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3.1 Experiences in the Site Characterization Program
at Yucca Mountain, Nevada, U.S.A.

A.M.Simmons

Earth Sciences Division
Lawrence Berkeley National Laboratory
Berkeley, CA 94720

introduction

The United States Department of Energy (DOE) high-level radioactive waste disposal
program is investigating a site at Yucca Mountain, Nevada to determine whether it is a
suitable location for the development of a deep mined geologic repository. The high-
level waste repository would be designed for emplacement of spent fuel from civilian
reactors and a limited amount of vitrified, reprocessed waste from defense programs. The
U.S. does not reprocess spent fuel.

The U. S. is unique among nations that are investigating disposal options for high-level
nuclear waste in that it is the only country that is studying the suitability of a single site
for a waste repository. All other nations are characterizing the behavior of natural
systems in various geologic settings that would not be used as eventual disposal sites.
When the U.S. program began nearly twenty years ago, the national policy called for
more than one repository and consequently the site selection process was intended to
characterize numerous sites. In 1987, however, Congress declared that site
characterization would be confined to the Yucca Mountain site and the second repository
concept was abandoned.

Recently much progress has been gained in understanding how the Yucca Mountain site
would perform over time frames representing present geologic, hydrologic, and climatic
conditions. At the same time changes have taken place in national policy and regulations
that have driven changes in the civilian radioactive waste program. This has caused the
Yucca Mountain Project to streamline and refocus its approach in order to bring the
program into alignment with the direction received from the Admininstration and
Congress, and with current knowledge about the site and repository design. The revised
program defines three objectives that will maintain momentum toward a national decision
on the geologic disposal option:
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» update the regulatory framework in 1997 for evaluating the suitabiﬁfy of Yucca
Mountain; :

« complete a Viability Assessment in 1998;

» recommend the repository site to the President in 2001 if the site is suitable, and
submit a license application to the U.S. Nuclear Regulatory Commission (NRC) in

2002.

Recent Changes in Program

Viability Assessment

The current program is structured around a series of major products leading to an
eventual license application. One of the most visible major products in the near term is a
Viability Assessment to be completed in 1998. The purpose of the Viability Assessment is
to provide policy makers with an integrated view of a repository system, its estimated
performance capabilities, and the associated cost and schedule. If policy makers accept
and endorse that assessment, it is anticipated that resources will be committed to ensure
continued progress toward the license application. The Viability Assessment has four

components:

1. Design of critical parts of the repository, waste packages, and engineered barrier
system,

2. Total System Performance Assessment (TSPA) that incorporates current
knowledge of natural features, processes, and responses at Yucca Mountain, and
that evaluates the long-term performance of the total natural and engineered
system. TSPA will also identify areas where significant uncertainties exist and,
where possible, the means to reduce these uncertainties for the license application
or as part of a performance confirmation program;

3. Total System Life-Cycle Cost estimate for the construction, operation, and closure
of the repository; and

4. Licensing Plan to lay out tests, design activitics, or other actions needed to
complete an initial license application for submittal to the NRC.



2.2

23

Experiences in the Site-Characterization Program at Yucca Mountain

Recommendation to the President in 2001 if the site is suitable and submit LA in
2002

Following the Viability Assessment, a Project Integrated Safety Assessment (PISA) will be
prepared to integrate technical elements of the program. This document will describe and
integrate information on site conditions, repository and waste package design, and
performance assessment. The document will be provided to the NRC in 1999 for review
as one basis for its preliminary comments on the sufficiency of information on the site
and design. The PISA will be used as the starting point for development of the license
application.

Regulatory Framework

The Nuclear Waste Policy Act of 1982 set forth an integrated plan for disposal of
commercially-generated spent fuel and high-level wastes from military reprocessing. The
Act established responsibilities, schedules, and a funding mechanism whereby users of
nuclear power would pay for disposal of the generated wastes. Under the Act, DOE was
assigned responsibility for management of the civilian high-level waste program, the NRC
was assigned responsibility for approving or disapproving a license to construct a
repository and amendments to construct, operate, and close it, and the U.S. Environmental
Protection Agency (EPA) was assigned responsibility for promulgation of generally
applicable standards for protection of the environment from offsite repository releases of
radioactive material. The EPA promulgated a standard that was later remanded, in which
the post-closure behavior of a repository would be judged against total cumulative
releases at the end of a 10,000 year period. The NRC regulations, which had already been
written to implement the EPA release standards, address the concepts of multiple barriers
and defense in depth, placing specific requirements for post-closure performance of the
repository on components of both the engineered and natural subsystems.

