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Executive Summary

This is the final report of the NUMO-LBNL collaborative project: Feature Detection,
Characterization and Confirmation Methodology under NUMO-DOE/LBNL
collaboration agreement, the task description of which can be found in the Appendix.

We examine site characterization projects from several sites in the world. The list
includes Yucca Mountain in the USA, Tono and Horonobe in Japan, AECL in Canada,
sites in Sweden, and Olkiluoto in Finland. We identify important geologic features and
parameters common to most (or all) sites to provide useful information for future
repository siting activity. At first glance, one could question whether there was any
commonality among the sites, which are in different rock types at different locations. For
example, the planned Yucca Mountain site is a dry repository in unsaturated tuff, whereas
the Swedish sites are situated in saturated granite. However, the study concludes that
indeed there are a number of important common features and parameters among all the
sites—namely, (1) fault properties, (2) fracture-matrix interaction (3) groundwater flux,
(4) boundary conditions, and (5) the permeability and porosity of the materials.

We list the lessons learned from the Yucca Mountain Project and other site
characterization programs. Most programs have by and large been quite successful.
Nonetheless, there are definitely “should-haves” and ‘“could-haves,” or lessons to be
learned, in all these programs. Although each site characterization program has some
unique aspects, we believe that these crosscutting lessons can be very useful for future
site investigations to be conducted in Japan. One of the most common lessons learned is
that a repository program should allow for flexibility, in both schedule and approach.

We examine field investigation technologies used to collect site characterization data in
the field. An extensive list of existing field technologies is presented, with some
discussion on usage and limitations. Many of the technologies on the list were in fact
used during the characterization of Yucca Mountain and elsewhere by LBNL personnel.
The study also includes emerging technologies and identifies the need to develop better
estimation of important parameters for repository siting. Notable emerging technologies
include 3-D seismic and satellite-based remote sensing and wireless micro electro
mechanical systems (MEMS) sensors. They enable cost-effective and ubiquitous
monitoring to be applied for site characterization.

We list and classify the types of uncertainties involved in site characterization.
Uncertainties can exist in all aspects of site characterization: data, interpretation,
conceptualization, and modeling. We use the Swedish program to exemplify such
uncertainties. We also devote a chapter on geochemical issues regarding the interaction
between groundwater and natural and engineered barrier materials. A recommendation
has been made to take advantage of the recent advancement in geochemical modeling
capabilities in natural systems. Although it is not of immediate relevance at the
preliminary investigation stage, it serves as a good reminder that geochemical
investigation efforts should not be overlooked at any stage in the repository program.
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We construct a synthetic preliminary-investigation site based on an extensive data set
available from a geoscientific project in Japan, which we use as a “real” site to evaluate
uncertainties resulting from hydrogeological modeling and examine strategies for
characterizing a new site. We plan various preliminary-investigation configurations and
conduct preliminary numerical investigations at the synthetic site. We construct a model
of the “real” site for each PI configuration, make predictions of particle travel times, and
compare against the “real” data obtained from the “real” model. We conclude that drilling
as many as nine boreholes does not necessarily improve the understanding of the site
compared to drilling as few as three boreholes, unless there is an underlying structure that
is larger than the spacing of the boreholes. The parameters that affect the outcome of the
predictions most are: (1) effective porosity, (2) boundary conditions, and (3) fault
properties, all of which are very difficult to estimate in the field and are full of
uncertainties. Of the three, we recommend NUMO expend efforts to assess the latter two
at preliminary investigation sites. To obtain large-scale averaged permeabilities, we
recommend conducting long-time and long-interval pumping tests in boreholes. We also
find that the temperature data can reduce some uncertainties regarding the boundary
conditions.

