is estimated by calculating the
north-south and east-west rotations of the ground surface, and interpolating within a table obtained from
simulations using solar loads appropriate to surface rotations 30 degrees to the east, west, north, and south.
All simulations treat runoff identically, regardless of the solar loading. Although average ground
temperatures may be several degrees Celsius warmer or colder than the base case due to solar aspect,
surprisingly the calculated net infiltrations are almost insensitive to solar aspect. For a semi-infinite column
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of base case alluvium, the ratio of infiltration for a rotated solar load to infiltration for the unrotated solar
load is 1, 0.845, 0.897, and 0.897 for rotations 30 degrees to the east, west, north, and south, respectively.
For comparison, the corresponding ratios are 1.032, 1.032. 1.279, and 0.857 for a semi-infinite alluvium
identical to the base case alluvium except that the permeability is three orders of magnitude higher and
infiltration is nearly two orders of magnitude smaller. Thus, solar loading appears to be more significant
for low-infiltration media. It would be reasonable to assume that shadowing effects. in which the sun is
blocked by ridges for part of the day, will not greatly affect infiltration under the conditions investigated.
Although direct solar-loading effects on infiltration are not large, indirect effects may be significant, as
vegetation and weathering rates are also dependent on solar loading.
Based on Figure 9-3c, it is assumed that infiltration varies log-linearly with meteorologic
perturbations. The ratio of AAI to base case AAI is calculated for each perturbation, forming a table for
each perturbation and each alluvium depth. Given the calculated value of the meteorologic parameter
within a pixel and the depth, the base case AAI is multiplied by an interpolated ratio. The effect of each
meteorologic influence is concatenated, and the resulting scaled AAI is forced to be positive and no more
than AAP.
The impact of the spatial distribution of the four considered meteorological factors is
demonstrated in Figure 9-4, which plots the ratio of AAI to the base case AAI assuming that the entire
region is uniformly covered with semi-infinite base case alluvium. The maximum infiltration is about five
and one-half times the minimum infiltration for this case; over the repository footprint the ratio is roughly
two. If the permeability were increased by three orders of magnitude, the spread in infiltration rates would
double, implying that low-infiltration media are more sensitive to meteorological factors.
9.2.1.3

Estimating Alluvial Depth Distributions

In light of the demonstrated sensitivity of infiltration to alluvial depth, estimates of the depth of
alluvium critically impact the estimates of infiltration. Information is available in the form of a mapped
alluvial outline (Scott and Bonk, 1984) and measured alluvial depths in boreholes. An exponential
regression of alluvial depth b was regressed to the depth of alluvium in 56 boreholes,

b = 47exp(-0.326)

(9-4)

where 0 is the slope of the surface in degrees. The correlation coefficient is 0.61 for the relationship. The
relationship yields plausible results within the Scott and Bonk (1984) alluvial outline, but since it is based
on measurements of deep alluvium it predicts unrealistically deep alluvial mounds along ridgetops.
An alternative approach was adopted to estimate thin alluvial and colluvial films outside the
Scott and Bonk (1984) mapped alluvium outline, using a simple equilibrium mass balance model to
balance the divergence of downhill flux due to gravity with a source term accounting for the production
of colluvium. The approach assumes that the time frame of interest is long compared to the processes
actively moving colluvium and alluvium downhill, so that an effective diffusion coefficient accounting for
all mass-wasting processes could be defined. The model is most applicable to creeping flow of shallow
colluvium, less than 1 m in depth, and as formulated is unreliable in predicting depths of deep alluvium.
As the model does not distinguish between transport mechanisms, alluvium and colluvium will be
generically termed alluvium for brevity. The two-dimensional (2D) model is formulated as
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V-(-bVZ) + Q = 0
Q =

Qaiiuv

(9-5)
(9-6)

(pgK)
where b is active alluvial depth, Z is elevation, Q,11uv is the source of alluvium due to weathering, p is the
density of alluvium, g is the acceleration due to gravity, and K is a scaling coefficient (assumed spatially
constant here). A possible refinement to the model might selectively increase K wherever a stream channel
exists, perhaps by performing a surface runoff calculation based on a 100-yr or 1,000-yr storm and
estimating the sediment transport rate.
Alluvium is presumed to be created through weathering. A simple source term representing
weathering is used here. It is assumed that alluvium protects the bedrock from weathering, so that
weathering decreases exponentially with alluvial depth. It is also assumed that mechanical weathering
increases with the ground slope. Finally, since north-facing slopes tend to be somewhat steeper than
south-facing slopes, solar loading is presumed to significantly impact weathering, through freeze-thaw
action during the winter and thermal loading during the summer. These assumptions are combined into
a single source term:

Q = Q0 exp(-b/bd) exp(a1 IVZ I) exp(a 2 d

(97)

where Q0 scales the source magnitude and includes the diffusion coefficient, Igrad ZI is the ground slope,
dZ/dy is the gradient of the ground surface in the north-south direction, bo represents a
weathering-protection alluvium depth, a, scales the slope, and a2 scales the north-south gradient. The
model has four adjustable parameters, Q0 , bo, a,, and a2, which can be used to match observed alluvium
depths.
The numerical implementation of the erosion-balance model was coded using a finite element
algorithm for the square elements represented by the DEM, using point-Jacobi iteration to update the
unknown alluvium depth and iterating thousands of times. Alluvium was allowed to exit at outlets, but
no lateral inflow of alluvium was allowed. Minimum and maximum alluvial depths were fixed at 0.1 mm
and 20 m, respectively; a maximum depth limit was imposed to handle situations where a grid element
has no outflow or where channel flow is inadequately represented.
A series of numerical experiments were performed to qualitatively match the YM alluvium
depths. It was found that A and bo were the more important of the parameters, with reasonable values
around 0.25 and 2 cm, respectively. A nominal value for the slope parameter, a,, was selected by assuming
that the weathering rate is four times greater at the maximum slope than for a horizontal surface; similarly,
the solar aspect parameter, a2 , was selected by assuming that the most southerly exposure weathers four
times faster than the most northerly exposure. Neglecting slope and solar effects is not found to have a
strong impact on the alluvium distributions. The alluvial depth distribution calculated using the erosion
balance model with the nominal source term values is presented in Figure 9-5, with the Scott and Bonk
(1984) alluvium outline presented for reference. Predicted surface covers are on the order of 10 cm along
Yucca Crest, a few centimeters on hillslopes overlying the proposed repository footprint, and meters to
tens of meters in the wash bottoms. Additional work is required to calibrate the model predictions to the
field; however, the distributions of alluvium are at least qualitatively reasonable.
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9.2.1.4

Spatial Distributions of Infiltration

In order to estimate the spatial distribution of infiltration, the subregional area was subdivided
into three classes: (i) Scott and Bonk (1984) alluvium, (ii) fractured welded bedrock overlain by alluvium,
and (iii) nonwelded bedrock (PTn). The classes are shown in Figure 9-6. The alluvium within the Scott
and Bonk (1984) outline covers about 31 percent of the total subregional area. Based on the CNWRA 3D
GFM (Stirewalt and Henderson, 1995), welded-tuff bedrock underlies 64 percent of the remaining area,
while nonwelded tuffs (PTn) are exposed in the remaining 5 percent. Within the Scott and Bonk (1984)
alluvium outline, the alluvium depths were calculated using Eq. (9-4). It was further assumed that
wherever there is a cover of greater than 0.25 m, the infiltration behavior is completely controlled by the
alluvium, independent of the underlying bedrock. Sensitivities to alluvial depth for the PTn were not
calculated, due to the small area cropping out and the generally low infiltration rates for a semi-infinite
PTn column. Wherever the PTn crops out, alluvial depth is assumed zero if it is less than 25 cm, thereby
maximizing infiltration estimates. An estimated spatial distribution for infiltration is shown in Figure 9-7,
based on the alluvium distribution resulting from the nominal source term parameters and corrected with
the empirical slope-dependent alluvium depths within the Scott and Bonk (1984) alluvium outline. The
infiltration distribution is calculated using using the base case alluvium and fracture properties. Corrections
for AAT and AAP are based on calculated values for the alluvium/fracture base case. Corrections for AAV
and solar aspect are based on the high-infiltration semi-infinite column. Within PTn outcrops, all
meteorology corrections were based on the responses of the semi-infinite high-infiltration alluvium column.
The average infiltration over the subregional area for this estimate is 14.0 mm/yr; within the 3 km E-Wx4
km N-S box surrounding the proposed repository footprint, the average infiltration is 15.6 mm/yr.
As shown in Figure 9-7, the largest AAIs tend to be on sideslopes. There is a clear trend for
northfacing sideslopes to exhibit greater infiltration than the opposing southfacing sideslopes; however,
this is not due to direct meteorological influences, but rather due to shallower alluvial covers resulting
from somewhat greater slopes. The tendency for larger AAI on northfacing slopes exists regardless of
whether solar effects are accounted for in the alluvium source term in the erosion-balance model. In the
wash bottoms, little or no AAI is predicted. It is plausible to assume there could be enhanced AAI at the
foot of the sideslopes, due to overland flow of runoff; there may also be additional AAI within the
intermittent stream channels within the washes. These effects cannot be easily quantified using the current
model. Sensitivity of the infiltration estimates to the alluvium parameters and fracture properties is
indicated in Table 9-2. Each of the five alluvium realizations is generated using one of three values of A
and one of three values of bo. Each realization uses spatially invariant values for A and bo. For each
alluvium realization, the infiltration on the subregional area and in the vicinity of the repository are
reported for three alluvium/fracture combinations: (i) the alluvium/fracture combination yielding the
minimum infiltration at each depth for all alluvium/fracture combinations considered, (ii) the base case
alluvium/fracture combination, and (iii) the alluvium/fracture combination yielding the maximum
infiltration at each depth for all alluvium/fracture combinations considered. The predicted areally averaged
AAI rates range from 3.5 to 35 mm/yr. As a comparison, current U.S. Geological Survey (USGS)
estimates of infiltration within the proposed repository footprint are on the order of 25 mm/yr (Flint et al.,
1995), which is in remarkable agreement with the predictions of the current study.
In general, the coefficient of variation (CV) for pixel-by-pixel infiltration is larger for the
subregional area than for the repository box, suggesting that infiltration patterns are more uniform within
the proposed repository footprint than over the region as a whole. Typical response of AAI to alluvial
depth for the entire subregional area is shown in Figure 9-8, which is a scatterplot drawn frnom the
estimated infiltration distribution in Figure 9-7. The low-AAI tongue in the l-to-10 cm depth range
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Table 9-2. Areally averaged annual average infiltration and CV for (i) minimum-infiltration, (ii) base
case, and (iii) maximum-infiltration hydraulic properties
Parameter Average

Areally Averaged AAI (mm/yr)
6 km E-W x 9 km N-S

I

3 km E-W x 4 km N-S

A

bo (cm)

b (m)

min

|base

0.10

2

3.14

7.86

18.8

25.2

8.83

21.4

28.2

0.25

2

3.12

6.01

14.0

20.4

6.62

15.6

22.3

0.50

2

3.05

5.11

11.5

18.1

5.54

12.7

19.5

0.25

1

3.05

25.1

31.1

28.3

34.8

0.25

4

3.23

10.2
3.49

7.19

max

15.1

min

11.4
3.71

base _Jmax

7.89

15.6

Coefficient of Variation
0.10

2

2.02

1.24

1.30

1.15

1.16

1.21

1.09

0.25

2

2.02

1.24

1.34

1.13

1.14

1.24

1.02

0.50

2

2.05

1.27

1.41

1.14

1.16

1.29

1.02

0.25

1

2.06

1.06

1.10

1.03

0.95

0.98

0.92

0.25

4

1.95

1.62

1.92

1.26

1.52

1.79

1.13

represents the PTn. Meteorological factors cause the scatter in AAI observations, and the relatively small
amount of scatter is further indication that meteorological factors do not have a large influence on AAI
at the YM subregional scale. Comparing Figure 9-8 with Figure 9-9, which provides a histogram of
alluvial depth for each of the five alluvium realizations, variability in infiltration over the five realizations
is clearly due to variability in the distribution of depths within the range of 1 to 25 cm.

9.2.2

Conclusions

The spatial distribution of annual-average infiltration past the active evapotranspiration zone is
of great interest for evaluating the performance of the proposed HLW repository at YM. In order to
address the issue, numerical studies examining the sensitivity of AAI to various hydraulic and
meteorologic parameters were undertaken. It was found that for a system with alluvium overlying a
fractured medium, depth of alluvium is the controlling influence on AA. The hydraulic properties of
alluvium are also significant in estimating AAI. The underlying fractured-medium properties do not affect
AAI significantly, as long as the fracture density is great enough to accept water pulses. Annual average
precipitation and air temperature have the greatest effect on AAI, but at the YM scale the impact is not
large.
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With the sensitivity information in hand, application of the sensitivity results to the YM site
requires a plausible estimate of alluvial depth over the entire YM site. A simple erosion-balance model
is proposed, which provides qualitatively correct alluvium depths; the predictions of the model have yet
to be field tested for correctness. Nevertheless, predictions of spatially averaged AAI using predicted
alluvium distributions are remarkably similar to current USGS estimates (Flint et al., 1995). The model
suggests that sideslopes, particularly northfacing sideslopes, are the primary locations for infiltration,
followed by ridgetops. On the other hand, the model suggests that little or no infiltration will occur
wherever alluvium is greater than a few tens of centimeters in depth.

9.3

SUMMARY AND ASSESSMENT OF PROGRESS

NRC regulations in 10 CFR Part 60 for siting and performance require the DOE to provide
sufficient site-specific data and analyses-including simulation models-to show compliance. The NRC
licensing staff needs to assess the DOE submittals, including the Site Characterization Plan, study plans,
topical reports, and ultimately the LA with respect to the characterization and modeling of subsurface
water flow and radionuclide transport over large space-time scales at the YM site. The methods, numerical
tools, and concepts being developed and tested under this research project support the NRC in evaluation
of studies or predictions of large-scale flow and radionuclide transport through the heterogeneous
unsaturated fractured rock of YM. These capabilities will enable the NRC to regulate and make licensing
decisions from an informed technical position concerning the disposal of HLW, as directed by the Nuclear
Waste Policy Act.
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Specifically, Task 4, a GIS-based infiltration evaluation methodology, was presented (Stothoff
et al., 1995) and a series of infiltration sensitivity analyses identified processes expected to have a
significant impact on predicted values of long-term net infiltration at the YM site. For a system with
alluvium overlying a fractured medium, the depth of alluvium is the controlling factor for estimating AAI.
Predictions of spatially averaged AAI have been found to be very similar to recent USGS estimates (Flint
et al., 1995). CNWRA modeling predictions suggest that northfacing sideslopes are the primary locations
for infiltration, whereas in areas where the alluvial cover is deeper than a few tens of centimeters, very
little, or no infiltration at all, escapes past the active evapotranspiration zone. Efforts under Task 5
concentrated on compilation and evaluation of hydrologic and geochemical data from perched-water bodies
at the YM site. Moreover, the Allan diagram approach has been adopted to evaluate the flow behavior
around fault-controlled water traps. Based on the existing hydrostratigraphic relationships, detailed
numerical simulation of variably saturated flow was performed to estimate the net infiltration rate that
would be required to trigger the formation of and sustain a perched-water body. Also, numerical
simulation results provide estimates of the volume and 14C-based age of a fault-controlled perched-water
body. These numerical results are compared to geochemical and hydrological data observed at existing
YM boreholes, thus providing two sets of constraints on the possible range of flow into the perched-water
body. Finally, under Task 7, CNWRA staff interacted with the University of Arizona research group and
contributed to the field testing plan for the ALTS.
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9.4