The regulatory framework developed after enactment of the Nuclear Waste Policy Act in
1982 was heavily influenced by the initial requirement of the Act to screen a number of
candidate repository sites and select the most promising sites for further study. The 1987
amendment to the Act subsequently directed the DOE to evaluate only a single specific
site, Yucca Mountain (see Figure 1). The Energy Policy Act of 1992 requires the EPA,
based upon findings of a study conducted by the National Academy of Sciences
(National Research Council, 1995), to develop a site-specific radiation protection standard
for a repository at Yucca Mountain. These standards are to prescribe the maximum
annual effective dose equivalent to individual members of the public. The EPA is
currently in the process of developing a new compliance standard for the Yucca
Mountain site that addresses these recommendations. This requirement signals a broad
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change to the regulatory framework for repository development, shifting it from a
generic to a site-specific basis for evaluation and decision-making. The Energy Policy
Act also directs the NRC to revise its licensing requirements to be consistent with the site-
specific standard. To respond to the policy changes, and supported by increased
understanding of the Yucca Mountain site, DOE will revise its own siting guidelines in
1997. The revised guidelines will capture the relevant attributes of the site and rely on the
radiation protection standard for Yucca Mountain as the ultimate criterion of site
suitability for the evaluation of post-closure system performance.

" 1+: 109"
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Figure 1.

Location map for Great Basin physiographic province and Yucca Mountain Site. (from Dyer
and Voegele, 1996).
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Storage

The issue of where to store high-level nuclear waste until a repository is licensed has not
been resolved. DOE is legally obligated to accept waste in 1998, but feels it should not be
required to do so in the absence of a repository. In the meantime, storage legislation is
pending in Congress, but the Administration is opposed to it in the absence of a sited
repository. During 1996 DOE developed a revised strategy that will enable it to acquire
the capability to accept, store, and transport spent nuclear fuel as rapidly and efficiently as
possible when a Federal storage or disposal facility becomes available. In the near-term, it
will concentrate on two major activities: 1) developing a market-driven waste acceptance,
storage, and transportation approach that relies on the private sector for implementation;
and 2) conducting non-site-specific design and engineeering analyses for an interim
storage facility to reduce facility licensing time, if such a facility is authorized (Dreyfus,
1996). Under the approach discussed, private industry would provide equipment and
services for delivering spent fuel to an interim storage facility or repository.

3. Waste Containment and Isolation Strategy

In addition to new site characterization information and analyses capable of evaluating
total system performance, other developments, such as updated repository and waste
package conceptunal designs, and considerations related to the change from a release
standard to a dose- or health-based standard, with an as-yet unspecified regulatory time
frame, have contributed to the need to refine the strategy for evaluating waste
containment and isolation.

In the absence of a definitive compliance standard for geologic disposal, the U.S.
Department of Energy is defining waste containment and isolation independently of
specific compliance measures. Waste containment has been defined as the near-complete
containment of radionuclides by waste packages for several thousands of years (TRW,
1996a). Isolation has been defined as an acceptable dose to a member of the public
living near the site. Quantitative dose modeling results will be used to evaluate
compliance with applicable standards, with greater attention paid to evaluating potential
doses for the first ten thousand years. However, calculations will be carried out over
longer times in order to provide qualitative insight into peak dose potential, and to
support system enhancement studies.
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The updated strategy maintains reliance on both engineered and natural barriers in a
multi-barrier concept. It takes advantage of the natural barriers which include the aridity
of the site, the unsaturated character of the host rock, its geochemical setting, and the deep
regional water table as important to determining the future rate at which radionuclides
may be released into the environment, when containment by waste packages is eventually

lost.

Main points of the strategy are agreed upon but the DOE is completing details of
defining long-term information needs and tests needed to implement them. The larger
technical questions identified in recent total system performance assessments as key to
evaluating performance of the engineered and natural barrier systems are related to the
following attributes of the system (TRW, 1996a):

Rate of water seepage into the repository;

Integrity of waste packages (containment);

Rate of release of radionuclides from waste in the breached waste packages;
Radionuclide transport through engineered barriers and natural barriers; and

I

Dilution in the groundwater below the repository.
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emplagsmant
block

Figure 2.