Finally, we summarize recommendations that NUMO might consider during preliminary
site investigations. The recommendations are written in Japanese to ensure quick and
easy consumption by the NUMO personnel. Instead of presenting a listing of
characterization activities, we make recommendations on some important and costly
(expensive and time-consuming) activities. We lay out the relevant approaches and the
mindset that NUMO can consider employing to prioritize and optimize the
characterization activities at preliminary investigation sites. For example, we recommend
conducting 3D seismic profiling, even if it may necessitate drilling fewer boreholes. For
the same amount of drilling expenditure, we favor drilling more partially cored boreholes
and fewer fully cored boreholes. We recommend against conducting tracer tests and GPR
(ground penetrating radar) surveys. Although these recommendations may contradict
those of others, we believe these measures yield a higher return on investment.
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1 Introduction

The Nuclear Waste Management Organization of Japan (NUMO) and the
Department of Energy of the United States of America (DOE) established a cooperative
agreement in the field of radioactive waste management on July 10, 2002. In May 2005,
NUMO and the Regents of the University of California as the DOE Management and
Operating Contractor for the Ernest Orlando Lawrence Berkeley National Laboratory
(LBNL) entered into an agreement to collaborate and for LBNL to conduct work on the
“Feature Detection, Characterization and Confirmation Methodology” project. This
project is designed to further develop radioactive waste management technologies related
to an investigation strategy and technology for detection, characterization, and
confirmation of key geologic features at possible nuclear waste repository sites. It is
envisaged that the technology developed as part of this project will help enhance existing

confidence in overall repository science.

The “Feature Detection, Characterization and Confirmation Methodology” project
is designed to combine the best technology available in the United States for detection,
characterization, and confirmation of key geologic features with parameter sets available
in the Japanese High Level Nuclear Waste (HLW) program—and extend these
techniques and levels of understanding for improved repository science. While DOE’s
Yucca Mountain Program is at the license application and performance confirmation
stage, while NUMO’s program is at the site selection stage, both programs can benefit
from refined strategies and improved technologies for characterization/confirmation.
Results from the Project shall be used in both the United States and Japan, and will help
build confidence and reduce uncertainties in the respective programs, allowing the
techniques to be refined and extended for various locations. It is expected that the results
of this Project will provide a technical basis for performance confirmation at Yucca
Mountain and provide techniques for characterization, siting, engineering design, and

long-term safety for NUMO.

There are three major tasks in the overall project, whose overview and the

implementation plan for Tasks A, B, and C can be found in the Appendix 1. This is the



final report, the compilation of the activities conducted at LBNL, lasting from December

2005 through March 2007.

In addition to this introduction, the report is comprised of seven main chapters: In
Chapter 2, we examine the repository programs from the USA, Canada, Japan, Sweden,
and Finland to study and identify key parameters at these sites. Tabulated lists of key
parameters at each respective site are given at the end of the chapter, as well as the
common parameters among the programs. Chapter 3 summarizes the lessons learned
from these repository programs. It is intentionally written in Japanese to help NUMO
personnel understand the contents readily and clearly. Chapter 4 lists and discusses
existing and emerging field investigation technologies. It is not meant to be a complete
list of available technologies. However, it covers the most commonly used ones, as well
as those that are promising for future use. Chapter 5 discusses the uncertainties involved
in site characterization, drawing lessons mainly from the Swedish program. Chapter 6
deals with geochemical issues that are more directly relevant at later stages in the
repository program—but we feel that it is a good idea to include a “heads-up” article,
because groundwater chemistry is an important factor in repository safety and should be
integrated into the design. In Chapter 7, we use an extensive data set from a domestic
study site and construct a “real” rock mass, in which we conduct numerical site
characterizations using various drilling scenarios. Based on the data obtained from the
boreholes, we construct site models and make predictions for particle travel times and
compare them to the ‘real’ data—and also develop some insights regarding the numbers
and locations of boreholes to be drilled at preliminary investigation sites. Chapter 8
summarizes the report by laying out the recommendations for how to approach and

optimize preliminary investigation efforts.



2 Identification of Key Parameters for Site Characterization

In this section, we evaluate and list the geologic features and parameters being
evaluated by various international investigations at a number of different sites (including
the U.S. and Japan). The ultimate goal of this study is to identify the key parameters that
need to be evaluated at various stages of repository siting that are common to the
majority of the sites. The emphasis of the present study is on those parameters that are

especially important at the site selection stage.

Site characterization is one of the key activities for establishing the geological
conditions and parameters of a candidate site for safe nuclear waste disposal. During site
characterization, intensive surface-based investigations are performed to improve
scientific understanding of the geological, hydrological, geochemical, geophysical, and

mechanical processes of a deep geological site.