PLANS FOR NEXT REPORTING PERIOD

Due to anticipated budget re-allocations within the NRC HLW research program, very little
planning can be done for the next reporting period. The study of unsaturated flow and transport processes
at the subregional or site scale is and, most certainly, will remain an important research issue. It is
anticipated that future subregional hydrology-related work will be coordinated with the following two Key
Technical Issues (KTIs) on "Unsaturated and Saturated Flow Under Isothermal Conditions," and "Thermal
Effects and Redistribution of Moisture." Technical assistance work, stemming from this research project,
is anticipated to include the following: (i) testing and confirming methods for characterizing the spatial
distribution of infiltration and its effect on the development of perched water systems, (ii) determining the
role of fracture or fault zones in unsaturated flow in the region above the water table, (iii) evaluating the
conditions necessary to initiate episodic fracture flow, and (iv) studying the effects of non-uniform thermal
loading on moisture redistribution, especially near perched water bodies.
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10 HIGH-LEVEL WASTE NEAR-FIELD PROCESSES
AND VARIATIONS
by William M. Murphy and James D. Prikryl
Investigators: William M. Murphy, Roberto T. Pabalan, and James D. Prikryl
NRC Project Officer: Ralph E. Cady

10.1

TECHNICAL OBJECTIVES

The near field of the proposed repository for high-level radioactive waste (HLW) at Yucca
Mountain (YM), Nevada is the portion of the repository that would be altered to an extent that affects

repository performance. Modifications may result from construction, emplacement of waste and engineered
barrier materials, thermal loading, fluid circulation, and chemical reactions. Many uncertainties are
associated with these processes and their complex couplings. Numerous key technical uncertainties (KTUs)
with regard to repository licensing have been identified that derive from near-field processes and
variations. The general technical objectives of the HLW Near-Field Processes and Variations Research
Project (Near-Field Project) are to generate hypotheses for the behavior of the near field of the proposed
repository at YM, to identify processes and variations that are significant with regard to repository
performance and that engender KTUs, and to perform research to attempt to address selected uncertainties.
Research in the Near-Field Project focused initially on testing the hypothesis that releases of
much of the radionuclide inventory from the engineered barrier system (EBS) will be controlled by the
properties of secondary minerals composed of oxidized U (uranyl) and other components of the geologic
environment. Experimental studies designed to mimic conditions in a repository at YM (e.g., Wronkiewicz
et al., 1992) and studies of U deposits that are natural analogs of the proposed repository (e.g., Murphy
and Pearcy, 1992; Pearcy et al., 1994) indicate that a calcium uranyl silicate hydrate, uranophane
{ nominally Ca (UO2)2 [SiO 3 (OH) ]2 5H 2 0 }, is a probable end product of the alteration of spent nuclear
fuel at YM. Natural uranophane has been noted to incorporate Th in its structure (Frondel, 1958).
Similarly, uranophane that is secondary after spent fuel could incorporate much of the nuclear waste
inventory and control its release from the EBS. Another secondary phase of potential significance is
ianthinite (nominally U0 2 05UO3010H 2 0), which has also been observed in rocks from natural analog

systems (e.g., Pearcy et al., 1994). lanthinite contains uranium in both 4+ and 6+ oxidation states and is
unstable in air or oxidizing conditions such as those that will ultimately prevail in the YM nuclear waste
repository. However, with substitution of Pu(IV) for U(IV) in the ianthinite structure, it may be stabilized

under oxidizing conditions and Pu-ianthinite (PuO2*5UO3l10H 20) formed during oxidation of spent fuel
could provide a relatively stable, low solubility host for waste plutonium (Finch and Ewing, 1994).
Despite the reasonable scenario of a radionuclide source term controlled by secondary uranyl
minerals, the role of these minerals is generally disregarded in evaluations of repository performance
(e.g., Nuclear Regulatory Commission, 1995). This omission is due in part to the dearth of thermodynamic
data for uranyl silicate minerals, which could be used in predictive modeling of repository behavior. In
a recent review, Murphy and Pabalan (1995) concluded that reliable thermodynamic data are absent for
most uranyl minerals. A specific technical objective of the Near-Field Project is to evaluate
thermodynamic data for uranyl minerals and to generate critical data through original theoretical estimation
and experimentation. This report presents results of a theoretical estimation of limits on the thermodynamic
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properties of ianthinite and Pu-ianthinite. These data are then used to calculate an upper limit on the
solubility of plutonium in a potential nuclear waste repository. The report also presents data on the
experimental synthesis and chemical and structural analysis of uranophane and soddyite for use in
solubility and coprecipitation studies designed to generate additional data that may be used in predictions
of the performance of the proposed repository.
KTUs that are directly addressed by this work involve demonstration of repository performance
with regard to cumulative release, particular subsystem performance objectives, and specific siting criteria.
KTUs regarding development and validation of conceptual and mathematical models and variability
(temporal, spatial, etc.) of model parametric values are addressed directly in research on uranyl minerals.
Accurate determination of the properties of uranyl minerals will assist in testing the validity of
incorporation of their role in conceptual models for the repository system. Parametric values for uranyl
mineral solubilities and coprecipitation of other waste species can be used to constrain the source term for
radionuclide releases and to address the subsystem performance objective KTU on prediction of effects
of environmental conditions on the waste package during the containment period and of the effects of
environmental conditions on the EBS during the post-containment period. Determination of fundamental
thermodynamic properties provides a theoretical basis for extrapolation, which also addresses these KTUs.
Additionally, the KTU on characterizing the chemistry of groundwater in the partially saturated hydrologic
zone of YM, Nevada, which is founded on siting criteria, is addressed through development of an
understanding of the constraints on water chemistry provided by interactions with uranyl phases.

10.2

SIGNIFICANT TECHNICAL ACCOMPLISHMENTS

10.2.1 Estimate of the Thermodynamic Properties of lanthinite and Pu-ianthinite
Estimation techniques are used to evaluate the thermodynamic properties of a potential plutonium
bearing secondary phase in this section. Finch and Ewing (1994) presented a study of the crystal chemistry
of ianthinite, a uranium mineral of mixed valence with the nominal formula U0 2 &5U03-10H2 0. lanthinite
is unstable in air or oxidizing water and readily alters to schoepite, nominally U0 3 .2H 2 0, or dehydrated
schoepite (Finch and Ewing, 1994). Nevertheless, ianthinite occurs commonly in nature as a partial
oxidation product of uraninite (nominally UO2), which is an excellent structural and chemical analog of
spent nuclear fuel. For example, ianthinite has been observed as an intermediate alteration product of
uraninite at the Pefia Blanca natural analog of the proposed YM repository (Pearcy et al., 1994).
lanthinite is unstable because U(IV) is a ready electron donor under oxidizing conditions. The
standard potential for the half reaction for oxidation of uranium
U4+ + 2H20 - UO 2

+

4H

+

2e

(10-1)

is 0.333 volts. In contrast, the standard potential for the half reaction
Pu 4 +

+ 2H20

-

PuO 22 + + 4H+ + 2e

(10-2)

is 1.042 volts (Pourbaix, 1974). In contrast to U(IV), Pu(IV) is stable at much more oxidizing conditions.
4
Based on their mineralogical study, Finch and Ewing (1994) proposed that "Pu4 + may substitute for U +
in the ianthinite structure, and, since the oxidation of Pu4 + is unlikely under most conditions, Pu-ianthinite
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may be an important phase controlling Pu solubilities in oxidizing, uranium-saturated solutions." The
following thermodynamic analyses support this contention.
Thermodynamic data permitting determination of the ianthinite stability field do not exist.
However, the occurrence of ianthinite as a stable phase in geologic systems implies it has a
thermodynamic stability field between that of uraninite, its common precursor, and schoepite, its common
successor. Hence, uraninite-schoepite equilibrium provides maximum limits for the stability of uraninite
and schoepite relative to ianthinite. This equilibrium relation can be written

U02 + 0.502 + 2H 2 0 =

U0 3 '2H 2 0

(10-3)

For uraninite, schopite, and water in their conventional standard states, the equilibrium constant for
reaction (10-3) [K(U=S)] is given by the law of mass action

K(U=S) = [fo2 (U=S)

(10-4)

2

where f 0 (U=S) represents the equilibrium oxygen fugacity for reaction (10-3). The value of K(U=S) can
be calculated from reported standard state Gibbs free energies of formation of the reactants and products
in reaction (10-3) according to

AG 0 (U=S) = -RTlnK(U=S) = AGf(schoepite) - 0.5AGf(oxygen)

(105)

- AGf(uraninite) - 2AGf(water) = -130.393 id/mole
where AG 0 (U=S) stands for the standard state Gibbs free energy of reaction (10-3), AGf0 (i) represents the
standard state Gibbs free energy of formation of i, and R and T denote the gas constant and temperature
in kelvins, respectively. Thermodynamic data used for this calculation (and elsewhere in this report) are
for 25 °C and are given in Table 10-1. It follows from Eq. (10-5) that lnK(U=S) = 52.6, and from
Eq. (10-4) that fo (U=S) = 2.05x 10-46 (bar/bar).
Because ianthinite is apparently stable relative to uraninite + schoepite, the calculated value of
f 0 2 (U=S) represents a maximum limit for the uraninite-ianthinite equilibrium and a minimum limit for
ianthinite-schoepite equilibrium. The latter relation can be written
U0 2 '5UO 3 -10H 2 0

+ 0.502 + 2H 2 0 =

6UO3-2H 2 0

(10-6)

for which the equilibrium constant [K(I=S)] is given by the law of mass action

K(I=S) = [f 0 (I=S)] 2 = exp (-AGo(I=S))

(10-7)

Introducing the minimum oxygen fugacity for ianthinite-schoepite equilibrium in Eq. (10-7) yields an
expression for the maximum value of the equilibrium constant and minimum value for the standard free
energy for the ianthinite-schoepite equilibrium:
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Table 10-1. Standard state Gibbs free energies of formation

Substance

l
|

|

AGf

Formula

I

(kJ/mole)

Reference

uraninite

U0 2

-1031.833
±1.004

Grenthe et al.
(1992)

schoepite

U0 3 '2H 2 0

-1636.506
±1.705

Grenthe et al.
(1992)

Pu0 2

Pu0 2

ianthinite

U0 2 *5UO 3.1OH 20

-9214.36'

this work

Pu-ianthinite

PuO 2 *5UO 3 '1OH

-9180.53'

this work

water

H20

oxygen

02

Pu0 2 (CO3)2

Pu0 2 (CO3)2

bicarbonate

HCO3

-998.

20

Lemire and
Tremain (1980)2

-237.140
±0.041

Grenthe et al.
(1992)

0

standard state

-1898.
-586.929

Lemire and
Tremain (1980)2
Johnson et al.
(1992)2

'Maximum limit
2Taken from EQ3/6 database DATAO.COM.R16 (Wolery and Daveler, 1992)

K(I=S)nm = (2.05 x 10-46)

2

=

exp

( -AG RT(I=S)lin

(10-8)

The minimum free energy of reaction calculated according to Eq. (10-8) is AG 0(I=S)min = -130.4 U/mole.
The standard free energy of reaction (10-6) is related to the standard free energies of formation
of the reacting species by
o

o

AG 0(I=S) = 6AGf (schoepite) - AGf(ianthinite)
- 0.5 AGf (oxygen) - 2 A Gf (water)

(10-9)

0
in this relation and solving for the limiting free energy of formation of ianthinite
Introducing AG (I=S),n~
0
yields AGf (ianthinite)max = -9214.36 kJ/mole.
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The potential role of plutonium ianthinite in controlling aqueous plutonium concentrations in the
proposed repository at YM can be investigated using the limiting value of the free energy of formation
of ianthinite and estimating that for Pu-ianthinite. An exchange reaction between uranium and plutonium
oxides and ianthinites can be written

U0 2 5UO3 1OH2 0 + PuO 2 =Pu2 -5UO3 -OH2O

+ UO2

(10-10)

The similarity of Pu(IV) and U(IV) in crystalline structures is indicated by their identical charge, the
similarity of their ionic radii [0.93 and 0.97A, respectively (Weast, 1988)] and their mutual solid solution
in the oxide (UPu)0 2 . Consequently, it seems likely that the standard state Gibbs free energy of reaction
(10-10), in which reactants and products have near identical structures, is small. Assuming that it is zero,
standard state free energies of formation of the sum of reactants equals that of the sum of products. Using
data in Table 10-1, a maximum limit of the free energy of formation of Pu-ianthinite is then given by
AGf(Pu-ianthinite),nu = AGf(PU0 2 ) + AGf(ianthinite).

(10-11)

- AGf (uraninite) = -9180.53 U/mole
The implications of this thermodynamic analysis for aqueous plutonium at YM can be seen by
examining relations between dissolved plutonium and the hypothesized products of spent fuel alteration.
Assuming that schoepite is the oxidation product of uranium and that Pu-ianthinite at equilibrium with
schoepite controls the aqueous plutonium concentration, an appropriate reaction can be written

NO2 5U0 '10H 0 +2HC0

3
Pu02
5UO3 10H20 + 2HCO

75UO '2H2

=

5UO3 2H20 +

-

PuO 2 (CO3 ) 2

+ H20

(1012
(10-12)

The plutonium dicarbonate aqueous ion is predicted to be a prominent plutonium species for YM
repository groundwater conditions, and bicarbonate is the dominant anion. The law of mass action for
reaction (10-12) is expressed as

apuO(C)2 K(PuI=S)

=

32

(a HCO3 ) 2

=

exp

-AG

(Pul=S)

(10-13)