Subsurface of potential repository showing upper and lower emplacement blocks.
Repository area consists of about 250 km of drifts, most of which will be used for emplacing
waste packages (from TRW, 1996b).

The current repository conceptual design assumes a relatively high emplacement density
of 83 metric tons of initial heavy metal (MTU) per acre. The resulting emplacement
scheme divides the subsurface facilities into two sets of waste emplacement drifts called
blocks (see Fig. 2). The subsurface layout of the repository would be comprised of two
inclined access ramps, two vertical ventilation shafts, and essentially flat-lying main and
waste emplacement drifts. In this concept the emplacement drifts would be spaced at 22.5
meters and emplacement drifts would range from about 250 meters to about 600 meters
in length. The upper block would cover about 324 hectares, and could accommodate
about 11,000 waste packages. The lower block would cover about 69 hectares, and could
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accommodate up to 2,400 additional waste packages (TRW, 1996b). A total of about
12,000 waste packages are expected to be emplaced (McKenzie et al., 1996).

The waste container is expected to function as the principal barrier to the release of
radionuclides from the engineered barrier system. The barrier will be designed to
provide substantially complete containment of the waste for at least the time that heat and
radiation emitted by the wastes are at their peak. This occurs early in the post-closure
time frame, encompassing the period of approximately 300-1000 years following

closure.

The current container designs are deliberately robust in a dry environment and are
intended to confine the waste for thousands of years. The dual wall design uses a
corrosion-allowance material outer layer and a corrosion-resistant material inner layer to
form the walls of the waste packages (TRW, 1996b) (see Fig. 3). Conceptual designs have
been developed for fuel assemblies that have been shipped to the repository in containers
(canistered and ‘defense high-level waste disposal containers) that can be placed into an
overpack for subsequent emplacement for disposal in the repository. Conceptual designs
also have been developed for fuel assemblies that arrive in a shipping container
(uncanistered) and must be repackaged for subsequent emplacement for disposal in the
repository. The waste packages would be mounted on rail cars that would be positioned
on rails within the emplacement drift. Once waste packages are in position, no human
entry into that emplacement drift would be allowed under normal conditions.
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uncanistered canisterad defanse high-level
diaposat disposal waste disposal
container container container
fuet
canleter
bagket

cofroalon-
resistant
inner barriar

corrosion-
allowance
outer barrier

Figure 3,

Conceptual design characteristics for disposal canisters (from TRW, 1996b),

Heat from the waste packages is expected to keep the rock immediately around the
emplacement drift relatively dry for hundreds of years, which should reduce the
corrosion rate of the waste packages. The air gap between the container and the host rock
will be maintained under current plans, instead of using backfill. The air gap is expected
to contribute to limiting the release of radionuclides. Because percolation rates into drifts
are expected to be low, and because most water is expected to be tightly confined in the
rock matrix, little water should cross this air gap. Limited water movement in fractures is
possible; however, the amount of water that could potentially contact the containers is
expected to be a small fraction of that contained in the rock. As the waste packages and
emplacement drifts eventually cool, water could begin to seep back toward the waste
packages, especially along fractures,
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The physical arrangement in which waste packages would be placed underground will
have an impact on the environmental conditions in the emplacement drifts. After
emplacement, heat will raise the temperature of the drift rock walls (see Figure 4;
Witherspoon et al.,, 1996). The emplacement drift diameter is 5 to 5.5 meters. The
spacing between the emplacement drifts and the spacing between waste packages within
emplacement drifts will determine how hot the drift environment and surrounding rock
will become.

Enown Period of Stable Climate :g
and Precipitation

afure Rise Above Ambient

Figure 4.

Conceptualization of thermal pulse at various time periods in operation of repository (from
Witherspoon et al., 1996).