2.1 U.S.A. (Yucca Mountain)

Yucca Mountain, Nevada, within the Nevada Test Site (NTS), is a potential site
for a nuclear waste repository in the United States. The Yucca Mountain site was selected
not only because of its geological characteristics, but also because investigators have
found a number of attributes there that would be conducive to geologic disposal,
including multiple natural barriers, remoteness, and an arid climate (McKelvey, 1976).
Instead of isolating waste in salt or deep sites below the water table, as in many other
nuclear waste programs (e.g., Finland, Sweden, Switzerland and Japan), at Yucca
Mountain the waste could be disposed of at relatively shallow depths, well above the

water table.

One of the main characteristics of Yucca Mountain that differs from other nuclear
waste sites is the lithology—volcanic tuffaceous rock—and the location of the potential
repository—in the unsaturated zone (UZ). The repository would be located ~300 m
below the surface and ~300 m above the water table, primarily in a layer of welded tuff.
The deep water table and thick UZ of Yucca Mountain is the result of the low surface-
water infiltration rate, resulting from a low annual rainfall and high rate of evaporation

and transpiration. Therefore, the conceptual model for Yucca Mountain is considered to



have favorable hydrogeological characteristics such as (1) a desert setting with arid

climate and; (2) a deep water table with a thick UZ (CRWMS M&O, 2002).

Although the potential disposal site for nuclear waste at Yucca Mountain is
planned to be located in the UZ, the saturated zone (SZ) is equally important for site
characterization, because hydrological processes below the repository may provide
transport of radioactive materials to the accessible environment. Thus, in our review, we

include key parameters and features for both the UZ and SZ at Yucca Mountain.

The Yucca Mountain Project is a unique program because of the size of the
project, the involvement of numerous organizations, and the interaction of scientists from
different fields and backgrounds. The Yucca Mountain site characterization program has
progressed in response to advancements in scientific understanding and proposed changes
in regulatory requirements. Data from site characterization have been used to develop
conceptual and numerical models of the hydrologic, geochemical, thermal and
mechanical processes that will determine how a repository at Yucca Mountain may
behave over the next 10,000 years after repository closure (CRWMS M&O, 2002 Section

1.4.), which may be extended even longer.

At Yucca Mountain, the site characterization includes extensive surface and
subsurface (i.e., potential emplacement tunnel) characterizations, laboratory studies, and
modeling activities designed to provide technical information by which to determine
long-term repository performance. In this study, evaluation is focused on surface and
borehole data. Consequently, in this task, we have not focused on identifying parameters
from borehole studies conducted at underground alcoves, drifts, or niches such as heater

tests, seepage tests and studies conducted for engineered barrier purposes.

Yucca Mountain site characterization activities might be grouped into four
distinct periods (Wang and Bodvarsson, 2003): (1) the early 1980s, (2) from
1986 to 1991, (3) the early 1990s and (4) the current period (middle 1990 to
present). The main accomplishments from these periods are:

1. Surface and subsurface characterization, extensive drilling

2. Surface monitoring and extensive laboratory measurement and initial
modeling
Excavation of the ESF and Cross Drift
4. Integration of UZ models and performance

(98]




According to the Yucca Mountain Science and Engineering Report (CRWMS
M&O, 2002), the location of the underground facility was determined using several
factors, including the thickness of overlying rock and soil, the characteristics of the rock,
the location of faults, and the depth to groundwater. More than 200 boreholes were used

to characterize the tuffaceous layers and structures at mountain-and site-specific scales.
At Yucca Mountain, specific studies for site characterization include:

¢ Climate and infiltration

e Geology and structure

e Geophysical investigation

e Hydrologic and hydrogeologic properties
e Geochemistry and isotope data

e Mechanical, physical and thermal properties

The main processes and related parameters and features identified in the Yucca
Mountain Program are described below and summarized in Sections 2.1.1.7 and 2.1.2.5.

A rather comprehensive list of parameters is shown in Appendix 2.A.