R

where a, represents the equilibrium thermodynamic activity of species i and the solid phases and water
are taken to be in their standard states. A limit on the standard free energy for reaction (10-12) can be
obtained from the data in Table 10-1 according to
O

~~~2-

AG (PuI=S)mj, = 5AGf (schoepite) + AGf [PuO2 (CO3 )2 ]
+ AG 0 (water) - 2AG 0 (HCO 3 ) - A Gf (Pu -ianthinite)m,

(10-14)

= 36.718 U/mole

It follows from Eq. (10-13) that the limiting value for the equilibrium constant for reaction (10-12) is
given by K(PuI=S)max = 3.69xlO- 7 .

For a typical bicarbonate activity of 2x1 0-3, it follows from the deduced limiting value of the
equilibrium constant for reaction (10-12) and Eq. (10-13) that the maximum thermodynamic activity of
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plutonium dicarbonate at equilibrium with Pu-ianthinite is 1.5xl1-1 2 . Even as an upper limit, this
corresponds to a low concentration of dissolved plutonium.
A comparison between the maximum limit on the aqueous plutonium activity controlled by
Pu-ianthinite to that controlled by the oxide PuO 2 illustrates the potential significance of the secondary
phase. Equilibrium dissolution of PuO 2 can be expressed as

PUO 2 + 2HC0 3 +°5°

2

= PUO2 (CO3 )2

+ H20

(10-15)

with the equilibrium constant given by the law of mass action

K[O

2

PuO(CO2
2 (CO 3 )2 I

a

(10-16)

CO)

a
2

HCO3

-

2
2

for PuO2 and water in their standard states. The standard state free energy of reaction (10-16) is given by
A G0 (PuO2 = PuO 2 (CO 3) ) = -RTlnK(PuO 2 = PuO 2 (CO 3)2)
=

) + AGf (water) - AGf (Pu 2 )
-2AGf (bicarbonate) - 0.5 AGf (oxygen)

AGf (Pu

2(CO 3)2

(10-17)

With the same thermodynamic data (Table 10-1) used to estimate the limiting properties of ianthinite,
Pu-ianthinite, and plutonium solubility, the value of AGO(PuO 2=PuO2(CO 3) 22-) is 36.72 from Eq. (10-17).
Using this value in the first equality in Eq. (10-17) yields K(PuO 2=PuO 2(CO3 ) 22-) = 0.985. For the typical
bicarbonate activity used in the solubility calculation for Pu-ianthinite and the oxygen fugacity
characteristic of YM (0.2), the equilibrium activity of the aqueous plutonium dicarbonate species at
equilibrium with PuO 2 is calculated from Eq. (10-16) to be 6.6x10-13 . This value is only a factor of two
lower than the maximum limit estimated for solubility control by Pu-ianthinite.
It is impossible to quantify uncertainties associated with estimation of the properties of ianthinite
and Pu-ianthinite, but they can be discussed qualitatively. Uncertainty is associated with published standard
state Gibbs free energies of formation reported in Table 10-1, and no comprehensive examination was
performed to ensure consistency among the procedures used by various sources to determine these values.
The cumulative uncertainty in the properties of schoepite, uraninite, and water used to calculate the limit
on the properties of ianthinite is less than 3 kJ/mole.
Uncertainties in the properties of ianthinite and Pu-ianthinite relative to schoepite and uraninite
depend on the two basic assumptions that ianthinite has a stability field and that the standard state free
energy of the exchange reaction (10-10) equals zero. The stability field of ianthinite is supported by its
common occurrence. Furthermore, the rapid kinetics of the conversion of ianthinite to schoepite at low
temperature under oxidizing conditions indicates that ianthinite would not persist metastably in the stability
field of schoepite. Formation of ianthinite by alteration of uraninite in nature demonstrates that there are
conditions for which ianthinite is thermodynamically stable relative to uraninite. The range of oxidation
potential over which ianthinite is stable relative to uraninite and schoepite is unknown. Hence, estimated
properties were determined assuming an absolute minimum stability field. For example, if ianthinite was
10-6

stable relative schoepite up to an oxygen fugacity of 10-45 (an increase by less than a factor of 5 relative
to the minimum value), the estimated standard state free energy of formation would be -9,216.33 kJ/mole
[Eqs. (10-8 and 10-9)], which is 2 kJ/mole more stable. Perhaps the range of ianthinite stability could be
determined by examining its stability in nature relative to other redox couples, or it could be determined
experimentally under controlled oxidation potentials. Uncertainty in the exchange energy approximation
is probably small in comparison to lack of knowledge of the range of ianthinite stability. Methods for
estimating standard state free energies of minerals generally invoke procedures of summations of properties
of oxides with similar structures and volumes. For the exchange reaction (10-10) structures and volumes
are likely to be nearly identical for components on both sides of the reaction. The estimated standard free
energy of reaction is therefore zero.

10.2.2

Synthesis and Characterization of Uranophane and Soddyite

Secondary uranyl silicate minerals are being synthesized as starting materials for solubility and
coprecipitation studies designed to provide thermodynamic data that will permit realistic source term
modeling for the proposed YM repository. Reasonable data interpretation requires experimental samples
to be relatively pure, single-phase minerals of known composition and structure. Syntheses of uranophane
and soddyite were performed at 150 'C in steel autoclaves (Parr Model 4913EB Pressure Reactors) with
internal teflon liners (2L capacity). Solution temperature was controlled using Parr Model 4841 or 4843
Temperature Controllers with teflon lined OMEGA® thermocouples.
The procedure for uranophane and soddyite synthesis is based on Cesbron et al. (1993). Reagents
for uranophane synthesis included uranyl acetate [C 4 H 6 06 U.2H 2 0], calcium acetate [Ca(CH 3COO) 2-H 2 0],
and silicic acid [SiO2*nH 2 0] mixed in the atomic ratio of U:Ca:Si = 1:2:1; soddyite synthesis reagents were
uranyl acetate and silicic acid mixed at an atomic ratio of U:Si = 1:2. Specifically, 42 g uranyl acetate,
35 g calcium acetate, and 6 g silicic acid were used for uranophane synthesis and 42 g uranyl acetate and
12 g silicic acid were used for soddyite synthesis. Earlier experiments indicated that the silicic acid does
not completely dissolve during synthesis. In order to permit removal of excess silicic acid from the final
product, a coarse fraction (>20 pm) of silicic acid crystals was prepared by density settling and used in
the experiments.
In each synthesis experiment, 1,300 g of C0 2 -free deionized (DI) water (degassed by boiling)
was transferred to a teflon liner containing the reagents. The liner was immediately placed in a steel
autoclave and sealed. Before degassing, the pH of the DI water in the uranophane syntheses was adjusted
to 1.0 by addition of HCI; for the soddyite syntheses the starting solution of DI water had a pH of 5.1.
After the solution in the vessel reached about 110 °C, the vessel was degassed by opening the air intake
valve on the reactor vessel pressure gauge assembly to remove any CO2 trapped during the solution
transfer. The reagents and solutions were allowed to react at 150 °C for at least ten days. Four uranophane
and four soddyite syntheses were conducted in this manner.
The final pH of solutions in the uranophane syntheses ranged from 3.9 to 4.1 at room
temperature and final solution pH in the soddyite syntheses ranged from 3.0 to 3.4. The solid products of
the syntheses were washed three times with DI water to remove any remaining acetate. Optical
investigation of the solids indicated that the precipitates are very fine (<10 pm) crystals. Synthetic crystals
were separated from the coarser silicic acid crystals, which remained after the syntheses, by wet filtration
through a Spectra/Mesh® nylon filter with 10 pm openings.
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Figure 10-1. X-ray diffraction pattern for soddyite. Standard peak locations and peak heights are
shown as lines in the band below the x-ray diffraction pattern.
X-ray diffraction patterns of the synthetic uranophane and soddyite were obtained using an
automated (RADIX) Siemens D500 x-ray diffractometer (Cu Ka radiation, Ni filter, 40 kV, 37 mA; scan
2-70° at 0.020 step; count 1.0 s). The graphics interface program JADE/MDI was used to provide output
of the absolute intensity of the diffraction signal. The x-ray diffraction pattern for uranophane is reported
in Murphy et al. (1995). The diffraction pattern for soddyite is given in Figure 10-1. Comparison of these
data to published standard patterns confirms the synthetic minerals are uranophane and soddyite. Based
on similarities in x-ray diffraction patterns, the uranophane produced in the four uranophane synthesis
experiments appears to be identical, as does the soddyite produced in the four soddyite synthesis
experiments.
High resolution optical observations of synthetic uranophane and soddyite employed an AMRAY
Model 1645 scanning electron microscope (SEM) equipped with a Model 8502S Tracor Northern energydispersive x-ray analysis system for qualitative compositional analysis. SEM images are shown in
Figure 10-2. Qualitative chemical analyses confirm that uranophane is composed of calcium, uranium, and
silicon, and that soddyite is composed of uranium and silicon.
The major species in the synthesized uranophane were analyzed using a whole rock procedure
that entails a complete dissolution of the sample followed by inductively coupled plasma (ICP)
spectroscopic analysis. Dissolution of uranophane was done by an HCIIHNO 3 /HF acid digestion in a teflon
bomb. The solution was analyzed for major constituents utilizing a Specto Analytical Incorporated
10-8

(a)

(b)
Figure 10-2. SEM images of synthetic uranophane (a) and soddyite (b)
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Model FME80 simultaneous ICP with an internal standard. Calibration was performed using NBS certified
rock standards, NIST SRM278 (obsidian) and NIST SRM688 (basalt). The loss on ignition at 1,000 'C
was measured by gravimetry.
Chemical analyses of synthetic uranophane and soddyite are presented in Figure 10-3. Additional
standards were prepared mixtures of hydrated sodium metasilicate (Na2SiO 3 -9H2 O) and uranium acetate
(C 4 H6 0 6 U.2H 2 0). Analytical values are plotted on the ordinate of each graph in Figure 10-1 and nominal
values are plotted on the abscissas. Nominal values for the prepared mixtures are based on reagent
stoichiometry, molecular weight, and weighed proportions. Nominal values for the obsidian and basalt
standards are their reported standard values; and nominal values for the synthetic uranophane correspond
to its idealized chemical formula. Lines in each diagram with unit slope represent perfect correspondence
between analytical and nominal values. Analytical data for the obsidian and basalt standards generally
correspond well to reported values. However, all analytical values for CaO, SiO 2 , U, and Na2 O for the
prepared mixtures of sodium metasilicate and uranium acetate are 3 to 53 percent high relative to nominal
values.
The analytical CaO contents of uranophane samples correspond well to the nominal value.
Analytical values for SiO2 in synthetic uranophane are high relative to nominal values. However, the
deviation is comparable to that observed for SiO2 in the sodium metasilicate-uranium acetate standard
mixtures. If the same systematic error affected both types of material, then the actual concentration of SiO 2
in uranophane may correspond closely to its nominal stoichiometric value. In contrast, the analytical U
content of the synthetic uranophane is consistently 10 to 12 percent lower than the nominal value, although
the mixed standards have analytical values for U that are 3 to 19 percent high.
Loss on ignition (LOI) at 1,000 'C was performed on the five synthetic uranophane samples
an
average value of 0.128 (mass fraction) with a standard deviation of 0.002. The mass fraction
yielding
of water in uranophane of ideal stoichiometry is 0.126, which corresponds well to the measured value of
LOI. If the synthetic phase is depleted in uranium by ten percent as indicated by chemical analyses, then
the molecular weight of uranophane would be about six percent lower. For this condition, mass fraction
of the nominal water content would be 0.130, which is also in the range of measured values.
In summary, uncertainty is indicated in the chemical analyses of uranophane because of poor
measurements of prepared mixed standard compositions. Nevertheless, the CaO, SiO2 , and H 2 0 contents
of the synthetic uranophane appear to be close to stoichiometric values. However, the uranium content of
the synthetic uranophane appears to be about ten percent lower than the nominal value, and this result is
not reconcilable by analyses of mixed standards, which have consistently high analytical measurements
for uranium.

10.3

ASSESSMENT OF PROGRESS TOWARD MEETING
PROJECT OBJECTIVES

Considerable progress has been made on evaluation of secondary uranyl mineral properties. A
literature review and critical analysis were performed on the thermodynamic properties of uranyl silicate
minerals, and a plan was developed for original experimentation (Murphy and Pabalan, 1995). Based on
relevant experimental and natural analog data, and soddyite and uranophane were identified as primary
phases of interest for experimental studies. These minerals have been successfully synthesized and partially
characterized in preparation for solubility and coprecipitation studies.
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mixtures of uranium acetate and sodium metasilicate standards are shown as solid squares. Nominal values for uranophane
correspond to the idealized stoichiometry. Nominal values for the standards correspond to their standard compositions.

Theoretical investigatio ns have indicated that the solubility of uranyl minerals is likely to
increase with decreasing temperature in the continuously cooling near field (Murphy et al., 1995). Also,
a limit has been placed on the properties of secondary Pu-ianthinite, a potential control on plutonium
solubility in the proposed repository.
Two other areas of research have progressed. A review of hypotheses for near-field processes
and variations is in preparation to identify processes of significance to repository performance that have
large associated uncertainties and that provide opportunities for tractable research to resolve the
uncertainties. Additionally, a theoretical basis has been developed to perform coarse iterative coupling
between thermohydrologic evolution of the near field and detailed, nonisothermal gas-water-rock
geochemistry. This effort is devoted to explore the hypothesis that maximal effects of geochemical
reactions on fluid flow will occur at zones of evaporation (and mineral precipitation) and condensation
(and dissolution). Established tools for thermohydrologic modeling (e.g., CTOUGH) can identify these
zones, and established tools for geochemical modeling (e.g., EQ3/6) can be used to evaluate the extent
of reaction. This work will continue to be pursued within the Near Field Environment Key Technical
Issues auspices.
As described in the introduction, numerous KTUs have been identified that are associated with
the evolution of the near field of the proposed repository. To date, this research project has addressed most
specifically uncertainties related to the radionuclide source term in evaluations of repository performance.

10.4

PLANS FOR NEXT REPORTING PERIOD

Because of budgetary issues it is unclear if there will be another report in this series.
Nevertheless, a primary effort will be made to complete the review of hypotheses for near-field processes
and variations. This report will be modified somewhat in scope to meet the requirements of priority
technical needs identified in the near-field groundwater chemistry KTI vertical slice plan. Particularly, the
work being accomplished will provide a basis for addressing priority technical needs to compile relevant
YM geochemical data, to evaluate the significance of the data, and to develop conceptual models for nearfield processes. In addition, efforts in this project to develop coarse iterative coupling of thermohydrologic
and geochemical models will be continued as a Near-Field Environment KTI activity. Efforts will be made
to derive support for continued studies of the properties and repository performance significance of
secondary alteration products of spent nuclear fuel. Research in this area falls within the scope of the
Container Life and Source Term KTI. If it is determined that original experimental work on uranyl
minerals is to be discontinued, then appropriate measures will be taken to archive materials and document
preliminary results.
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11.1

TECHNICAL OBJECTIVES

Long-term stability of emplacement drifts and potential near-field fluid flow resulting from
coupled effects are the concerns for safe disposal of high-level nuclear waste (HLW). A number of factors
can induce drift instability or change near-field flow patterns. Repetitive seismic loads from earthquakes
and thermal loads generated by the decay of emplaced waste are two significant factors. Two key technical
uncertainties (KTUs) were identified in related areas that can pose a high risk of noncompliance with the
performance objectives of Code of Federal Regulations (CFR) Title 10, Part 60 (10 CFR Part 60). One
KTU concerns the ability to predict thermal-mechanical (TM) effects (including from repetitive seismic
loads) on stability of emplacement drifts and the engineered barrier system (EBS). The second KTU is
related to the ability to predict thermal-mechanical-hydrological (TMH) effects (including from repetitive
seismic loads) on host rock surrounding the EBS.
The Rock Mechanics Research Project conducted at the Center for Nuclear Waste Regulatory
Analyses (CNWRA) is intended to address certain specific technical issues associated with these two
KTUs. This research project has two major components: (i) seismic response of rock joints and jointed
rock mass, and (ii) coupled TMH response of a jointed rock mass surrounding the EBS. The ultimate goal
of this research project is to develop techniques (through performing laboratory, field, and theoretical
analyses) for use in predicting response of the near-field jointed rock mass at the proposed HLW
repository at Yucca Mountain (YM), Nevada, when subjected to repetitive seismic conditions and thermal
loads.
Information and techniques developed within the Rock Mechanics Research Project are being
used in the technical assistance program at the CNWRA to support related prelicensing activities and
development of review procedures for assessment of compliance with (i) design criteria for shafts and
ramps, (ii) design criteria for underground facility, (iii) performance objectives of retrievability of waste,
and (iv) design criteria for the postclosure features of the underground facility. Knowledge regarding
prediction of long-term stability of emplacement drifts and potential near-field fluid flow resulting from
coupled effects (including from repetitive seismic effects) will support implementation of a review
procedure related to the assessment of compliance with the EBS performance objectives. Also, research
results can assist in evaluating the mechanical loads that may cause accelerated stress corrosion cracking
or structural failure of waste packages. The modeling efforts of the Rock Mechanics Research Project will
be used to evaluate potential presence of aqueous environments near the waste package for assessing
performance of waste packages. Furthermore, knowledge of effects of repetitive seismic and thermal loads
(including long-term deterioration of underground openings in the emplacement area) on near-field
hydraulic conductivity changes and on the potential to create preferential pathways will greatly increase
the Nuclear Regulatory Commission (NRC) ability to assess the waste isolation capability of a particular
repository design.
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Specific NRC research needs that may be met through this project include the following:
(i) attainment of a better understanding of the dynamic response of a jointed rock mass, (ii) evaluation of
existing rock-joint constitutive models, (iii) assessment of potential effects of repetitive seismic loads on
geohydrologic response, (iv) identification, through a better understanding, of coupled TMH processes
relevant to the unsaturated environment, and (v) verification of selected computer code(s) used for seismic
analyses to support seismic design-related prelicensing activities, assist updating the SEISMO module in
the Total System Performance Assessment (TSPA) code, and provide information to assist performance
assessment of the EBS.
The major activities associated with the dynamic effects, primarily the first three items in the
previous paragraph have been completed. Findings are being used to support various seismic design
prelicensing activities. For example, the effects of potential progressive weakening of rock mass