Each combination of drift and waste package spacing and waste package heat output will
result in a different overall thermal load. Corresponding temperatures will cause various
changes in conditions of the repository rock mass and its water content; which can affect
waste package performance (Buscheck and Nitao, 1995). A high thermal load may drive
moisture away from the canisters for significant periods of time. Conversely, temperature
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changes could lead to potentially irreversible changes in the hydrologic and geochemical
properties of zeolite minerals in the rock mass. These changes are being investigated by
both field and laboratory testing and by the use of computer modeling techniques. A
repository design goal to keep wall rock temperatures below 200°C was established (TRW,
1996b). The current conceptual repository design uses a relatively high thermal loading
(83 MTU/acre) that results in maximum emplacement drift wall temperatures of
approximately 155°C at about 40 to 60 years after emplacement, if no ventilation is
supplied to the drift after emplacement is completed (McKenzie et al., 1996). Because
this strategy is sensitive to disruptive processes and events, especially those that could
modify the dry character of the site, such as climate changes and processes or events that
could enhance infiltration, predictions are being made of performance under wetter
conditions.

Heater tests in the Exploratory Studies Facility (ESF), ranging in scale up to room size,
will be conducted over the next several years to investigate coupled thermal-mechanical-
hydrological-geochemical processes, moisture movement, mechanical effects, and near-
field effects. The large-scale experiments are being complemented by laboratory tests on
coupled processes and by natural analogue studies of geothermal processes. An
intermediate-scale test involves a free-standing block of fractured, welded tuff, 3 meters
by 3 meters by 4.5 meters in dimensions, which will serve as a prototype to the
underground tests. This Large Block Test will be heated for five months until a
temperature of 135°C is reached. The block will be instrumented to observe the extent of
dry-out and redistribution of moisture and gas within it during the heating and six-month
cooldown periods.

A single-element heater test is underway in the ESF that entails a 12-month heating
period followed by a 12-month cooling period. This test is primarily focused on
measuring thermomechanical coupled effects. It consists of placing a long heater rod in
a horizontal hole so that a significant volume of rock can be heated to 200°C. A larger,
longer-term drift-scale test will focus on determining the distribution of temperature,
moisture, stress, and displacement in the near-field environment and associated rock-water
interactions. This test will begin in December 1996 and is to have an 18-month heating
period followed by a cooling period extending to 2001.
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4.1

Knowledge Gained from Site Characterization at Yucca Mountain (Slide)

Surface-based drilling and mapping have been ongoing at Yucca Mountain for more than
a decade. Since 1993, with construction of the ESF, testing under in siru conditions in the
mountain has been underway. These tests have greatly increased understanding of
natural conditions at the site. For one thing, a more sophistocated understanding of flow
in the unsaturated zone has been achieved. Secondly, it has been observed that faults
underground in the ESF could be correlated with those at the surface, but their expression
at repository depth is less significant than expected. In addition, the ESF seems to be dry,
even when corrections are made for ventilation. No weeping fractures or boreholes have
been detected. Furthermore, no major unexpected conditions have been encountered.

The ESF is a 24-foot diameter tunnel that ramps down to the horizon of the repository
beneath Yucca Mountain and back to the surface over a distance of approximately 5
miles. It was constructed by a tunnel boring machine. As of August 1996, 3.8 miles of
tunnel had been excavated. Completion of the tunnel is expected by March 1997. The
ESF is an underground laboratory in which hydrologic, pneumatic, and hydrochemistry
tests are conducted in alcoves. The entire length of the ESF is mapped in detail to
understand rock character, fracture networks, heterogeneities, mineralization, and fo make
other detailed observations. Heater tests, as explained above, will be conducted at two
scales in an ESF alcove. Tests of percolation flux and possibly transport are planned for
future years. If Yucca Mountain is chosen as the site for a repository, the ESF would
become part of the repository, so disturbance of natural conditions must be minimized.

In order to understand more about advances in understanding the Yucca Mountain site, a
few words should be said about its geologic setting, hydrologic characteristics, of both the
unsaturated and saturated zones, and the potential for radionuclides to be retarded in that
setting.

Geologic Setting

Yucca Mountain is a ridge located in the southwestern United States, in the Southern
Great Basin of the Basin and Range tectonic province (see Figure 1). The Basin and
Range province is characterized by regularly spaced subparalliel mountain ranges
separated by alluvial basins formed by extensional faulting. The overall geology of the
province can be described as a late Precambrian and Paleozoic continental margin
assemblage that has been complexly deformed by late Paleozoic and Mesozoic orogenies
(Dyer and Voegele, 1996). Western portions of the province are broadly overlain by
Cenozoic volcanic rocks. The physiography is largely a product of the most recent phase
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of extensional deformation, predominantly occurring 12.5-11.5 million years ago but
continuing to the present (Carr, 1984).