2.1.1 UNSATURATED ZONE PARAMETERS

Site data characterizing the ambient unsaturated system at Yucca Mountain have
been collected since the early 1980s (BSC, 2004b, Section 2.1). There are several types
of data (e.g., lithological, structural, rock hydrological properties, mineralogical,
temperature, geochemical, and climate/infiltration) collected from surface-based

activities (e.g., geologic mapping, installation of vertical boreholes).

During near-surface monitoring, intensive laboratory measurements of flow and
transport parameters were conducted. Deep-borehole test sampling was conducted in the
boreholes designated specifically for geological (G), hydrological (H), water table (WT)
and the unsaturated zone (UZ) investigations. These boreholes were used to define the
stratigraphy, locate the water table, collect cores, and test in Situ borehole monitoring

techniques (Wang and Bodvarsson, 2003).

Because of the complex interaction between geological, structural, hydrological,

geochemical, and mechanical processes, some parameters are important for more than



one process. Therefore, repetition of parameters may occur through this report, depending

on how the processes are related.

2.1.1.1 CLIMATE AND INFILTRATION

Climate and infiltration are two processes that affect the UZ. Climate controls
precipitation and temperature conditions at land surface, and climate patterns are
responsible for surface conditions such as runoff, runon, and evapotranspiration. They
also influence the redistribution of moisture in the shallow subsurface, infiltration ratio,

percolation, and groundwater recharge (BSC, 2004a).

Various studies have been conducted to understand variations in past climatic
patterns, such as of geological records (topography, stratigraphy, rock fracture
characteristics, and fossils/microfossils), surface hydrology, type of soils, sea level
change, isotopic data, variations of the earth’s orbital clock and eccentricity—as well to
predict future patterns. However, the chief concerns regarding climate change are
processes impacted by humans, such as greenhouse-house effects, acid rain, global
warming, and ozone layer depletion. Such processes produce great uncertainty with

respect to predicting future climate (CRWMS M&O, 2002, Section 6.1)

Infiltration studies were conducted at Yucca Mountain between 1984 and 1995,
using nearly 100 shallow boreholes across washes and on the crest to measure changes in
water content profiles in response to precipitation and snowmelt events (Flint and Flint,
1995). The following corroborative geochemical studies were used to assess the
infiltration flux: chloride mass balance, calcite data, **Cl and tritium isotopes, pore water
chemistry, fluid inclusions, and oxygen isotopes. Meteorological parameters responsible
for small-scale physical processes included the effect of topographic features (mountains
and valleys). Key meteorological parameters measured at Yucca Mountain are
temperature, average annual precipitation, average annual snow fall, average annual
evapotranspiration, average annual infiltrated surface water runon, average annual mean
outflow, and average annual net infiltration, humidity, wind velocity, and wind direction.
These parameters are summarized in Table 2.1-1. Detailed descriptions of climate and

infiltration can be found in BSC (2004a) and Simmons et al. (2004, Section 6).



Table 2.1-1. Climate and infiltration parameters

Regional Scale Parameters
Climate Temperature
Precipitation

Geology (topography, stratigraphy,
fractures, fossils/microfossils)
Surface hydrology

Type of soils

Sea level change

Isotopic data

Variation on earth orbital clock
Eccentricity




Site-Specific Scale
Meteorological Topography
Temperature

Pressure

Humidity

Precipitation rate

Snow fall rate
Evapotranspiration rate
Surface run —on
Run-off

Humidity

Wind direction, velocity
Net infiltration

Data from climate and infiltration processes have been collected since 1988. At
Yucca Mountain, the climate is arid, with average precipitation (from rain and snow)
about 190 mm per year and nearly 95% of all precipitation lost to evaporation (CRWMS
M&O, 2002, Section 4.2.1.2.1). Evapotranspiration is high (less than 0.1 to more than 1.5
mm/day). Estimated values of infiltration range from 0.02 to 5.9 mm/yr with an average

of 4.6 mm/y (CRWMS M&O 2002 Table 4.11).

Three potential climates states (interglacial, monsoon, and glacial transition) have
been forecasted for the next 10,000 years, based on the results of field, laboratory, and
modeling studies. Detailed information on climate and infiltration is described in BSC

(2004a) and CRWMS M&O (2002, Sections 6 and 7).