surrounding excavations due to repetitive episodes of seismic loads are acknowledged by the Department
of Energy (DOE) and are to be considered in its repository seismic design methodology.

11.2

SIGNIFICANT TECHNICAL ACCOMPLISHMENTS

In this reporting period, three activities have been pursued: (i) preparing a peer-reviewed final
report for publication as a NUREG/CR that summarizes research findings relevant to seismic effects on
jointed rock mass behavior related to a HLW repository, (ii) conducting an expert panel review of the
coupled TMH processes research at the CNWRA, and (iii) conducting mechanical-hydrological (MH)
experiments on single-rock joints. Results from these three activities are discussed in the following
sections.

11.2.1

Seismic Engineering Issues for a High-Level Waste Repository

A specific feature of the proposed HLW repository design is the need to consider seismic loads
from earthquakes and nuclear blasts which could conceivably affect both short- and long-term performance
of a repository (Nuclear Waste Technical Review Board, 1992). Acceptable methodologies for seismic
design of underground excavations are limited and are generally based on the maximum probable peak
motion that an excavation will experience over its design life (St. John and Zahrah, 1987). However, due
to the requirements for retrievability and postclosure performance of the proposed repository, available
design methodologies may not be adequate. Two seismic engineering issues unique to the repository that
need to be considered in the design to meet the retrievability and postclosure performance requirements
are identified: (i) dynamic (cyclic) behavior of rock joints (Hsiung et al., 1994a, 1995a), and (ii) potential
impacts of repetitive seismic loads on the stability of underground openings (Hsiung et al., 1992). The
conditions that the HLW repository is likely to encounter during the retrieval and postclosure periods are
presented followed by discussions regarding these two issues.
11.2.1.1

Seismic Design for Waste Retrieval

Stable underground excavations are necessary to allow safe and timely retrieval of emplaced
waste. During the retrieval period, thermal stresses resulting from the emplaced waste may be very high,
depending upon thermal load-maximum tangential stress around an excavation may reach 79 to 90 MPa,
significantly higher than the excavation induced stress of 17 to 22 MPa (Tsai, 1994; TRW Environmental
Safety Systems, Inc., 1994). Moreover, the strength of rock in the repository horizon varies significantly.
For example, the uniaxial compressive strength of the densely welded Topopah Spring (TSw2) tuff varies
11-2

from 32 to 312 MPa with an average of 179 MPa (Brechtel et al., 1995). Therefore, failure is likely
around the excavations in areas where rock strength is much smaller than expected thermal stresses. It also
must be pointed out that the strengths of rock mass (including both intact rock and joints) deteriorate with
time when subjected to the high thermal and in situ stresses indicated previously. (Further discussion
related to this aspect is provided in Section 11.2.1.2.) Therefore, the possibility of coalescence of relatively
small failure zones leading to a catastrophic failure remains a distinct possibility. Furthermore, rapid blast
cooling operations prior to waste retrieval could further weaken some of the emplacement drifts by
opening existing fractures (Tsai, 1994). Wilder and Yow (1987) observed opening of fractures in the Spent
Fuel Test in Climax Mine during the cooling phase. Consequently, designing to account for potential
effects of repetitive seismic loads becomes more complex as underground openings at high states of stress
are more sensitive to seismic loads (further discussion related to this aspect is provided in
Section 11.2.1.3).
11.2.1.2

Seismic Design for Postclosure Repository Performance

After permanent closure, the high state of stresses encountered during the retrieval period could
be maintained for a considerable period of time. Consequently, further degradation of rock mass strength
is likely. It was observed in the laboratory that specimens of TSw2 tuff undergo creep deformation in the
form of time-dependent axial and radial strains both at ambient and elevated (250 'C) temperatures
(Martin et al., 1995). Microfractures develop in the rock due to creep leading to an increase in porosity
and permeability (Takahashi et al., 1991). Moreover, it is expected that creep will be more prevalent on
joints. Under this weakened condition, the rock mass will be even more susceptible to repetitive seismic
impacts, resulting in further accumulation of joint deformation. This accumulation could potentially modify
the preferential flow paths in the rock mass surrounding the emplacement horizon similar to the effects
observed by Raney (1988) in several earthquakes, allowing moisture from condensate and perched water
zones to reach waste packages quickly. Furthermore, seismically induced rock falls could contribute to
local acceleration of waste package degradation resulting in early loss of containment or an unpredictable
release rate if emplacement drifts are not backfilled.
11.2.1.3

Seismic Engineering Issues

Fractures (faults and joints, and excavation-induced fractures), being generally weaker than intact
rock, can only accommodate a small amount of strain before slipping; and can largely control the stability
of an opening excavated in a jointed rock mass. Excessive slippage along joints may have serious
consequences on excavation stability, retrievability, and postclosure performance of the repository. Before
an acceptable seismic design methodology can be developed and used with confidence in the context of
a HLW repository, two seismic-related engineering issues will need to be addressed. These issues are
discussed in the following paragraphs.
Dynamic (Cyclic) Behavior of Rock Joints
Both forward and reverse directions of joint shear are important for a HLW repository. Reversal
of shearing direction can result from earthquakes, underground nuclear explosions, and repository thermal
loading. Figure 11-1 shows a typical shear stress, T, versus shear displacement, us, curve for a natural joint
of Apache Leap tuff subjected to a simulated earthquake load (based on the September 19, 1985, Mexico
City earthquake with a magnitude of 8.1 in on the Richter scale) with a maximum displacement amplitude
of 25.4 mm. The corresponding normal displacement, un, versus us response of the joint is shown in Figure
11-2. Both figures include the test results of the first three cycles for clarity.
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Figures 11-1 and 11-2 show the wear of rock surfaces through a decrease in shear resistance
and dilation with increasing shear displacement. One distinct feature of the t versus us curve is the smaller
shear resistance in the reverse direction compared to that of forward shearing (i.e., first versus fourth
quadrants and third versus second quadrants). The same behavior was also observed in all other earthquake
and harmonic loading tests and pseudostatic tests using natural joints of Apache Leap tuff. It was also
observed in different materials; for example, concrete replicas of natural rock joints (Jing et al., 1992), saw
tooth shaped joint surfaces made of hydrostone (Huang et al., 1993), concrete (Fishman, 1988), plaster
of Paris casts of real rock surfaces (Celestino and Goodman, 1979), artificially created joints in sandstone
specimens (Zubelewicz et al., 1987), replicas of natural and artificially created joints using gypsum cement
(Wibowo et al., 1993), and artificially created fractures in Loveland sandstone (Gillette et al., 1983). It
is interesting to note that joint dilation at a given shear displacement tends to decrease monotonically
during reverse shear, and the joint may retain a small amount of dilation (presumably due to accumulation
of gouge between joint interfaces) as the top rock block returns to its original position. A major portion
of the joint dilation realized during forward shear is recovered during reverse shear. Reduction of shear
strength and recovery of dilation can be explained quite well using a conceptual model with primary and
higher order asperities of the joint surface (Jing et al., 1992). The magnitude of the shear resistance during
reverse shearing may be related to a number of factors such as the amplitude-to-wavelength ratio of the
primary asperities and rock strength. The difference between the shear resistances for forward and reverse
shearing may gradually decrease as the primary asperities are gradually worn down. However, this will
require a substantial number of cycles of shearing. Dilation is reduced during reverse shear when the top
rock block goes downslope, which is always the case if the top and bottom blocks are closely matched
before the test begins. The joint cyclic behavior discussed here has not been specifically considered in the
DOE seismic design procedure (largely in the modeling aspect) since commonly used rock joint models
cannot adequately predict this behavior.
Potential Impact of Repetitive Episodes of Earthquake Loads on Rock Mass Behavior
It is expected that a HLW repository will experience several episodes of seismic loads over its
design life. Limited observations from model and field investigations indicate there is a potential for
failure of underground excavations when accumulated deformation reaches a critical state (Brown and
Hudson, 1974; Hsiung et al., 1992; Kana et al., 1995). Accumulation of shear damage takes place as step
changes in shear displacement of fractures, which are probably related to stick-slip behavior. This
observation has serious implications regarding stability of underground excavations for a HLW repository.
An experimental scale-model study of seismic response for a jointed rock mass conducted at
the CNWRA shows cumulative damage along fractures leading to major instability of the opening (Kana
et al., 1995). The model consisted of approximately 670 cast simulated-rock ingots oriented at 45° to the
horizontal. The ingots were fabricated with appropriate physical and surface (interface) roughness
properties to simulate those of natural joints of Apache Leap welded tuff at approximately 1/15 scale. Test
runs were started at a very low peak excitation displacement level. This amplitude was incrementally
increased as the runs progressed. Four tests were made at each excitation level. The input displacement
time history was derived from the September 19, 1985 Mexico City earthquake using a 1/15 scale.
Figure 11-3 shows the interface permanent shear displacement resulting from each test run. The first run
at each new amplitude level always produced the largest permanent displacement. At low seismic amplitudes, small permanent displacements occurred for multiple seismic events of the same magnitude. As the
seismic input amplitude increased to 15.5 mm for Runs 13 through 19, incremental permanent
displacements were apparent for multiple runs. When the amplitude of the seismic event was lowered in
Run 20, negligible permanent displacement occurred. This behavior implies a threshold ground motion
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magnitude for damage. Threshold value seems to occur between 12.2 and 15.5 mm peak amplitude for
this particular test configuration.
Field measurements at the Lucky Friday Mine, Idaho, indicated that an underground opening
may respond to mining-induced seismicity with step changes in displacements of the rock mass around
the opening or step changes in opening closures. More than 50 seismic events with a local Richter
magnitude of one or larger were recorded at two sites (LFM95-Cl and LFM95-C2 located about the same
depth and on opposite sides of an anticline) during the two-year study. The maximum magnitude recorded
was about 3.5. Most event durations were less than 0.5s. Both horizontal and vertical closures for the
LFM95-C2 provided measurements of seismic effects. No measured permanent displacement responses
from the extensometers were observed for the March 27, 1991 (143 mm/s), January 30, 1992 (180 mm/s),
or March 27, 1992 (199 mnn/s), events. Large closures were observed after the March 21 (134 mm/s),
May 22 (199 mmis), May 23 (200 mm/s), and November 11 (221 mmn/s), 1991, events (Figure 11-4).
These observations correspond well with the extensometer measurements. It is interesting to note that the
November 11, 1991, event induced more than 50.8 mm of horizontal closure which was substantially
greater than the horizontal closure induced by the combined effect of the May 22 and 23, 1991, events.
The July 31, 1991 (60 mm/s), and March 27, 1992, events had no effect on extensometer readings at the
LFM95-C2 site, suggesting that the rock mass containing the anchors and the assembly heads apparently
displaced as a unit into the opening.

2.5

2.0
E
0
zw

1.5

LL]

c

0

1.0
CL

0.5

0.0

IF, .

0

100

I.

200

.

I

lI

I

300

400

I

500

I

I

600

DAY
Figure 11-4. Displacement measurement for extensometer No. 5 at LFM95-C2 site

11-7

When an opening is subjected to seismic motion, a joint already experiencing shear stress close
to the shear strength is more susceptible to slip because the energy contained in the seismic wave may be
sufficient to increase the shear stress or decrease the normal stress to induce slip. As a result, two seismic
events with the same peak particle velocity may induce different responses. This phenomenon was
observed in the Lucky Friday Mine. Although the May 22 (199 mins) and May 23 (200 mm/s), 1991,
events occurred about 3 hr apart and have almost the same peak particle velocities at the LFM95-C2 site,
their effects on displacements were quite different.
Progressive opening damage at the LFM95-C2 site from mining-induced seismicity was observed. The induced damage from the May 22 and 23, 1991, events included cracking of shotcrete and
floor heave near the site and in a nearby up-ramp. In an area fairly close to the site, slip along bedding
planes was observed which is believed to have weakened the surrounding rock mass leading to the more
severe damage that occurred from the November 11, 1991, event. This event caused the shotcrete in all
ramp accesses to crack and bulge out. Shotcrete and some wall rocks at the intersection of the ramp
accesses where slip along bedding planes was observed due to earlier events were dislodged from the walls
of the opening. Joint stick-slip behavior forms the basis for the progressive accumulation of joint
deformation. As the opening continued to deteriorate, it became more and more vulnerable to seismic
events. These observations seemed to support the concept of cumulative damage resulting from the
impact of repetitive seismic loading through accumulation of joint shear displacement that leads to
degradation of rock mass. This implied that similar or even more damage to an opening may occur due
to a number of seismic events with relatively smaller magnitudes as opposed to the damage due to a single
relatively stronger event.
Underground excavations at a high state of stress are more sensitive to seismic loads. Although
the in situ stress at YM is low, this sensitivity has implications for both waste retrievability and
postclosure performance of underground excavations, because the seismic events will take place in the
environment of high stress caused by thermal loads. Consequently, explicit consideration of repetitive
seismic loads in the repository seismic design is required.

11.2.2

Peer Review of Coupled Thermal-Mechanical-Hydrological
Processes Research

11.2.2.1

Background and Scope of Review

The purpose of this research activity was to have an independent panel of experts perform a
critical review of the CNWRA coupled TMH research, including both experimental and modeling
activities. It was recognized by both the CNWRA and the NRC that an independent peer review would
help to better focus and improve ongoing research project activities in view of time and resource
constraints, due to the wide range and complexity of issues related to coupled TMH processes at the
unsaturated repository site at YM. The specific goals of this peer review were to: (i) critically review the
objectives and approaches of CNWRA coupled TMH processes research and their application to licensing
issues at the proposed HLW repository site, and (ii) provide recommendations to improve the research
scope and methodologies and suggest new issues that may not be part of the original plan.
The coupled TMH research project at the CNWRA is focused primarily on addressing the KTUs
discussed in Section 11.1, specifically to: (i) study the stability of underground excavations, primarily the
emplacement drifts, considering long-term deterioration of jointed rock under heated, partially saturated,
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and stressed conditions; and (ii) study mechanically induced changes in hydraulic characteristics of rock
mass surrounding the waste packages as functions of time and space for input to subsystem and TSPA.
Results of a significant amount of research conducted to date to address these two items were
presented in previous CNWRA semi-annual research reports (Hsiung et al., 1993, 1994b, 1994c, 1995b)
and included as part of the peer review. In addition to current TMH research, a number of additional
specific research needs (topics) have been identified for future activities to fully address the two KTUs
based on CNWRA/NRC discussions:
* Study of time-dependent degradation (including constitutive laws) of rock properties (matrix
and fracture) under heated, partially saturated, and stressed (including dynamic loads)
conditions
* Evaluation of mechanical-effect (including repetitive seismic load) dependent fracture flow
in unsaturated fractured rocks
* Development of a methodology for bounding spatial variation of rock and joint properties
using stochastic approaches
* Extrapolation of laboratory-measured intact rock, rock joint, and fracture flow properties for
field-scale application
* Interaction of rock and support systems under heated conditions (long-term effectiveness of
ground support under thermal environment)
* Evaluation of mechanical and thermomechanical effects on permeability changes in
unsaturated fractured rock masses (noting that localized regions having saturated conditions
may exist in recondensation zones, perched water zones, etc.)
* Development of an understanding of formation of dry-out regions, recondensation of vapor,
and condensate dripping through fractures in siting a repository in the unsaturated zone
* Evaluation of dynamic effects on jointed rock mass under heated conditions
* Evaluation of the performance of seals (including backfill materials) and the impact of
repository-generated thermal loads and repeated seismic loads on the long-term performance
of seals [including long-term TM effects, long-term thermal-hydrological (TH) effects on the
chemical properties of seal materials, and long-term TM effects (including repetitive seismic
load) on the surrounding rock mass and seal-rock interface]
* Development of a methodology to identify and characterize important design parameters for
underground excavations-a total system approach
The first three bullets in the list are currently receiving continuing funding from the NRC. An
additional task for the peer-review panel members was to provide their opinions and rankings on the topics
to identify those to be addressed first in light of constrained resources.
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A summary of the selection process for choosing the peer-review panel members for the coupled
TMH processes research project was provided by Ahola (1995). The five peer review members were
(i) Dr. Nick Barton [Norwegian Geotechnical Institute-expertise in rock mechanics/rock classification,
MH experimental studies, design, analysis, investigation of tunnels and rock caverns for storage of oil and
gas, transportation industry, nuclear waste repositories, etc.]; (ii) Dr. Emmanuel Detournay [Department
of Civil and Mineral Engineering, University of Minnesota-expertise in MH coupled analysis
(poroelasticity), hydraulic fracturing, and rock mechanics (e.g., borehole stability, fracture mechanics, and
plasticity)]; (iii) Dr. Derek Elsworth (Department of Mineral Engineering, Pennsylvania State
University-expertise in MH coupled processes investigations, including fracture flow and numerical
modeling); (iv) Dr. John Gale (Memorial University of Newfoundland, St. John's, Newfoundland,
Canada-expertise in hydrogeology of fractured systems, contaminant hydrogeology, flow system analysis,
rock mass characterization, and rock mechanics); and (v) Dr. Antony P.S. Selvadurai (Department of Civil
Engineering, McGill University, Montreal, Quebec, Canada-expertise in geomechanics, hydro-thermal
mechanics, fracture mechanics, coupled TMH behavior of clay barriers associated with HLW disposal).
11.2.2.2

Summary and Conclusions of Coupled Thermal-Mechanical-Hydrological
Processes Peer Review

Each of the peer review panel members provided a written report summarizing their independent
evaluations of the past and ongoing coupled TMH processes research as well as