The regional climate of the southern Great Basin is typically hot and semi-arid. Alluvial
basins are characterized by low rainfall, high evapotranspiration, ephemeral streams, and
closed hydrologic systems, in which drainage is internal to the basins. The unsaturated
zone is thick, such that a repository would be situated approximately 300-350 meters
below the crest of Yucca Mountain and at a distance of approximately 300-350 meters
above the regional groundwater table. These characteristics, as well as low population
density in the Yucca Mountain area and proximity to secured government lands, were
reasons for selection of Yucca Mountain for site characterization.

The Yucca Mountain site is comprised of a series of alternating layers of welded and non-

welded silicic airfall and ash flow tuffs that erupted from the Timber Mountain caldera

and other calderas approximately 14-10 million years ago. The non-welded tuffs

underlying the proposed repository horizon contain layers that have been extensively

zeolitized during post-eruptive hydrothermal alteration (Broxton et al., 1989; see Figure

5). Yucca Mountain is one of a series of north-northeast trending ridges of east-dipping

units bounded by west-dipping, high-angle normal faults (Day et al., 1996). Alluvial fill

in valleys separating the volcanic ridges is up to several kilometers thick in places (Scott -
and Bonk, 1984). Paleozoic carbonates were contacted at 1200 meters depth in one

drillhole (Fridrich et al., 1994).
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Figure 5

Stratigraphic cross-section of Yucca Mountain. Repository horizon would be located in the
Topopah Spring Member (Tptw.

Minor basaltic volcanism has occurred within a kilometer of Yucca Mountain in the form
of seven small cinder cones and minor flows. Basalts are younger than the rhyolitic tuffs,
and erupted during several intervals, with flows ranging from 4-6 million years in age,
cones in Crater Flat to the west of Yucca Mountain of about 1 million years in age, and
the youngest activity at Lathrop Wells, just south of Yucca Mountain, having K-Ar ages of
several eruptions ranging from 100,000 years down to 10,000 years in age (Crowe et al.,
1995).

Hydrologic Setting of Unsaturated Zone

Yucca Mountain is located in an arid region of the southwestern United States where
rainfall averages about 15 cm per year. The water table in the vicinity of the Yucca
Mountain site is deep, approximately 700 meters below the crest. Placing a repository at
a depth of approximately 200-300 meters below the surface would leave a distance of
several hundred meters between the repository and the water table. The repository would
thus be in unsaturated rocks, with water held in place by capillary forces. The welded tuff
matrix is relatively impermeable; however, the rocks are fractured and will transmit water
if there is a sufficient source. The non-welded tuffs are porous and permeable; however,

-110—



Experiences in the Site-Characterization Program at Yucca Mountain

they tend to form capillary barriers at contacts with the welded tuff units and transmit
significant quantities of water only when fully saturated. The repository would be located
in a thick welded layer, overlain by a non-welded layer with a welded caprock.
Conceptually, this combination should be effective in limiting the amount of water that
could eventually reach the emplaced wastes.

Until recently the conceptual model of flow in the unsaturated zone assumed a variable
infiltration of 0-5 mm per year, low percolation flux through the repository horizon, a
lateral flow at the top of non-welded tuffs above the repository horizon, and faults that act
as drains of water from the matrix (Montazer and Wilson, 1984). Data suggest that matrix
percolation flux to the repository region is small. Increased collection of data and its use
in calibration of the unsaturated zone model have modified the conceptual mode] in some
significant ways that are presently undergoing further analyses (Bodvarsson and
Bandurraga, 1996). Components of the revised conceptual model include new estimates
of percolation flux at the repository horizon, lateral flow component, the role of faults
and other features as drains and as fast flow pathways, the relative amount of
fracture/matrix interaction, and incorporation of perched water data (see Fig. 6). Major
data sources include temperature, environmental isotopes, fracture coatings, infiltration
measurements, moisture tension and saturation data, pneumatic data, and perched water
data.
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Data and processes defining the conceptual UZ flow model.