2.1.1.2 GEOLOGY AND STRUCTURE

The geology of Yucca Mountain is composed of Miocene-age silicic volcanic
rock represented by heterogeneous layers of anisotropic, fractured volcanic tuffs, with
alternating welded and nonwelded ash-flow deposits. About 15 lithostratigraphic units
(Simmons et al., 2004, Fig. 7.26), and five hydrogeologic units (Flint, 1998) have been
identified. The Topopah Spring Tuff of the Paintbrush Group is the host rock for the
repository and therefore one of the most intensely studied Yucca Mountain formations.
Detailed geological mapping of Yucca Mountain was performed at scales of 1:24,000,

1:6,000 and 1:2,400 along fault zones (Simmons et al., 2004 Section 3.3)



As part of regional studies, extensive literature surveys and field mapping were
conducted, and geological boreholes were drilled, to understand the stratigraphy and
structure of the site. Findings showed that Yucca Mountain is dominated by a series of
north-striking normal faults, with bedrock displaced several hundred meters (maximum
~600 m) along many of the faults, which occur within or along the flanks of Yucca
Mountain (Fenster, 1999). Most seismicity is related to fault movement, which in turn is
related to tectonic events. Studies of the tectonic evolution of the area (Day et al., 1998,
pp. 17-19; Simmons et al., 2004, Section 4.6.3.3) demonstrate that most of the faulting
occurred shortly before, during, and soon after the eruption of the tuffs that comprise
Yucca Mountain. Evidence of seismicity exists for recurrent middle to late Quaternary
fault displacement; however, there are no records of large-magnitude earthquakes near
the Yucca Mountain site area for the past 2 million years (CRWMS M&O, 2002, Section
1.3).

Besides seismicity, volcanic activity is also a possible issue with respect to the
safety of the proposed nuclear repository at Yucca Mountain. Recent aeromagnetic
survey revealed 20 volcanic anomalies buried in a 20-30 km area around the proposed
repository location. According to Smith and Keenan (2005), the probability of volcanic
disruption in the Yucca Mountain volcanic field could be 1-2 orders of magnitude higher

than the Environmental Protection Agency (EPA) standard.

The distribution and characteristics of fractures at Yucca Mountain are important,
because in many of the hydrogeological units at the site, particularly the welded tuffs,
fractures are the dominant pathways for water, air/gas, and heat flow. Fractures at Yucca
Mountain are generally of three types: early cooling joints formed during the original
cooling of the volcanic rock; later tectonic joints caused by faulting and rock stress; and

joints caused by erosional unloading (CRWMS M&O, 2002 Sec. 1.3).

Although geologic heterogeneity (fracture and cavity abundance) is part of the
complex natural geological system of Yucca Mountain, a statistical representation of
fracture geometry, orientation, length, crosscut relationships, and infillings helps us to
understand the tectonic history, stress field, and water-rock interaction, providing greater

confidence in modeling and some constraints on uncertainty.



Site-specific, detailed mineralogical and textural studies provide information on
physical and mechanical properties. Specifically at Yucca Mountain, parameters such as
fracture frequency, hardness, weathering, rock-quality designation (RQD), and
lithophysal data were collected from surface-based boreholes (Simmons et al., 2004,
Section 3.7.2). Other geological-property parameters include mineralogy, variations in
grain size and sorting, relative abundance of volcanic glasses, degree of welding, types
and degree of crystallization, relative abundance of lithophysae, and amount and types of

glass alteration (Simmons et al., 2004, Section 3.3).

A summary of the main geological, mineralogical, structural and physical

parameters is listed in Table 2.1-2.