recommendations/directions for future work. Individual peer review reports containing specific comments
and recommendations as well as the CNWRA responses to the major comments are included in a recent
report by Ahola (1995). In general, the reviewers concluded that the CNWRA research program made
significant progress, particularly in view of resource constraints. Salient points and recommendations from
the review indicate that the research should address the following:
* Progress from MH laboratory testing of single-rock joints to TM and TH testing on
single-rock joints to address key issues associated with these processes in fractured rock.
Several reviewers stated that since little experimental research exists regarding behavior of
joints at elevated temperatures, heating should be incorporated into the single-rock joint tests
over a range of expected stress states to examine the influence of thermal loads and
associated mechanical effects on localized degradation of joint contacts and possible
enhancement of hydraulic conductivity. They also suggested conducting TH-type tests that
take into account two-phase flow in the fractures and associated matrix/fracture interactions
with or without gravity effects.
* Focus more research effort on TH processes (i.e., vaporization, migration, condensation,
capillary recirculation) because these are the least well-constrained and understood, with a
potentially large impact on waste package performance. Most of the reviewers considered this
a high priority in their ranked list of future CNWRA research topics. They recommended that
modeling should focus on the TH coupling aspects, aiming at determining the extent of
dry-out and recondensation zones and providing bounds for the water inflow into the
emplacement drifts by investigating various scenarios involving vaporization, vapor transport,
condensation, and condensate flow.
* Consider simple numerical parametric studies to address several of the identified research
topics (e.g., parameter scaling to field scale, bounding spatial variation of rock mass
properties, and time-dependent degradation of rock properties).
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* Confirm assumptions that the primary mode of heat transfer within the repository region is
conduction, given that phase changes and vapor transport may have significant effects on the
thermal regime. Computational analyses have so far assumed that conductive thermal effects
were dominant. Significant temperatures anticipated around the proposed waste packages may
reach 230 0C and the resultant vaporization of the matrix water might require reconsideration
of this assumption.
* Re-evaluate design of the CNWRA direct shear box to assure it is not artificially influencing
the MH experimental results obtained, specifically with regard to rotation of the upper shear
box, shifting of resultant normal load, and excessive gouge production due to the fact that
the top block is smaller than the bottom block.
* Consider conducting selective field scale work such as the proposed heater test at the Peiia
Blanca natural analog site in Mexico or evaluate existing field studies (e.g., hot dry rock
geothermal reservoirs and depleted geothermal fields with significant vapor phase
components). Large-scale field testing was stated as being important in defining behavior at
a scale closer to that of the prototype than the laboratory and hence incorporating processes
that may be inadvertently missed in modeling efforts. Also, this mode of testing is especially
important in evaluating the anticipated controls on vaporization-migration-condensation
behavior in the dry-out region.

11.2.3

Direct Shear-Flow Test (TC5)

Coupled TMH interactions in fractured media are addressed at the CNWRA by performing TMH
laboratory experiments in addition to model validation and code verification work and participation in
DECOVALEX (Ahola et al., 1995). Objectives of the coupled TMH experiments are to identify parameters
that affect fracture flow significantly and to provide input parameters to numerical models.
The direct shear-flow (MH) test on a single rock joint is a part of the effort to address the first
objective. In fiscal year (FY) 1994, limited experiments were conducted to study the effects of normal and
shear loads on fracture flow, using a single-jointed Apache Leap tuff specimen (Mohanty et al., 1994,
1995a). Needs were then identified to modify the MH experiment apparatus and to conduct some basic
laboratory and numerical experimentation with the objective to enhance the modifications. Activities
pursued during FY95: (i) a brief literature review of fracture flow, (ii) modification of the MH
experimental apparatus, (iii) experimental determination of fracture volume and fracture absolute
permeability, (iv) numerical determination of fracture aperture from fracture profile data, and
(v) investigation of the effect of disturbing the rock joint from its naturally occurring condition on the
fracture permeability. Details of this work can be found in Mohanty et al. (1995b). The following is a
summary of the results from these various activities.
The literature review on single- and multi-phase fluid flow in a single fracture identified
information on flow under stressed and nonstressed conditions. The literature provided evidence of channel
flow based on field and large-scale laboratory tests. A change in the path of flow channels and a reduction
in permeability by as much as a factor of three under compressive stress have been observed in tunnels
(Wilson et al., 1983). The application of the cubic law used in representing fracture flow appears to be
questionable with increasing fracture surface roughness and increasing normal stress (Gale and Raven,
1980). Many investigators recognized turbulence and kinetic effects to be distinctly present at high flow
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rates (Amadei et al., 1995). Development of techniques for data interpretation under the influence of these
effects has been limited. No reasonable model based on experimental data was found which related shear
displacement and fracture conductivity. No experimental data on unsaturated hydraulic conductivity or
relative permeability to water and air under shear stress was found in the literature.
The apparatus for conducting MH experiments with emphasis on fracture flow (Mohanty et al.,
1994) was modified to address deficiencies identified in FY94, and reported in Mohanty et al.(1995b).
Numerical modeling using surface profile data to study joint dilation behavior did not show the expected
normal shear-displacement relationship. While care was taken to obtain a proper alignment between top
and bottom rock joints in the experimental apparatus, normal displacement was observed to be greater than
what was measured using basic apparatus (Kana et al.,1990). Difficulties were also experienced in
calculating an acceptable aperture distribution from profile data measured from grouted rocks before and
after shear load experiments. Addressing these problems required stricter controls on apparatus design,
experimental procedure, and profile measurement. Most modifications were made to improve the grout
box holding the rock joint specimen. Rigidity was improved by preparing the frame from a rectangular
steel block. The exterior of the frame and the top and bottom plates were polished to within specified
tolerances so that surface profiling errors could be minimized. In the new design, the exterior dimensions
of both grout boxes were kept identical so that the corner brackets with pins could be accommodated. The
use of corner brackets in the new design ensured that the top and bottom rocks were in matched condition
before the rock was exposed to specified loading during the experiment. This modified apparatus, along
with techniques developed in auxiliary experiments for determination of fracture volume, fracture absolute
permeability, and fracture aperture from profile data, is suitable for conducting saturated/unsaturated
fracture flow experiments under normal and shear loads.
One of the auxiliary experiments involved a feasibility study and method development for
measuring unsaturated hydraulic conductivity. This requires determination of fracture volume for use in
the saturation versus relative permeability relationship. The pycnometer method (Mohanty et al., 1995b)
was used in this experiment for determining fracture volume. This method is expected to be readily
implementable in the MH experimental apparatus. The average of six fracture volume measurements taken
by using the pycnometer method was determined to be 5.01xl O4 M3 . This corresponded to an average
aperture of 1.2x 10-3 m. Gas fracture permeability was found to be three to four times greater than liquid
permeability. No correction was done for gas slippage at the pore wall, which is characteristic of gas flow
in porous media. Fracture permeability values from the flow experiment were found to be nearly a hundred
times smaller than the permeability estimated using the arithmetic mean fracture aperture obtained from
the pycnometer method. The results from the pycnometer method will be verified against the cumulative
aperture volume from the aperture distribution obtained by using surface profilometry.
Experiments were conducted to study alteration in fracture flow characteristics when a jointed
rock mass was disturbed from its natural form. By disturbing the rock, we mean that two faces of the joint
specimen, originally held together presumably by means of cementitious material or by a very small
contact into which the fracture had not propagated, were physically detached and then rejoined. A
specimen was carefully collected from a larger field sample and fracture permeabilities were measured
before and after splitting the jointed rock using a permeameter. Although the fluid was injected across the
whole cross-sectional area of the water-saturated specimen, the injected fluid was expected to flow
exclusively through the fracture because of the extremely low matrix saturated hydraulic conductivity.
Experiments were conducted at various confining pressures from 0.21 to 0.62 MPa. Higher confining
pressure could not be applied because of pressure limitations of the experimental apparatus. These
experiments revealed an order of magnitude increase in permeability after splitting the specimen. This was
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not expected because the confining pressure is small in magnitude. Nonetheless, this test compared
hydraulic conductivity of the rock joint before and after splitting.
Fracture profile data were collected using a noncontacting surface profilometer. In the past,
difficulties were experienced when calculating correct aperture values from surface profile data. Therefore,
a new profiling procedure was developed to aid in determining fracture aperture from the measured
fracture profile. The new procedure involved positioning the top and bottom rocks side-by-side, scanning
both rocks in one pass, and establishing a reference plane. The procedure further required numerical
flipping (inversion) of surface-height data for one of the rocks and a few steps of translational movement
of top and bottom rocks to obtain the best matching between the two surfaces. Aperture data thus collected
indicated that in spite of strong heterogeneity in the surface height distribution, the corresponding aperture
distribution did not display such strong heterogeneity. This was evident from the aperture and surface
height data presented in Figure 11-5. The aperture configuration carried a signature of the surface
heterogeneity; it showed geometric isotropy and smaller correlation length. However, further studies are
needed using more specimens of different sizes. The aperture distribution measurements of an Apache
Leap tuff specimen with induced fracture showed approximately log-normal distribution of the aperture
(Figure 11-6). A mean aperture value of 0.21 mm and a standard deviation of 0.14 mm were observed.
A maximum aperture value of 1.59 mm and a minimum aperture of 0 mm were also observed. A
semivariogram plot for the aperture configuration (Figure 11-7) revealed an isotropic correlation length
of about one sixth of the system length. It should be kept in mind that the joint specimen collected from
the field may show a different geometric description compared to a freshly induced fracture. Fracture
specimens collected from the field as well as fresh fractures most often show weak spots on the fracture
faces from rock materials that easily chip off. Some of the large apertures in the aperture distribution may
correspond to a few such areas. If it is present in a larger proportion, then scaling of fracture properties
may be difficult and perhaps misleading when applied at a larger scale.
In order to facilitate the design of the MH experiment and to study the effect of rock dilation
under no gouge production, numerical experimentation was conducted to obtain fracture permeabilities at
various numerical shear displacements. The maximum change in the largest aperture value took place at
the first numerical displacement step (2.3 times the initial largest aperture value). Then, the change rapidly
decreased (Figure 11-8). The largest aperture width was 5.2 mm. With a final mean aperture value of
1.8 mm, the change in mean aperture value at the corresponding displacement was 7.6 times that of the
original mean aperture. Similarly, with a standard deviation of 0.524 mm, the change with respect to the
matched condition was found to be 2.55 times. A 13-fold increase in the equivalent fracture conductivity
was observed as a result of 2.4 mm numerical shear displacement. This numerical exercise also indicated
that, under shear displacement, the aperture distribution deviated from log-normal and tended to be more
gaussian. At larger shear displacements, a shift from unimodal to bimodal aperture distribution may take
place. While the aperture distribution in a matched condition appeared to be isotropic, displacement tended
to develop large aperture streaks that may potentially contribute to the growth of an anisotropic flow path,
such as flow channels. The position of these streaks appeared to correspond to the anisotropy in the
fracture surface height data.

11.3

ASSESSMENT OF PROGRESS TOWARD MEETING PROJECT
OBJECTIVES

The primary objectives of research on seismic effects are to: (i) identify seismic-related key
technical issues that affect repository design and performance, and (ii) develop techniques that could be
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used to predict the response of near-field jointed rock mass at the proposed repository at YM, Nevada,
when subjected to repetitive seismic and thermal loads. These objectives are accomplished through
laboratory, field experiments, and computer modeling.
Seismic related work was completed and the associated objective was met. Several engineering
related seismic design and analysis issues considered important to repository design were identified and
addressed. For example, it was determined through laboratory small-scale model dynamic experiments and
field investigations performed at the Lucky Friday Mine, Mullan, Idaho that accumulation of joint slips
around openings due to repetitive episodes of seismic events may progressively weaken the rock mass
around the openings. This phenomenon of reducing rock mass strength may lead to opening instability
if conditions are not favorable. This finding was used to support a number of prelicensing activities. Most
recently, this finding supported the review of a DOE annotated outline for a seismic design methodology
topical report. A comment to this effect was accepted by the DOE and will be addressed in its repository
seismic design methodology. The NRC is scheduled to review the Topical Report-Seismic Design
Methodology for a Geological Repository at Yucca Mountain to determine, among others, whether this
issue has been included adequately in the DOE Seismic Design Methodology.
The finding that commonly used rock joint models cannot correctly simulate anticipated cyclic
pseudostatic and dynamic rock joint behavior reported previously led to the activities for development of
a new rock joint model under Task 2.3 of the Repository Design, Construction, and Operations (RDCO)
program element. Development of the rock joint model can greatly enhance staff capability for review of
the DOE repository seismic design, especially in the area of retrievability. Furthermore, observed
deficiencies in the commonly used rock joint models will be used as a basis for developing acceptable
criteria in the review procedures relevant to design review of subsurface facilities.
The objective of TMH modeling and experiments is to address KTUs related to the effect of
coupled TMH processes on repository design and performance. Results of the peer review on the coupled
TMH research were productive and helpful. The peer review panel recommendations will be considered
and factored into future RDCO technical assistance work.

11.4

PLANS FOR NEXT REPORTING PERIOD
Because of budget constraints no significant research work is planned for the next reporting

period.
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12 ENGINEERED BARRIER SYSTEM
EXPERIMENTAL RESEARCH
by Gustavo A. Cragnolino, Peter Angell, Darrell S. Dunn, and Narasi Sridhar
Investigators: Gustavo A. Cragnolino, Peter Angell, Darrell S. Dunn, and Narasi Sridhar
NRC Project Officer: Michael B. McNeil

12.1

TECHNICAL OBJECTIVES

The overall technical objectives of the Engineered Barrier System Experimental Research
(EBSER) project are to:
* Develop an understanding of the processes affecting the near-field environment contacting
the waste package, including those resulting from the interactions of the waste package with
the environment in order to provide input to models and confirm model predictions. This
investigation will be done in cognizance of parallel but complementary efforts in the NearField Processes and Variations Research Project.
* Address performance issues (e.g., corrosion, mechanical properties, and radionuclide release
rate) relevant to the current U.S. Department of Energy (DOE) Advanced Conceptual Design
(ACD) phase while retaining the flexibility to apply the methodologies developed to a variety
of materials and design features.
* Assess the adequacy of the DOE data and methodologies used to support license application.
* Provide information and data to support modeling activities related to waste package
performance and radionuclide release from the Engineered Barrier System (EBS). The
development of this information will be coordinated with activities in EBS and Iterative
Performance Assessment (IPA) programs.
The specific technical objectives of this project are consistent with the research needs included
in the Container Life Prediction and Source Term Key Technical Issue (KTI) and also with the key
technical uncertainties identified in the License Application Review Plan (LARP) (Nuclear Regulatory
Commission, 1994). These needs entail:
* Examining the methodologies for extrapolating short-term laboratory or field performance
data to predict long-term performance of waste packages through a combination of
mechanistic modeling, experimentation, and comparison to relevant natural systems that have
operated over long time periods
* Demonstrating the adequacy and conservatism of the repassivation potential concept in
predicting the long-term localized corrosion and stress corrosion cracking (SCC) of container
materials

12-1

* Evaluating the DOE approach on modeling the effect of long-term exposure and various
repository mechanical loads on the mechanical stability of waste package materials and their
consequences, including criticality
* Determining the changes in chemistry inside defects in the overpack, as well as the changes
due to the reaction of fillers and backfill with groundwater, that may affect the performance
of the waste package components
* Developing a quantitative understanding of the kinetics of embrittlement of waste package
materials, including basket materials, and its effect on criticality control
* Developing a methodology to assess the effects of microorganisms on both the near-field
environment and the corrosion of EBS components
* Evaluating the effect of repository operations and man-made materials (e.g., grout, organic
fluids, etc.) on the changes in environment, such as groundwater pH, redox conditions, and
aqueous species, which may be detrimental to the performance of waste packages and waste
forms
The focus of this experimental program is to critically assess the experimental techniques and
results used to predict degradation of the waste package materials and to develop a phenomenological and
mechanistic understanding of the various degradation modes. Uncertainties in the current database on
material degradation pertinent to waste package performance will be identified and a selective, independent
database will be developed to assess long-term performance of the waste package. However, the intent of