The evolved conceptual model of unsaturated zone flow has refined the understanding of
certain parameters and processes. First, infiltration is more variable and higher than
previously thought (Flint et al, 1996). Higher estimates of percolation flux at the
repository horizon (1-10 mm per year) are thus derived (Bodvarsson and Bandurraga,
1996. Lateral flow above the repository horizon seems to be less than anticipated, but
may be important below the repository. Fast flow pathways along fractures and faults
also play a significant role in unsaturated zone flow.

Infiltration is spatially variable due to variations in soil cover and topography. It is also
temporally variable due to the nature of the storm events that supply the precipitation
(Hevesi et al., 1994). If a significant thickness of alluvium overlies the fractured volcanic
rock, an infiltration pulse will not penetrate to the volcanics because of attenuation of the

—112—



Experiences in the Site-Characterization Program at Yucca Mountain

pulse by storage in the alluvium. Therefore, infiltration is high on side slopes and ridge
tops where outcrops are exposed and fracture flow into the volcanics can be initiated
(Flint and Flint, 1994). New analyses of factors affecting infiltration, along with detailed
sampling, indicate that infiltration varies from almost zero to 15 mm per year over the
repository area of Yucca Mountain, but may go as high as 25 mm per year in other parts
of the mountain (Flint et al., 1996).

Until recently it was widely believed that a capillary barrier existed between the welded
Tiva Canyon tuff and the underlying non-welded Paintbrush Tuff above the repository
horizon which prevented infiltrated water from reaching the Paintbrush Tuff (Moyer et

al., 1995). Moisture was thought to be diverted laterally through fractures in the Tiva,

following the dip of geologic formations until intercepting a fault or fracture which
would provide an avenue for downward flow. This requires the existence of a sharp and
laterally continuous contact between the Tiva and the Paintbrush and also that they have
contrasting hydrologic characteristics. Recent studies in the ESF have shown that the
contact can be gradational, and that numerous small faults with minor offsets interrupt the
contact’s lateral continuity. Therefore, lateral diversion of flow at the Tiva/Paintbrush
contact is not as pronounced as would be predicted. The correlation of temperature and
infiltration maps corroborates that there is little lateral flow above the repository horizon
(Bodvarsson and Bandurraga, 1996).

Pneumatic data collected in the ESF have increased understanding of the role of faults in
unsaturated zone flow, but uncertainty remains in the manner in which hydrologic
properties vary with structural style from unit to unit. Analyses conducted in modeling
flow in the unsaturated zone (Bodvafsson and Bandurraga, 1996) showed that faults
influence flow differently depending on depth; locally they may drain water from the
matrix, and this occurs increasingly with depth.

Greater uncertainty exists at present in understanding patterns of flow below the
repository horizon. Perched water bodies were found below the repository horizon in a
number of boreholes and these suggest complex flow patterns from repository depth to
the water table. Concentrations of major ions in perched water differ from those of pore
water, indicating little interaction with the matrix. 8"O and 8D isotopes indicate apparent
residence times of 7000 years, which is within the range of "“C ages of perched water
(Yang et al., 1996). xx Isotope data in a number of boreholes indicate that lateral flow in
the Calico Hills unit below the repository horizon may redistribute water. Major ion data
indicate young water with depth, which suggests the presence of fast pathways at depth.
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Percolation Flux Estimates and Radionuclide Transport in the Unsaturated Zone
Secondary minerals precipitated from descending solutions may form a surrogate for past
flux and incorporate information on the times of deposition and isotopic signatures of
waters from which they precipitated. Low-temperature calcite and opal are common
coatings in fractures and cavities found in the repository horizon of the ESF (Peterman
and Paces, 1996). Both minerals are directly datable by “C and uranium-series methods.
Outermost surfaces exhibit a heterogeneous distribution of ages between 16,000-400,000
thousand years, indicating non-uniform flux over this time frame. Data from outermost
and deeper layers indicate slow and relatively constant rates of long-term deposition on
the order of 1 x 10° mm/yr (Peterman and Paces, 1996). Strontium isotopic compositions
indicate little interaction between percolating fracture water and pore water, but uranium
isotopic compositions indicate interaction between descending water and tuff or opal-
coated fracture surfaces.