Table 2.1-2. Geological, structural and physical parameters

Parameter

Geological | Lithostratigraphic units
Alteration/weathering
Mineralogy

Percentage of volcanic glass
Degree of welding

Degree of crystallization
Percentage of lithophysae

Grain size

Textural Sorting

Abundance of volcanic glass
Degree of welding

Types & degree of crystallization
Abundance of lithophysae
Abundance and type of glass alteration
Structural | Lineaments trace

Fault orientation

Fracture geometry

Fracture orientation, length
Fracture frequency
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Understanding the structural framework of Yucca Mountain is essential for assessing
natural hazards. The main tectonic hazards at Yucca Mountain are basaltic volcanism
and seismic activity. Active volcanoes no older than 70-80 ka are located about 50 km
west of the proposed repository (Wells et al., 1992). A recent aeromagnetic survey
covering an area of 865 km® around Yucca Mountain suggests that the volcanic threat
could be higher than the 40% previously estimated, with an increase in recurrence rate
and probability of disruption 1-2 orders of magnitude greater than the EPA standard
(Smith and Keenan, 2005).

Since 1910, three seismic activity events have been reported within a 100 km radius of
the site (Figure 4-19, Simmons et al., 2004, Figure 4-19), and about 105 faults with
known or suspected Quaternary activity have been identified within the same area
(Simmons et al., 2004, Section 4).

2.1.1.3 GEOPHYSICAL INVESTIGATIONS

Geophysical investigations used for surface reconnaissance provide information
on existence of faults, distribution of stratigraphic units, and the shape of buried
volcanoes (Ponce, 1996; Sikora et al., 1995). Because the primary question to be
addressed in the site area is the amount, style, depth, and continuity of faulting in the
repository block itself, various geophysical methods have been compared to evaluate
their effectiveness in imaging faults. The surveys suggested that a combination of
geophysical techniques were needed to provide accurate information on subsurface

structures (Simmons et al., 2004, Section 3.5.7).

Regional geophysical data, such as gravity (model geometry) and magnetic
anomaly data were used to constrain the shape of volcanic rocks, locate the contact
between different lithologies, and define fault offsets (Langenheim, 2000c). Seismic
refraction (S and P-wave velocities) was used to model the velocity structure of the upper
crust in and around Yucca Mountain (Smith et al., 2000d). Recent aeromagnetic surveys
have been used to define the size and shape of many buried volcanoes, providing detailed

information on volcanic hazards in the region (Smith and Keenan, 2005).

Geophysical surveys have been useful in detecting faults producing at least tens of
meters of offset. A combination of geophysical surveys was applied to confirm the
presence of faults. Attempts were made to detect and characterize buried faults and

geologic heterogeneities using the magnetotelluric method, but this method was found to
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be limited unless supplemented by other geophysical techniques. The general conclusion
was that standard geophysical techniques were best suited for detection of faults with at

least tens of meters of offset (Simmons et al., 2004 Section 4.6.5.3).

At a site-specific characterization, tomographic seismic imaging was used to
identify fracture density and ground-penetrating radar tomography provided information
on moisture and tracer movement through the fractures (Mejer et al., 1998; Simmons et
al., 2004, Section 7.8.1.6). Use of magnetotelluric methods and seismic reflection data
was limited. Other parameters obtained from the borehole geophysical log including
caliper, gamma ray, density, induction, resistivity, and neutron porosity (Simmons et al.,
2004, Section 3.3.3.4), provided a valuable set of data that allowed investigators to
correlate lithostratigraphic features across Yucca Mountain. A summary of geophysical

surveys and parameters are listed in Table 2.1-3.

Table 2.1-3.  Geophysical parameters

Method (Regional) Parameters

Aeromagnetic and gravity Fault offset, stratigraphy, lithological contact,
Size and shape of buried volcanoes

Seismic Refraction Lithological contacts and fractures

Site Specific
Tomographic seismic imaging Fracture density
Magentotelluric and

Seismic reflection Lithological contacts and fractures
Borehole log

Electrical resistance tomography | Density

Ground penetrating radar Moisture content

Neutron logging Porosity

Cross hole radar tomography Saturation

2.1.1.4 HYDROLOGICAL AND HYDROGEOLOGICAL
INVESTIGATIONS

Yucca Mountain is part of the Amargosa River drainage system. Surface
hydrological processes within this system include precipitation, evaporation and
transpiration, run-on and runoff, infiltration, moisture redistribution, and groundwater

recharge. As described previously, climatic factors have a great influence on the surface
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and groundwater hydrology, generating variations in temperature, humidity, precipitation,

and solar flux.