the program is not to generate all the data independently from the license applicant, but to perform
intensive investigations of the techniques used to develop the necessary data and the methodology used
to extrapolate the data to repository conditions and time frames of regulatory interest.

12.2

SIGNIFICANT TECHNICAL ACCOMPLISHMENTS

12.2.1 Background
One of the most important factors determining the performance of waste package materials is
the environment contacting the waste packages. This environment, referred to here as the "very near-field
environment," is, at present, poorly understood. One of the strategies proposed by the DOE calls for the
placement of high thermal load waste packages such that the near-field environment will stay dry for
periods extending to 10,000 yr or more (TRW Environmental Safety Systems, 1995). If the predicted dry
conditions indeed occur at most waste package surfaces, then corrosion is not a significant concern and
material performance is determined by their mechanical properties in response to thermal aging over
relatively long periods of time. However, aqueous conditions may prevail under some conditions near the
waste packages as a result of evaporation-induced changes in salt concentrations and due to the
heterogeneity in the heat distribution resulting in cooler waste packages at the edge of the repository.
Even if aqueous conditions prevail near the waste packages, the chemical compositions of the
solutions contacting the waste packages are not known. In principle, these can range from distilled
condensate water to concentrated salt solutions. Because aqueous conditions are expected to be potentially
more corrosive than dry conditions, the EBSER project is focused on establishing techniques to bound the
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performance of the container materials in aqueous conditions of varying chemistry. The results of shortterm experiments in environments of widely varying compositions, obtained during the course of the
Integrated Waste Package Experiments (IWPE) project (Sridhar et al., 1995), are extended through suitable
long-term experiments under well-controlled conditions to evaluate the applicability of bounding
parameters, such as the repassivation potential for localized corrosion, Erp, to long-term prediction of
container materials performance.
The EBSER project consists of six tasks. Task 1 addresses the evolution of the near-field
environment as a result of microbial activity and the effect of biofilms on corrosion and SCC of waste
package materials. Task 2 addresses the evolution of the near-field environment due to evaporative
concentration of groundwater, capillary effects, and corrosion of waste package components. Task 3 is
mainly devoted to the continuation of ongoing long-term corrosion and SCC studies. Task 4 focuses on
the thermomechanical stability of the overpack materials and their weldments. Task 5 deals with the effect
of thermal instability of multipurpose canister (MPC) basket materials on criticality control. Task 6 is
primarily concerned with the parameters controlling the radionuclide release from spent fuel.
As a result of program uncertainties, funding constraints, and the recommendations of the panel
of peer reviewers (Cragnolino and Sridhar, 1995), research activities are currently being pursued in only
three of the six tasks. Although work is underway in Task 4, only research in progress in Tasks 1 and 3
is included in this report.

12.2.2 Previous Research
In the already completed IWPE project (Sridhar et al., 1995), the use of E p as a predictive tool
for localized corrosion and SCC of stainless steels (SSs) and Ni-base alloys was extensively examined
using mainly short-term tests. It was concluded that a single repassivation potential can be used as a
lower-bound parameter for predicting the initiation, in the long-term, of localized corrosion and SCC in
a simulated groundwater environment containing an augmented concentration of chloride ions at
temperatures close to the boiling point of pure water at the repository horizon. The effects of test
technique, environmental factors, and surface condition of several candidate materials and, in particular,
alloy 825 have been quantified (Sridhar et al., 1995).
The likelihood of microbially influenced corrosion (MIC) in the repository environment has been
reviewed (Geesey, 1993). This review suggested that microbiological action cannot be ruled out under the
thermal and radiation conditions prevailing in the repository. Although no experimental research on MIC
was conducted in the IWPE project, the nature of this potential problem was defined and the importance
of studying the interaction of microorganisms with tuff and the groundwater, as well as the effect of
microorganisms on the corrosion potential, Ecorr, and on the localized corrosion of container material was
reviewed in some detail (Sridhar et al., 1995).

12.2.3 Microbial Action on the Near-Field Environment
12.2.3.1 Introduction
The objective of this study is to determine if biofilms can be grown on tuff under partially
saturated conditions simulating those which can be present at the proposed Yucca Mountain (YM)
repository site. Along with the accomplishment of this objective, methodologies will be developed for the
12-3

characterization of bacterial biofilms grown on tuff and the effect of microorganisms on groundwater
chemistry. In his review, Geesey (1993) suggested that microbial biofilms can form at relative humidity
levels above 60 percent. However, this value is not well established and only limited experimental
evidence is available to justify it. Taking into consideration that this humidity threshold can be affected
by temperature, it is important to determine the effect of the level of humidity on the likelihood of
bacterial activity (biofilm formation) at various temperatures above ambient temperature. The results of
these studies can then be incorporated in a model of the system that (i) describes biological activity and
its effect on near-field geochemistry and (ii) includes appropriate consideration of the range of
temperatures and humidities expected in the near field as a function of the distance to the waste packages,
and other variables, such as nutrient availability.
As the first activity in this study, the effect of temperature, which was varied over a range
around the boiling point of water at the repository horizon (approximately 95 0 C), on the viability of
naturally occurring bacteria was investigated. Initially, tuff from the Peha Blanca analog site was used for
the purpose of developing methodologies because it is well characterized and similar in terms of
mineralogy to YM tuff. The procurement of YM tuff for further studies will be initiated soon.
12.2.3.2 Experimental Procedures
A large block of tuff from the vicinity of the Nopal I uranium deposit, Pefia Blanca District,
Chihuahua, Mexico, collected as part of the field work carried out in the Center for Nuclear Waste
Regulatory Analyses (CNWRA) Geochemical Natural Analogs Research Project (Pearcy et al., 1993;
Green et al., 1994), was used for this investigation. A sample exhibiting very minor signs of weathering
was removed from this large block, crushed using a hammer, and then screened to yield a fraction
containing fragments 2 to 4 mm in diameter. These dimensions are sufficiently large to preserve the
properties of the rock matrix, but small enough to provide a relatively large surface area to volume ratio.
It is also a suitable size fraction for further light and electron microscopy examinations. The fraction was
cleaned by sonication through ten rinses of deionized water (18.1 MO resistivity), dried overnight at
30 'C, and stored in a plastic bottle as sample NOPI-433-24.
All experiments were run in 250 mL glass conical flasks that were previously heated in a muffle
furnace to 450 'C for 4 hr to remove any organic matter. At the beginning of each experiment, three flasks
containing 4 g of NOPI-433-24 tuff each, along with two empty flasks, were stoppered with cotton and
cheese cloth bungs and covered with a double layer of autoclave paper held in place with autoclave tape.
The five flasks were then placed in a Fischer IsoTemp oven and heated at the desired temperature for
48 hr. The selected temperatures were 80, 90, 100, 110, 120, 130, 150, and 180 'C.
After removal from the oven, 20 mL of sterile medium was aseptically added to the flasks and
the stopper and paper covers replaced to prevent microbial contamination. Medium for these studies was
a solution simulating water from the J-13 well located in the vicinity of the YM site with concentrated
chloride levels as would be obtained by repeated evaporation cycles. The medium contained 900 ppm Cl(as NaCl); 100 ppm Cl- (as KCl); 85 ppm bicarbonate (as NaHCO3 ); 25 ppm sulfate (as MgSO4 ); 2 ppm
fluoride (as NaF); and 10 ppm thiosulfate (as Na 2 S 2 0 3), to which 200 ppm lactate (60 percent sodium
lactate syrup), 20 ppm yeast extract as the carbon source, and 20 ppm tryptone as a growth supplement
were added. Flasks were then placed in a shaking water bath set at 30 'C for 2 wk before bacterial
enumeration was carried out on both the planktonic and biofilm bacterial populations.
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For the biofilm enumeration, 1 g of tuff was weighed, rinsed twice in 10 mL of sterile phosphate
buffered saline (PBS) (supplied by Sigma, Detroit, Michigan), and sonicated for 1.5 min in the final rinse.
One mL of the resultant liquid was then used as the initial concentration for the plate counts of the sessile
bacteria. Planktonic bacteria were collected by taking 1 mL of the medium. For both the biofilm and
planktonic counts, the initial concentration was serially diluted (tenfold) to 10-5 (6 concentrations in the
series). Six 20 pL drops of each concentration (from 1 to 1o-5) were plated on an R2 A plate (supplied by
Difco, St. Louis, Missouri) and incubated at 30 'C. The colonies in the concentration that gave between
3 and 30 colony-forming units (cfu) per drop were then counted and back calculated to give the original
amount of bacteria per unit weight of tuff expressed in cfu/g.
12.2.3.3 Results and Discussion
Viable bacteria were obtained for both the planktonic and biofilm counts for the tuff specimens
heated to 80, 90, and 100 'C, while no viable bacteria were detected for the 110, 120, 130, 150, and
180 'C samples. Bacteria isolated from the tuff samples treated at the lower temperatures (80 and 90 'C)
showed three distinct colony types: (i) punctiform (less than 1 mm in diameter), white with an entire
margin; (ii) large white with an irregular margin; and (iii) large translucent, with an entire margin. At the
highest temperature at which viability was noted (100 'C), the bacteria only exhibited the type (iii) colony.
It should be noted, however, that in a preliminary experiment set up to establish the test methodology,
counts were obtained and viable biofilm visualized on samples heated to 120 'C. In this case, the shaking
water bath was covered with a lid which provided a very humid environment. It appears that the
subsequent soaking of the autoclave paper and cotton plug may have allowed bacterial entry into the
system.
It is unlikely that these bacteria are metabolically active, in light of the low water activity
expected at such high temperatures. It would be unusual for bacteria to be active over a wide range of
temperatures (30 to 100 'C) due to the nature of bacterial enzymes which are generally active within a
narrow temperature range. Such diversity would require the existence of two distinct sets of metabolic
pathways which is rather unusual. It is suggested, therefore, that these bacteria have the ability to survive
under hostile conditions of temperature and water activity but they are not metabolically active.

12.2.4 Microbial Effects on the Corrosion of Candidate Container Materials
12.2.4.1 Introduction
As previously noted, one of the dominant modes of failure of the EBS is thought to be localized
corrosion of high-level waste (HLW) containers. Following a review of the literature (Geesey, 1993), it
was concluded that localized corrosion enhanced by the action of microorganisms could be an important
factor affecting the integrity of the containers since pseudomonad, sulfate reducing bacteria (SRB), and
other bacteria, often associated with MIC of metallic materials, were isolated from the deep subsurface
in the vicinity of the YM site.
As discussed by Sridhar et al. (1995), if Ec.rr in the environment surrounding the container is
higher than Erp localized corrosion will occur. Microbial activity can affect Eco]T or E r. However, there
is no general agreement on the mechanisms of bacterial influence on these parameters.

12-5

One of the major reasons for the lack of understanding of bacterial effects on Ec.0 is that most
experiments are carried out using uncontrolled conditions with natural exposures of materials in vivo. A
review of the literature shows three general trends in Ecorr that have been attributed to the presence of
bacteria (Sridhar et al., 1995): (i) an increase in Ec.0 (often termed ennoblement in the literature); (ii) no
change; and (iii) a decrease in Ec. Ennoblement is often observed when SSs are exposed to natural
aqueous environments after detectable biofilms have formed. It should be noted that biofilm growth is the
preferential mode of growth by bacteria in oligotrophic environments. Various mechanisms suggested for
the explanation of ennoblement have been reviewed previously (Sridhar et al., 1995).
A decrease in ECOlT is often seen in experiments conducted under laboratory conditions where
SRB are thought to predominate (Webster et al., 1991). As a result of the lack of adequate microbial
analysis, it is not certain that SRB always predominate in biofilms. However, it is suspected that the
decrease in Ecolr is either the result of a decrease in dissolved oxygen due to microbial respiration, the
metabolic production of reduced sulfur species, or a combination of the two. No account is taken of other
possible metabolic pathways. The SRB are characterized as being obligate anaerobes, incapable of utilizing
oxygen as their terminal electron acceptor. Instead of oxygen, SRB reduce sulfate, probably through the
formation of intermediate, metastable sulfur oxyanions (Cragnolino and Tuovinen, 1984), to sulfide which
is liberated from the cell. A major problem in differentiating between the effects of sulfide and other
bacterial metabolites is the fact that SRB are unable to grow or metabolize in the absence of sulfate, and,
therefore, it has been impossible to separate the effect of metabolism from sulfide production.
Recently isolated bacteria may provide a key to differentiating the two phenomena (Myers and
Nealson, 1990). A number of strains of Shewanella putrefaciens have been characterized that are capable
of reducing either oxygen, nitrate, iron (III) oxide, sulfite, or thiosulfate as the terminal electron acceptor.
This provides a means to study the effect of normal metabolism in the absence of metabolic sulfide
production by having a bacteria in which it is possible to turn on or off the production of sulfide.
Work reported here is focused on the effect of Shewanella putrefaciens growth on the Eco, of
316L SS. Replicate specimens have been exposed in batch vessels inoculated with Shewanella
solution pH, and dissolved oxygen concentration has been
putrefaciens. Continuous monitoring of Ec,
employed along with periodic sampling of the bulk phase and biofilmed surfaces for bacterial numbers.
12.2.4.2 Experimental Procedures
The composition of the basal medium for these studies, in which thiosulfate was replaced by
10 ppm nitrate (as NaNO3 ), was described in Section 12.2.3.2. In some experiments, however, nitrate was
replaced by 10 ppm thiosulfate (as Na 2S 2 0 3). The test vessel with a total volume of 2 L was made of
borosilicate glass. For each experiment, the volume of solution was 1 L. The medium was maintained at
room temperature (26±1 'C) and mixed using a magnetic stirrer running at approximately 50 rpm. The
completed vessel has four multi-electrode probes (MEPs), two calomel reference electrodes connected via
Luggin's capillaries, a pH electrode, a dissolved oxygen concentration electrode, a prepassivated platinum
electrode (PPE), and a calibrated thermometer. One of the MEPs was used for Eo0 g measurements while
the other three provided removable specimens for bacterial biofilm counts.
The vessel containing the medium, without the working and pH electrodes, was sterilized by
autoclaving at 121 °C and 14 psi for 1 hr. Each MEP had four electrically isolated (2 cm 2 ) type 316L SS
electrodes (Nivens et al., 1992) polished to a 600-grit finish. These were ultrasonically degreased in 100
percent acetone for 10 min, sterilized in a sterile 2 percent glutaraldehyde solution for 1 hr at room
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temperature, and rinsed in sterile water. Immediately after the vessel was removed from the autoclave, the
electrodes were placed in the vessel, and the system was subsequently allowed to cool down to room
temperature for 6 hr. The assembled vessel was then placed in a 70 'C incubator overnight and allowed
to cool before repeating the overnight heating to ensure sterilization. Gas sparging of the medium was
initiated, and the electrodes were then connected to a multichannel data logger to monitor the Eco,. The
potential of the PPE was also monitored, along with pH and dissolved oxygen concentration.
When a steady Eco,, value was attained after approximately 2 d, the medium was inoculated with
a culture of Shewanella putrefaciens grown overnight on an agar plate. Periodic plate counts on the bulk
solution were made using the method of Miles and Misra (1938) on Luria-Bertani (LB) agar plates,
containing per liter: 10 g of sodium chloride, 5 g of yeast extract, 10 g of tryptone, and 1 mL of lactate
(60 percent sodium lactate syrup). Destructive bacterial biofilm enumeration was performed by periodically
removing one MEP and rinsing two of the electrode surfaces with 5 mL per surface of water sterilized
using a 0.2 ptm filter. The rinsed electrode was then swabbed thoroughly with a sterile cotton swab, which
was then aseptically placed in 1 mL of PBS (supplied by Sigma) and vortexed for 1 min to resuspend the
bacteria. Plate counts were made, as per planktonic bacteria described above. Runs lasted 2 wk or until
the culture was well into the stationary growth phase as estimated from the planktonic bacterial counts.
12.2.4.3 Results and Discussion
Sterile Controls
These controls were run using both media compositions with either nitrate or thiosulfate. In
addition, dissolved oxygen levels were altered by sparging gas mixtures of 79 percent N2 /21 percent 02
(synthetic air) to provide aerobic conditions or 95 percent N2 /5 percent H2 for anaerobic conditions. The
results for each medium (with and without thiosulfate/nitrate) are discussed with the relevant results for
the inoculated systems. In both the aerobic systems with either nitrate or thiosulfate, EcOIT reached a stable
value of approximately -125 mVSCE (±25 mV) and the potential of the PPE was about 160 mVSCE. This
value is lower than those expected for 316L SS in an aerated medium of this composition but was similar
to results obtained by Newman (1995) in which lower Ecoff values were attributed to the presence of
organic compounds in the medium. In the case of the anaerobic system in the presence of thiosulfate, Ec,,,
was lower with an approximate value of -411 mVSCE (±63 mV).
Aerobic Medium With Nitrate and Without Thiosulfate
This experiment was designed to determine the effect of normal bacterial aerobic growth with
oxygen acting as the terminal electron acceptor. Hence, the effect of other metabolic pathways can be
evaluated without the production of metabolic sulfide.
Figure 12-1 shows the variation of both the planktonic and biofilm bacterial numbers with time,
while Ecorr the potential of the PPE, and pH are plotted against time in Figure 12-2. Planktonic cell
numbers increased [maximum growth rate (p max.) of 0.14 hr-]l until they reached the stationary growth
phase after 150 hr and remained constant until the end of the experiment at 240 hr. Numbers of bacteria
in the biofilm grew at a steady rate (p max. of 0.04 hr-') for the first 150 hr before leveling off for the
remainder of the experiment. As shown in Figure 12-2, ECOIT for two of the 316L SS electrodes increased
by approximately 100 mV from the initial value (-250 mVscE) over 240 hr of monitoring, whereas the
third 316L SS electrode and the PPE exhibited only a slight increase. At the same time, the pH decreased
from 7.5 to 6.7 over the initial 80 hr before it rose back to around 7.5. The drop in pH corresponded to
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Figure 12-1. Viable numbers of Shewanella putrefaciens in planktonic phase and as a biofilm on
316L stainless steel electrodes against time under aerobic conditions, with nitrate and without
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the planktonic 1amax. (0.14 hr-) and the maximum change in Er.. Simple thermodynamic calculations