**Cl are being used to date pore-water samples collected in the ESF and from boreholes.
Elevated levels of *°Cl were found in some samples collected from the ESF. With the
recognition that the possible existence of preferential flow paths could allow more rapid
water movement than matrix flow, a comprehensive sampling program was undertaken
with samples collected systematically along the length of the tunnel and also at locations
defined by features such as faults and discrete fractures. All of the systematic samples
and most of the feature-specific samples contained background levels of naturally-
produced *Cl that indicate groundwater ages of several thousands to several hundreds of
thousands of years, consistent with results of other studies (Fabryka-Martin et al., 1996).
Higher concentrations of *Cl were detected, however, in some of the samples collected at
five locations, all of which are associated with faults or with discrete fractures in the rock
(see Fig. 7). The concen-trations were high enough (1500 x 10" or more) to indicate
that a small amount of water containing *Cl generated by atmospheric testing of nuclear
weapons has traveled from the surface in less than 50 years. *Cl levels above background
appear to represent more rapid flow of water along preferential pathways. The isotope
data suggest variable interaction between descending waters and the rock matrix near
structural features. Additional samples are being collected and analyzed for *°Cl and other
environmental isotopes (e.g., “Tc and 'I) to confirm the results and to provide
information on new areas of the ESF, including the Ghost Dance fault. Additional
modeling studies will be performed to evaluate the *Cl data as they relate to
understanding of hydrologic processes at Yucca Mountain and conclusions about
repository performance.
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Figure 7.
Map of locations of borb-pulse *°CL at repository horizon. (Fabryka-Martin et al., 1996)

Based on environmental isotope evidence of fast flow pathways, the project must ask
whether retardation of radionuclides can be expected along these pathways in the
unsaturated zone. Conceptual models of radionuclide retardation are based on sorption
of Np, Am, Pu, and U in the rock matrix or on diffusion, Neptunium, which is of greatest
concern to performance due to its long half-life, relatively high solubility in oxidizing
waters of Yucca Mountain and large inventory, is estimated to have a sorption coefficient
of 2.5 in zeolites of Yucca Mountain (Robinson et al., 1995). If the potential exists for
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lateral diversion of flow at the top of the zeolite horizon in the Calico Hills unit, as is
suggested by the unsaturated flow model (Bodvarsson and Bandurraga, 1996), then
radionuclides may bypass the sorbing zeolites. Experimental work (Rundberg, 1994),
combined with detailed mineralogical analysis of drill cores, indicates that clay minerals
lining fractures in the repository horizon and above occur in sufficient volume and have
high enough sorption coefficients to retard Np, if flow velocities allow adequate time for
sorption to occur in fractures. These hypotheses must be investigated further.

Flow and Transport in the Saturated Zone

An understanding of flow in the saturated zone is less mature than in the unsaturated zone
because until recently emphasis in site characterization has been placed on studying the
unsaturated zone. The DOE strategy for waste containment and isolation now relies on
dilution of radionuclidés in the saturated zone as one of its attributes, with the result that
greater understanding of flow patterns and the potential for mixing in the saturated zone
are needed.

The flow pattern in tuffs of the saturated zone is generally from north to south into the
Amargosa Desert near Death Valley (Czamecki, 1987). The hydraulic gradient in the
saturated tuffs across most of Yucca Mountain is nearly horizontal, on the order of
0.0001 (Fridrich et al., 1994). The geothermal gradient plays an important role in
saturated zone flow because it causes fluid density contrasts that may enhance mixing.
Major faults may also be significant in causing upwelling and mixing of flow between
lithologic units (Cohen et al,, 1996). Finally, the influence of the Paleozoic carbonate
aquifer beneath Yucca Mountain tuffs needs to be understood. Results are now being
interpreted from a tracer complex located southeast of Yucca Mountain in the saturated
zone (Reimus, 1996). In 1997 a detailed model of saturated zone flow is being
developed that will incorporate all of the important components mentioned above at a
scale that will allow resolution of their sensitivity in the model. Results of this model will
be used to design a second hydrologic testing complex south of Yucca Mountain, which
has the objective of building confidence in understanding saturated zone flow and
perhaps transport patterns during the period of performance confirmation.