The major hydrogeologic units are divided into Tiva Canyon welded (TCw),
Paintbrush nonwelded (PTn), (consisting primarily of the Yucca Mountain and Pah
Canyon members and the interbedded tuffs), Topopah Spring welded (TSw), Calico Hills
nonwelded (CHn), and Crater Flat undifferentiated (CFu) units (BSC, 2004b; Flint, 1998).
Hydrogeologic properties of the units were measured directly using two distinctly
different methods: matrix-properties analysis of rock cores and field-scale air-injection

testing.

Most Yucca Mountain hydrogeological parameters, such as porosity, permeability,
and hydraulic conductivity, are controlled by the interaction between rock types, the
characteristics of faults and fractures, textural variations such as degree of welding,

presence of cavities, mineral alteration, and groundwater flow chemistry.

Nearly 4,900 core samples were analyzed in the laboratory to measure important
hydraulic properties. These properties include matrix porosity, bulk density, particle
density, water content, water potential, saturated and unsaturated hydraulic conductivity,
and moisture retention characteristics (Flint, 1998). Air-injection tests were performed to
determine field-scale bulk permeability, porosity, and anisotropy of the major rock units
above, below, and within the repository horizon (Simmons et al., 2004, Section 7.2; BSC,
2004b, Section 2.2.2; LeCain et al., 2000; BSC, 2003b, Section 6.1; BSC, 2003a,
Sections 6.1 and 6.11). Matrix hydrologic properties such as matrix porosity and
permeability were determined from laboratory measurements made on core samples
(CRWMS M&O, 2000bt, Section 6.2). Permeability values for each lithostratigraphic
unit and their relationship to fracture density and lithophysal cavities is described in

Simmons et al. (2004, Section 7.2.2).

Hydraulic properties of fractures are dependent on fracture aperture and whether
the fractures are open or filled with calcium carbonate or siliceous materials. At Yucca
Mountain, fracture apertures have not been well characterized, but estimates have been
made from borehole core logs (Flint et al., 1996). Data regarding fracture geometry

(density, trace, length, dips and strike) were obtained from drift studies (LeCain et al.,
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2000; BSC, 2004b, Section 2.2.2). Fracture porosity and permeability were estimated
from air injection and gas tracer tests, based on the geometry of fracture networks and

calculated from borehole data (CRWMS M&O, 2000bt, Section 6.1.3).

Hydrologic data for fault zones are also limited. Air injection test and trace testing
were conducted along the faults (e.g., Ghost Dance Fault, Bow Ridge Fault) to determine
air permeability, porosity, and tracer transport (BSC, 2004b, Section 2.2.3). Faults can be
major conduits for flow or may be locally impermeable to lateral flow, resulting in
perched water (Flint et al,, 2001). A summary of hydrological and hydrogeological

parameters is listed in Table 2.1-4.

Perched water was characterized through borehole data. These perched water
bodies were found primarily in the northern part of the repository area, where lower
permeability and sparsely fractured zeolitic rock units predominate, and are located
below the potential repository horizon. The occurrence of perched water suggests that
certain layers of the lower vitric and upper zeolitic layers serve as barriers to vertical flow.
Characterizing perched water is important because it has important implications for
transport time and flow through the UZ (Rousseau et al., 1999, p. 170; 1997 pp. 21 and
22; CRWMS M&O 1997c¢).

Table 2.1-4. Hydrological and hydrogeological parameters

Parameters

Surface Hydrological Precipitation
Properties Evaporation
Transpiration

Run-on

Run-off

Infiltration

Moisture redistribution
Groundwater recharge
Hydrogeological Properties | Matrix porosity

of Matrix Bulk density

Particle density

Water content

Matrix permeability
Moisture retention relations
Water potential
Hydraulic conductivity
Hydrogeological properties | Fracture density
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of Fractures Fracture aperture
Fracture porosity
Fracture permeability
Hydraulic conductivity
Hydrogeological properties | Fault permeability

of Faults Fault porosity

Tracer transport

2.1.1.5 GEOCHEMICAL PROPERTIES

Geochemical analysis includes samples from surface water, boreholes, and core
samples. The objective of the geochemical (and isotope) analysis is to determine the
major chemical and isotopic parameters of surface water, pore waters, perched water,
gases, and fracture minerals collected from the Yucca Mountain UZ. Chemical and
isotopic data are used to establish bounds on key hydraulic parameters and to provide
corroborative evidence for model assumptions and predictions (BSC, 2004b, Section 2.3).
Aqueous-phase hydrochemical data have been interpreted to determine possible flow

mechanisms and residence times for pore water in the UZ.