indicate that a decrease of 1 pH unit should result in an increase of potential of about 60 mV. It seems
that the shift in pH was responsible for the change in the potential. However, the potential did not return
to the original values when the pH increased. It is suggested, therefore, that the pH drop and the change
in E.O, are the result of independent factors (e.g., different metabolic products) arising from microbial
activity. In absolute terms, this final potential was lower than that in the sterile medium.
Aerobic Medium With Thiosulfate and Without Nitrate
This experiment was designed to determine the effect of normal aerobic bacterial growth in
which oxygen could act as the terminal electron acceptor, but in the presence of thiosulfate as an
alternative electron acceptor. However, thiosulfate is unlikely to be used since oxygen is the preferential
electron acceptor (Myers and Nealson, 1990). Therefore, the experiment served as a control for the later
experiment in which growth was conducted anaerobically to promote sulfide production.
These results are difficult to interpret due to the fluctuations in the planktonic population
(Figure 12-3). However, it is evident that there was an increase in the planktonic numbers of
approximately half a log unit from lx107 to 5x10 7 cfu/mL. This result may be due to a rather large
inoculum being added, although the planktonic numbers were found to be within the order of magnitude
of the normally accepted maximum cell density, which is about lx108 cfu/mL for a planktonic culture.
The cell density was maintained for about 330 hr in a batch culture, suggesting that although cell numbers
were not increasing significantly, the cells were indeed metabolically active. This hypothesis is being
evaluated by analyzing the bulk phase for carbon source uptake and production of possible metabolic
products, which are factors directly related to metabolic rate.
Despite the uncertainty in the bacterial growth/metabolism, it is evident in Figure 12-3 that there
was an increase of about one pH unit in the initial 216 hr accompanied by a minor decrease in the
potential of the PPE during the experiment. It is suggested that the initial decrease in the potential of the
PPE is due to the pH increase. As in the previous experiment, a slight increase in Ec., of 316L SS was
noted in two of the SS electrodes. However, a marked increase in ECOIT of about 150 mVsCE occurred in
one of the electrodes. It is suggested that the effect of thiosulfate in the medium was minimal since the
values of Ec.,r were similar to those found in the absence of thiosulfate (Figure 12-2) even though the
potential of the PPE and the pH were slightly lower. No localized corrosion of the electrodes was
observed. This phenomenon, promoted by thiosulfate in the presence of chloride, is usually indicated by
a significant drop of EcOr, resulting from the localized activation of the electrode (Newman et al., 1989).
Anaerobic Medium With Thiosulfate and Without Nitrate
This experiment was designed to evaluate the effect of sulfide production by the bacteria on the
Ecorr By removing the other terminal electron acceptors, the bacteria would reduce either sulfate or
thiosulfate to sulfide. Miller and King (1971) have suggested that microbially produced sulfides are
associated with MIC of carbon steels.
During the sterile anaerobic runs, Ec.lT for 316L SS attained a value of -411 mVsCE
(±63 mVscE) while the potential of the PPE stabilized at -769 mVscE (±63 mVscF). In a preliminary run,
it was noted that after sparging with 95 percent N2 /5 percent H2 , the pH increased from 7.3 to near 10 and
no viable bacteria were found in the vessel after 1 hr. The bacteria, having been routinely cultured under
aerobic conditions, did not grow readily under anaerobic oligotrophic conditions.
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Figure 12-3. Viable numbers of Shewanella putrefaciens in planktonic phase and as a bioflim on
316L stainless steel electrodes, corrosion potential for three 316L stainless steel electrodes (labeled
1, 2, and 3), platinum electrode potential, and pH (not shown after 192 hr due to failure of the pH
electrode) against time under aerobic conditions, with thiosulfate and without nitrate
In order to overcome these problems of bacterial growth, a richer defined medium, similar to
that originally used for the isolation of these bacteria (Myers and Nealson, 1990), was used in the presence
of 1,000 ppm Cl-. The system was inoculated twice, first at 48 hr and then at 169 hr, as indicated in
Figure 12-4. This second inoculum was necessary as viability was not maintained following the original
inoculation. After the second inoculation, there was a steady rise in bacterial numbers in both the
planktonic and biofilm population and a subsequent decline starting at about 288 hr. An increase in pH
from 7.0 to 8.1 followed the increase in biofilm bacterial numbers after the second inoculation
(Figure 12-4).
As shown in Figure 12-4, the EOlr for the 316L SS electrodes in the anaerobic medium was
approximately -250 mVSCE (±125 mV) while the potential of the PPE stabilized at -550 mVscE
(±25 mV). Towards the end of the experiment, all the Ec,,, values for 316L SS had stabilized at around
-234 mVSCE (±60 mV). During the sampling of the MEP for biofilm bacterial counting, it was noted that
the electrodes with the lowest Eco~r values exhibited blackening of their edges probably due to crevice
corrosion and the concurrent formation of metal sulfides. The production of aqueous sulfide by the culture
was noted by the characteristic odor of hydrogen sulfide detected during the active growth of the bacteria.
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Figure 12-4. Viable numbers of Shewanella putrefaciens in planktonic phase and as a biofilm on
316L stainless steel electrodes, corrosion potential for four 316L stainless steel electrodes (labeled
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12.2.5 Long-Term Corrosion Tests
12.2.5.1 Introduction
Long-term testing is being conducted to gain confidence in the methodologies employed for
extrapolating short-term data to long-term predictions. Long-term tests under controlled potentials,
anticipated to continue for time periods ranging from a few months to several years, are necessary to
confirm the long-term applicability of Erp, measured in the course of the IWPE project (Sridhar et al.,
1995), for predicting the initiation of localized corrosion. These tests are designed to verify whether the
Erp for deep pits is a conservative parameter for predicting pit initiation and repassivation for all surface
conditions. Tests were conducted using creviced specimens under potentiostatic control and under naturally
aerated conditions with simultaneous monitoring of Ec.rr In order to sensitively determine the initiation
time for localized corrosion under naturally corroding conditions, additional tests were conducted with
crevice specimens coupled through a zero-resistance ammeter (ZRA) to a larger noncreviced specimen of
the same alloy acting as a cathode. The redox potential of the environment and, therefore, the Ec., of the
specimens, was controlled by using the Cu2 +/Cu+ couple, which allowed a higher potential to be attained
than that in air-saturated solutions, thus accelerating the test. An important parameter to evaluate as a
function of time is the pit propagation rate, not only for predicting the life of a container as affected by
the rate of penetration of localized corrosion, but also to gain insight into the mechanisms controlling
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localized corrosion. For those purposes, studies using a simulated artificial pit were conducted under
potentiostatic conditions.
12.2.5.2 Experimental Procedures
The chemical composition of the specimens of alloy 825 used in this investigation, as well as
their configuration and dimensions, has been reported elsewhere (Sridhar et al., 1995). Potentiostatic tests
were conducted using cubic specimens with both polished and chromium-depleted mill-finished surfaces.
Specimens with a controlled crevice were used in potentiostatic tests and in some of the ZRA
measurements, whereas cylindrical specimens with a 600-grit finish were also used in some of the ZRA
measurements. Pit propagation tests were conducted on alloy 825 wire specimens covered with polyolefin
tubing to expose a simulated pit to the environment.
Potentiostatic initiation tests were conducted by polarizing both plain and creviced specimens
to potentials above and below the ET, measured previously using the cyclic potentiodynamic polarization
(CPP) technique (Sridhar et al., 1995) in a solution containing 1,000 ppm Cl-, 85 ppm HC03-,
20 ppm S042, 10 ppm N0 3 , and 2 ppm F , all as sodium salts. The tests were carried out in a cell
containing approximately 1,500 mL of solution maintained at 95 'C, as described by Sridhar et al. (1995).
Open-circuit tests were conducted with a setup similar to that used for the potentiostatic
polarization tests. The corrosion potential of alloy 825 was continuously monitored in an air-saturated
1,000 ppm Cl- solution at 95 'C. Periodically, the test was interrupted and the specimen was examined
for signs of localized corrosion.
ZRA tests were conducted in solutions containing 0.028 to 1 M Cl- at 95 'C. The redox potential
of the test solutions was controlled by either purging with synthetic air (79 percent N2 / 21 percent 02) or
by using the Cu 2+/Cu+ redox couple in the form of chloride salts with HCI or NaCI additions to achieve
the desired total chloride concentration. The open surface to crevice surface area ratio for all tests was at
least 10:1. This arrangement simulates a large container surface with a number of localized corrosion
spots. The open-surface specimen was immersed in the test solution and maintained approximately 25 mm
away from the creviced specimen. During the tests, the current was measured with a resolution of I nA.
The potential of the specimen was also recorded with a resolution of 0.1 mV. All tests were conducted
in a 2-L reaction vessel using a saturated calomel electrode (SCE) maintained at room temperature as a
reference.
Pit propagation tests were conducted using an artificial pit in the 1,000 ppm Cl- solution at
95 'C. Prior to the start of the tests, the wire specimens were weighed to ±0.03 mg. The specimens were
then covered with a polyolefin tubing that allowed only one end of the wire, with a cross-sectional area
of 0.041 cm2 , to be exposed to the solution and oriented so that the opening of the unidirectional pit was
facing upwards. Electrical contact to the specimen was made outside the test cell. Corrosion was initiated
at potentials of 500 to 600 mVSCE. After sufficient growth, the applied potential was decreased to values
in the range of -300 to 100 mVSCE at a rate of 5 mV/s. The current and potential were then recorded
allowing the real-time calculation of the pit depth and propagation rate. This calculation was made using
the theoretical weight loss of 2.64x10-4 g/coulomb assuming congruent dissolution of iron, chromium, and
nickel in alloy 825 as Fe2+, Cr3 +, and Ni2 , cations, respectively (Dunn et al., 1993). At the conclusion of
the tests, the specimens were reweighed to confirm the accuracy of the propagation rate calculations.
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12.2.5.3 Results
Potentiostatic tests were conducted on alloy 825 in a 1,000 ppm Cl- solution at 95 OC to
determine the initiation times for pitting and crevice corrosion as a function of potential. At potentials near
the EP measured in CPP tests (e.g., 600 mVSCE), the initiation time for pitting was a few minutes.
Decreasing the potential to 500 mV resulted in initiation times of 200,000 s (approximately 3,330 min).
In contrast, relatively short initiation times for crevice corrosion were observed even at potentials several
hundred millivolts below the Ecv measured in the CPP tests (approximately 550 mVSCE). At the higher
potentials, the current density rapidly increased after the start of the test indicating that crevice corrosion
was quickly initiated. In contrast, at the lower potentials a significant increase in the current density was
observed only after an extended incubation time. In addition, a greater number of active crevice sites were
initiated at the higher potentials.
Since the results of the potentiostatic tests indicated that crevice corrosion could be initiated at
potentials much lower than the Ece, measured in the CPP tests (Sridhar et al., 1995), ZRA tests were used
to determine if crevice corrosion could also be initiated at lower potentials without potentiostatic control.
These tests were conducted using solutions with a total chloride concentration of 1,000 ppm. The Cu2+/Cu+
couple was used to establish the redox potential of the environment. Results of the first test, shown in
Figure 12-5a, indicate that the potential of the specimen increased rapidly from 200 mVscE to values in
the range of 320 to 360 mVscE shortly after being immersed in the solution. It should be noted, however,
that the total chloride in solution for this test was approximately 600 ppm due to the limited solubility of
CuCl. Nevertheless, crevice corrosion was initiated on 19 of the 24 possible sites formed by the serrated
polytetrafluoroethylene (PTFE) crevice washer with a deepest penetration of 200 glm. From the recorded
galvanic current density versus time plot, it can be observed that the current density was highest near the
start of the test, supporting the assumption that most, if not all, active crevice sites were initiated early
in the test. However, the decrease in the measured current density with time indicates that either some sites
were no longer actively corroding or the propagation rate of all sites decreased with time. Results of a
second ZRA test are shown in Figure 12-5b. The potential during this test was, for the most part, in the
range of 250 to 300 mVscE with a few narrow peaks reaching values as high as 700 mVscE. The galvanic
current density versus time plot again shows an initial increase followed by an apparent stepwise decrease
in the latter stages of the experiment. The discrete nature of the current density decrease seems to indicate
that some of the 24 crevice sites were not actively corroding at the conclusion of the test.
An attempt was made to decrease the redox potential of the test environment by using a
7:1 concentration ratio of Cu2 +/Cu'. However, as shown in Figure 12-5c, the potential of the specimen in
this environment was quite unstable, compared to that plotted in Figure 12-5a, and tended to vary from
320 to 240 mVscE. Three distinct increases in the current density were observed in the first half of the
test. It is uncertain if these increases correspond to the initiation of active crevice corrosion at three sites
or discrete initiation and partial repassivation at one or more sites. As in the previous tests, a decrease in
the average current density was noted in the latter portion of the test.
Propagation rates for crevice corrosion during the ZRA tests were calculated from both the
maximum penetration depths and the weight loss of each specimen. For all tests of alloy 825 in
1,000 ppm Cl- solutions, the propagation rates based on maximum penetrations were in the range of
4xlT-8 to 7x10-8 cm/s. Slightly lower rates in the range of 1.5xlO-8 to 2.5x10-8 cm/s were calculated
using the weight loss measurements for each specimen.
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Figure 12-5. Results of zero-resistance ammeter measurements of alloy 825 in 1,000 ppm Cl1
(a) 0.0093 M Cu2+/0.0007 M Cu+; (b) 0.0007 M Cu 2 1/0.0007 M Cu';
at 95 'C:
(c) 0.0001 M Cu2+/0.0007 M Cu+
Results of the potentiostatic tests and ZRA tests are summarized in Figure 12-6. In this figure,
values of the repassivation time for pitting corrosion, reported by Sridhar et al. (1995), are also shown as
a function of potential for two pit depths. The repassivation time increased as the potential was increased.
At sufficiently high potentials, repassivation did not occur. As noted before, localized corrosion was
initiated very quickly at high potentials but the initiation time increased by several orders of magnitude
as the potential decreased. It is evident from this plot that crevice corrosion is preferentially initiated at
potentials lying between Erp and EP. The initiation and repassivation potentials for localized corrosion
under potentiostatic conditions appear to approach each other at very long times, as indicated by the
existence of a unique potential, Eu (Thompson and Syrett, 1992).
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Figure 12-6. Effect of potential on the initiation and repassivation of pitting corrosion and crevice
corrosion of alloy 825 in a 1,000 ppm Cl solution at 95 'C. E.: unique potential.
The results of the ZRA tests, also included in Figure 12-6, indicate that the initiation times under
open-circuit conditions are similar to those observed under potentiostatic conditions. Crevice corrosion was
initiated at potentials as low as 200 mVSCE. The bars on the EcreV data for the ZRA tests indicate the range
of potentials observed. Unfortunately, altering the Cu2+/Cu, concentration ratio did not significantly alter
the redox potential of the environment. No pitting corrosion was observed on any of the creviced
specimens. In addition, no pitting corrosion was observed on a boldly exposed specimen in which the
specimen potential was in the range of 300 to 440 mVscE for a period of 3.6x1 05 s (4 d).
Pit propagation tests were conducted under potentiostatic conditions in a 1,000 ppm Cl- solution
at 95 'C using a unidimensional, single-pit specimen of alloy 825 with an initial pit depth of 5 mm. The
pit was activated at 500 to 600 mVscE before the potential was decreased to selected values in the range
of -300 to 100 mVSCE. When the potential was decreased from 600 mVSCE to -300 mVscE, the current

density rapidly decreased, returning then to values in the range of 10- A/cm 2 . After several hours, the
current slowly decreased to values lower than 10-9 A/cm2 . After repassivation of the pit, the calculated
propagation rate was found to be lower than 10-12 cm/s. The results for several tests conducted with an
initial pit depth of 5 mm are shown in Figure 12-7. At potentials of 0 mVSCE or less, the pit repassivated.
However, at a potential of 100 mVSCE, the measured current density indicates that the pit was still actively
propagating. Post-test examination revealed that some degree of crevice corrosion occurred on all test
specimens between the polymer tubing and the alloy 825 rod prior to repassivation. At 100 mVSCE,
however, crevice corrosion continued to propagate and no repassivation was observed. Very good
agreement was found by comparing the gravimetric measurements with the weight loss calculated from
the current measurements. In addition, with the exception of a few cases in which severe crevice corrosion
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Figure 12-7. Propagation rates for a simulated pit of alloy 825 in 1,000 ppm Clr at 95 'C at
potentials from -300 to 100 mVsCE. Pits were initially 5 mm deep and were activated at 600 mVSCE.

was observed, pit depths measured with a micrometer agreed within 10 percent with those determined by
electrochemical or gravimetric methods.
12.2.5.4 Discussion
The results of CPP tests indicate that alloy 825 should not be susceptible to localized corrosion
in air-saturated chloride environments even at very high chloride concentrations (Sridhar et al., 1995).
Long-term corrosion potential data for alloy 825 in an air-saturated 1,000 ppm Cl- solution are shown in
Figure 12-8. Despite the fluctuations, a trend of increasing ECOrT is readily apparent. Over the course of
175 d of testing, the Ecor increased from an initial value of -270 mVSCE to a high of -20 mVSCE in the
latter stages of the test. Previous results using thermally oxidized specimens indicated that the corrosion
potential of alloy 825 increased by as much as 200 mV after thermal oxidation at 300 'C for 30 d (Dunn
et al., 1993). This increase in the Ecotr may be attributed to a thickening and ageing of the oxide layer
which alters the anodic dissolution kinetics resulting in a reduction of the passive current density (Sridhar
et al., 1993). Typical values of ECOrT for specimens thermally oxidized at various temperatures are shown
for comparison in Figure 12-8. However, it seems unlikely that the Ecolr will increase to values in the
range of Erp in an aerated 1,000 ppm Cl- solution (Figure 12-8) without the presence of strong oxidizing
species. Radiolysis of groundwater under repository conditions may generate concentrations of H2 0 2
sufficiently high to increase ECOrT to potentials where localized corrosion is possible in solutions containing
a 1,000 ppm Cl- solution (Sridhar et al., 1993). However, the thick multibarrier waste package may act
as a y-radiation shield preventing radiolysis of the groundwater.

12-16

Alloy 825
1000 ppm Cl,

200-

200

95CC

PTFE crevice
rp

E

Xr

0
0-

0

E

-200

,

'C
E1300
~~~~~~~~~~~~~~corr