Disruptive Events

Among the disruptive event scenarios that must be considered for performance
assessment are those of volcanic and seismic hazards, both of which are of concern in the
Basin and Range, where heat flow is higher than normal and earthquakes occur. An
earthquake caused damage to a building near Yucca Mountain in 1992, but no damage
was detected in tunnels at the Nevada Test Site. The project is conducting a probabilistic
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seismic hazard assessment that will be completed in 1997. Last year an independent
external expert elicitation on probabilistic volcanic hazards affirmed the project position
on the low (on the order of 10°® per year) probability of a volcanic event penetrating the
repository. The probability of human intrusion into the repository is considered very low
because of the low potenial for exploration of natural resources near Yucca Mountain.
Climate-change scenarios are also being examined in performance assessments. A
change to wetter conditions during the thermal period could change predictions of dryout
time (Wilson et al., 1996).

Plans for Future Work

Field data collection will be completed by the end of 1997. Additional data collection is
planned, however, to reduce risk for the Viability Assessment in 1998.  Other
underground tests underway or planned include continued study of the Ghost Dance fault
{a major fault that runs through the repository), tests of infiltration flux, percolation flux,
radionuclide transport, continued sampling of fracture coatings and isotopic analyses, and
construction tests which examine excavation methods and measure the response of
ground support systems. Surface-based testing may include a well to characterize the
large hydraulic gradient or other features that may be important to flow in the saturated
zone. Limited laboratory testing of thermomechanical and thermochemical properties
will continue. As these studies progress, models of flow, transport, and the behavior of
coupled processes in the near-field will be refined.

Because of enhanced understanding of site conditions, the DOE has continued to refine
its strategy for evaluating the site’s ability to contain and isolate waste. This has made it
possible to focus the remaining work scope needed to support a Viability Assessment, as
well as the subsequent evaluation of site suitability and preparation of a license
application for submittal to the NRC. By 1998 DOE will have assembled and analyzed the
wealth of scientific data and updated its assessment of the performance of a repository at
Yucca Mountain. It will also have developed a repository design and assessed the
technical and economic feasibility of constructing the repository, all as part of the PISA.
Additional testing will be undertaken in the ESF in 1999, including the first stage of a
drift-scale heater test. The next phase of repository design will also have been completed
by 1999. If the repository appears to be viable based on assessment of this information,
DOE will complete the work necessary to determine the site’s suitability and, if suitable, to
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make a formal recommendatoion of the site to the President of the United States in 2001
and submit a license application to the NRC by 2002.

6. Conclusions

Significant progress has been made in the characterization of Yucca Mountain as a
potential site for a mined geologic repository. Observations of the natural system and site
data collected since 1978 suggest that the site is robust and that numerical models and
calculations will be able to bound many of the uncertainties for radiological safety
evaluatjons, leading to enhanced confidence in site performance. No major unexpected
conditions have been encountered; tunneling and testing are confirming the hypotheses
on site conditions described in the 1988 Site Characterization Plan. Recent performance
assesssments have led to increased confidence that a Yucca Mountain repository would
contain and isolate radioactive waste and would meet a reasonable EPA standard.
Disruptive events, such as volcanism or seismicity, are considered unlikely to impact
performance adversely.

The attributes of Yucca Mountain that made it technically attractive nearly twenty years
ago continue to be the foundation of the strategy for long-term waste containment and
isolation. The technical strengths of the Yucca Mountain site depend on limited water
available to contact the wastes and a corresponding high potential for waste isolation.
Today the U.S. regulatory approach to long-term compliance is uncertain; whereas the
NRC regulations are in place, the EPA standards for disposal safety are remanded. The
National Academy of Sciences recommendation that the U.S. adopt a dose-based
standard for postclosure compliance for a repository has raised issues relative to the
regulatory time frame, dose and risk, definition of the reference biosphere, human
intrusion, and the quantitative treatment of natural processes and events.

Although the Yucca Mountain site remains technically attractive because of its potential to
isolate wastes, a significant concern is the ability to bring to closure a regulatory
proceeding that could have to deal with unprecedented time frames in the context of
regulation. The potential for a dose-based geologic disposal standard that could
introduce a need to rely on dilution in a closed hydrologic basin takes the U.S. high-level
waste program full circle back to original promulgation of the EPA standards for
geologic disposal. The extent to which it can be demonstrated that the Yucca Mountain
site can comply with an evolving regulation is a significant concern. Deliberation of these
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issues is expected to be lengthy and intense, and fundamental re-evaluation of the U.S.
approach to long-term compliance can be anticipated.
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