.0

C~~~~~~~~~~~~~

0,

E100

-200
E

corr

_

Cr
E 2 5 -C
corr

I

-4000

50

-400
200

100
150
Time, d

250

Figure 12-8. Corrosion potential of alloy 825 against time in an aerated 1,000 ppm Cl solution at
95 'C. The repassivation potential in the same environment and corrosion potentials of specimens
preoxidized for 30 d at various temperatures are included for comparison.
In this study, the Cu2 +/Cu+ couple was used in the ZRA tests to increase the redox potential of
the solutions and accelerate the initiation of localized corrosion. Although significant fluctuations in the
Ecorr were observed throughout the duration of the tests, the ECO, of the alloy 825 specimens was
continuously above the E.rp The high values of ECO, obtained in this system (Figure 12-5) are difficult to
explain. The reduction of cupric to cuprous ions, shown as Reaction 1, has an E0 of 0.159 VSHE
(-80 mVSCE)Cu2 +(aq) + e= Cu t

(12-I)

An Ec., of 320 mVSCE cannot be a result of this reaction even when the solution is dominated by the
presence of Cu2 + at 95 'C. The reduction of Cu+ ions to metallic copper, given by Reaction 2, has an E°
of 0.520 VSHE (280 mVsCE) (Bard et al., 1985).
Cu+(aq) + e

Cu

(12-2)

Again, however, the high value of EcOff measured in these solutions cannot be adequately
explained by this reaction. Despite these limitations, the results of both potentiostatic and ZRA tests did
indicate that crevice corrosion is preferentially initiated over pitting corrosion at potentials slightly higher
than the Erp, Further, the time to initiate crevice corrosion in the ZRA tests was similar to previous

initiation times measured under potentiostatic conditions. Unfortunately, the instability of the Cu2 /Cu+
system prevented conducting tests at potentials very near the E.rp

Although localized corrosion was demonstrated, the presence of the Cu2+/Cu+ redox couple is
not expected in the repository environment. However, the formation of significant concentrations of Fe2+
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ions is possible in the repository as a result of the corrosion of the carbon steel overpack. The Fe3+/Fe2+
couple has a redox potential higher than that of Cu2 +/Cu, (Bard et al., 1985), although there is little
evidence to support the formation of significant amounts of Fe3+ cations from the corrosion products of
carbon steels unless a relatively constant supply of oxygen is available to oxidize Fe2+ (Sridhar et al.,
1994) and an acidic environment is simultaneously present to increase sufficiently the solubility of Fe (+3)
compounds.
If the redox potential of the environment is high enough to promote localized corrosion of
alloy 825, then the life of the inner barriers will be determined by the penetration rate of the localized
corrosion front. Results obtained with alloy 825 single-pit specimens indicate that even for deep pits in
excess of 5 mm, the propagation rates under potentiostatic conditions at potentials near Erp are easily
capable of penetrating the alloy 825 barrier in a short time period. However, there are many limitations
to the present set of data. The geometry of the single-pit specimens consisted of inert walls which did not
allow lateral propagation of the localized corrosion front. Thus, the configuration of such cylindrical pits,
while simplifying models of pit growth, do not truly represent the morphology of pits grown under natural
corroding conditions. Preliminary measurements indicate that the propagation rates in the ZRA tests are
orders of magnitude less than those calculated under potentiostatic conditions.
The simulated pit experiments also indicate that crevice corrosion propagated at potentials close
to the Erp measured previously in CPP tests (Sridhar et al., 1995). For alloy 825, the Erp in a
1,000 ppm Cl- solution at 95 'C is in the range of 0 to 100 mVSCE, whereas the repassivation potential
for crevice corrosion, Erv, is typically 0 mVSCE (Dunn et al., 1993). During the pit propagation tests with
an initial pit depth of 5 mm, crevice corrosion continued for many hours after the potential was reduced
below 0 mVSCE prior to repassivation. At 100 mVSCE, however, continuing propagation was observed as
a result of active crevice corrosion without the occurrence of repassivation. This result is not surprising
since this potential is above the value of Ecrev measured potentiodynamically (Sridhar et al., 1995). It is
interesting to note that the Erp for very shallow pits (pit depths less than 0.3 mm) measured in short-term
tests is very close to the Erp measured for the deep (5 mm) artificial pits. While this observation clearly
supports the concept of the Erp as a parameter to predict the conditions under which localized corrosion
can propagate, it is evident that the effect of time on the propagation rate of pitting and crevice corrosion
needs to be more thoroughly investigated under open-circuit conditions.

12.2.6 Summary and Conclusions
From the studies on the influence of heating on the survivability of bacteria in tuff, it is apparent
that depending on the thermal loading of the repository and, hence, the temperatures attained in the
proximity of the waste packages, sterility of the near-field environment might not be achievable. It is
suggested that temperatures in excess of 100 'C will be necessary to kill off the natural bacterial
populations found in tuff. It is perhaps surprising that such thermophilic bacteria are found in
environments where they have not been selected for by high ambient temperatures. Typing of the bacteria
has not been carried out yet, but it is possible that the cells which maintain viability are present as
dormant cells or spores. Given the harsh nature of the unsaturated subsurface environment, it is highly
possible that the recovered bacteria are oligotrophic and able to survive only as dormant cells or as spores
in such a low-water-content environment.
It is concluded that Shewanella putrefaciens grown under aerobic conditions without sulfide
production, either in the absence or presence of thiosulfate, resulted in either a delay or inhibition of the
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Eco. increase noted for type 316L SS in the sterile controls. The increase in Eco, (ennoblement) to above
150 mVscE reported for in vivo exposures to microorganisms present in aqueous aerobic environments
(Dexter, 1993) was not observed for this bacteria grown under batch conditions. Under anaerobic
conditions which lead to the production of sulfide, a decrease in Eco, occurred that was only maintained
while the bacteria were actively growing. An increase in the potential of the PPE was also observed that
can be correlated with the bacterial growth. It is suggested that these and further studies can provide useful
insights on possible mechanisms of MIC.
The results of the investigation on localized corrosion identify the electrochemical and
environmental conditions under which this phenomenon is possible on alloy 825 and type 316L SS.
Increasing the chloride concentration resulted in a more aggressive environment as demonstrated by the
results of potentiodynamic and ZRA tests. Localized corrosion of type 316L SS has been observed in airsaturated chloride solutions under open-circuit conditions (Sridhar et al., 1995). However, in order to
initiate localized corrosion of alloy 825, the potential of the specimen should be increased either
potentiostatically or by the addition of a suitable redox couple to the solution (i.e., oxidizing radicals or
stable oxidants). No localized corrosion of either 316L SS or alloy 825 was initiated at potentials lower
than the repassivation potential.
The results of previous long-term potentiostatic tests were confirmed by the ZRA tests. Localized
corrosion was initiated at potentials intermediate to the pit initiation and repassivation potential. The
propagation rate for localized corrosion was measured under both potentiostatic and open-circuit
conditions. It is concluded that measurements of time-dependent propagation rates for pitting and crevice
corrosion under open-circuit conditions are necessary to realistically predict container lifetimes in
environments where localized corrosion can be initiated.

12.3

ASSESSMENT OF PROGRESS TOWARDS MEETING PROJECT
OBJECTIVES

The approach that is being used to determine if biofilims can be grown on tuff under partially
saturated conditions initially involved the evaluation of microbial viability at temperatures close to the
boiling point of water at the repository horizon. The experimental results indicate that the natural
population of bacteria in tuff from the natural analog site of Peha Blanca, Mexico, attached to the tuff as
sessile bacteria, survive a heating cycle of 48 hr at temperatures up to 100 'C. This is the initial step in
evaluating the growth of biofilms formed on tuff as a function of relative humidity and the possible
existence of a relative humidity threshold at temperatures ranging from room temperature to 100 'C.
In order to confirm the observations reported above, a quantitative assessment of bacterial
viability after more extended heating periods will be done once YM tuff is procured. One of the major
concerns in terms of bacterial activity in the repository arises from the introduction of large amounts of
diesel fuel, drilling and hydraulic fluids, and various organic compounds during construction work at the
site which are expected to provide the assimilable carbon levels required for bacterial growth. These
potential nutrients together with the availability of sufficient liquid water may lead to rapid growth of the
otherwise nutritionally stressed bacteria. Such microbial metabolism could transform a relatively benign
environment into one hostile to the integrity of HLW containers.
Initial results on the effect of the metabolism of Shewanella putrefaciens on the Ec.0 of type
316L SS in a simulated chloride-containing groundwater indicate that under aerobic conditions, there is
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an inhibition of the Ecorr increase noted in the sterile controls. Under anaerobic conditions, a decrease in
Ecorr occurred that was maintained while the bacteria were actively growing. Data obtained with model
organisms, such as Shewanella putrefaciens, augmented by experiments in which Ecorr is monitored for
alloys exposed to the natural type of communities expected at the YM site, could be useful in
understanding the role of microorganisms on the localized corrosion of HLW containers under repository
conditions.
The approach adopted for waste package performance assessment (Cragnolino et al., 1994) is
based on using a single critical potential with an associated potential range to define the occurrence of
three of the most important degradation processes which may affect metallic containers: (i) pitting
corrosion, (ii) crevice corrosion, and (iii) SCC. The results reported here for very extended (20 mo)
potentiostatic tests corroborate that localized corrosion (pitting and crevice corrosion) of alloy 825 in
chloride-containing environments only occurs within the potential range defined by Erp, as a threshold
value, and Ep. Shorter tests under naturally corroding conditions, in environments in which the redox
potential of the environment was controlled with a redox couple and the current was measured with a
ZRA, confirm the validity of the potentiostatic tests because essentially the same results were obtained in
both types of tests. No localized corrosion of alloy 825 was observed after 6 mo of testing under opencircuit conditions in air-saturated solutions in which Ecorr was always lower than Erp More extended
testing times and complementary test methods used during this reporting period support the conclusion
reached previously (Sridhar et al., 1995) that Erp measured in short-term tests is a conservative parameter
that can be used with confidence as a lower-bound parameter for predicting the long-term occurrence of
localized corrosion.

12.4

PLANS FOR NEXT REPORTING PERIOD

Future activities in this area will be performed to address the prioritized topics in the Container
Life Prediction and Source Term KTI.
Long-term testing to gain further confidence in the methodologies employed for extrapolating
short-term data to long-term prediction will be continued. These long-term tests include potentiostatic and
open-circuit tests, as well as ZRA measurements in the presence of redox couples that give rise to
potentials close to Er. Additional long-term tests in natural environments that include microorganisms will
continue. These studies will consider the effect of metabolic activity on Eco,, and Erp.
SCC tests to determine the validity of Erp as a critical potential for the SCC of type 316L SS
in chloride solutions, which are currently conducted using a fracture mechanics approach, will be
completed. Both the threshold stress intensity and the critical potential for arresting a propagating crack
are expected to be determined using this approach.
Studies on the effect of thermal exposure on the microstructural and microchemical modifications
of grain boundaries on alloy 825 will be completed. The sensitization of alloy 825 will be modeled on the
basis of measuring grain boundary chromium depletion profiles to develop a feasible method to extrapolate
the data being obtained in the 600 to 800 'C range to the temperatures prevailing under repository
conditions.
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