The initial composition of Yucca Mountain groundwater is largely established by
local precipitation and dry fallout (i.e., from aerosols and particles). The main
geochemical and isotopic parameters for site characterization of the Yucca Mountain UZ
are listed below (CRWMS M&O 2000bv Section 2.3; Simmons et al., 2004, Section
5.2.2.4.2 and 7.5; BSC 2004b, Section 2.31.1), and summarized in Table 2.1-5.

e Major cations and anions of pore water provide evidence of rock-water interaction.

e Stable isotopes (hydrogen and oxygen) were used to determine the origin of water.
Hydrogen, oxygen, and carbon stable isotopes were used to infer paleoclimatic

conditions (Winograd, et al., 1992, Coplen et al., 1994)

e Cosmogenic and atmospheric radionuclides (tritium, carbon-14, chlorine-36) are
good indicators of water residence time. Carbon-14 and *°Cl are used to constrain
water age estimates, and *°Cl from bomb-pulse are used to infer infiltration rates

(Fabryka-Martin et al., 1993 and 1993)
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Radiogenic isotopes (isotopes of strontium, uranium, and uranium decay
products) are used to evaluate the prevalence and frequency of fracture flow

through the UZ and the issue of local recharge to the water table.

Precipitated minerals in fractures are used to constrain the infiltration flux and
provide spatial and temporal information on past water migration through the UZ

(Dobson et al., 2003)

Variations in temperature can influence the composition of water by increasing or
decreasing the rates of important reactions and by changing the composition of

the equilibrium assemblage in the system.

Pressure variations will have a minor effect on water chemistry but could affect

the gas flow patterns, including water vapor transport.

Other parameters—such as data on oxidation/reduction potentials, pH, major

constituents, major species, gas concentrations, redox-sensitive elements, dissolved

organic carbon and microbial populations—are pertinent to repository performance. They

are used to predict corrosion behavior of the waste packages, solubility of the waste

forms, and sorption behavior of the radionuclides released from the waste forms.

(CRWMS M&O 2000bv, Section 6.2).

Table 2.1-5. Groundwater geochemical parameters

Category Species/Element
Atmospheric Tritium, '*C and *°Cl
radionuclides and
Cosmogenic
radionuclides
Major ions Al Ca, Mg, K, Na, SiO,, HCO;, COs, Cl, NOs, SOq, total
dissolved solids (TDS) and trace elements
Stable Isotopes 3D, 8'°0, §"°C
Radiogenic Isotopes ¥7Sr/%sr, Z*U/AfU
Temperature and pressure
Trace elements

Some environmental tracers, including radioactive species from nuclear weapons

testing, are found in the groundwater. H, "c, and **Cl, produced in the atmosphere

about 50 years ago by nuclear testing, have been measured in pore water. This indicates
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that some percentage of the water infiltrated to depth in less than 50 years (LeCain, 1997
Table 8).

Geochemistry of rocks and minerals are mainly affected by rock-water
interactions along different lithostratigraphic units and secondary minerals precipitated
along fracture and fault zones. This interaction includes rock/mineral-dissolution
reactions, ion exchange reactions, hydrolysis reactions, precipitation reactions, oxidation
reactions, and possibly other alteration reactions. Fault mineralogy can be critical in
evaluating flow and transport. Faults can be highly transmissive if the fault contains no
mineralization or if mineralization along the fault is limited. Detailed rock geochemistry
of Yucca Mountain is described in Simmons et al. (2004, Section 3.3.5). Table 2.1-6

illustrates the important parameters related to rock geochemistry.

Table 2.1-6. Geochemical parameters

Category Parameters
Rock geochemistry | Mineralogy (Calcite (CaCOs)
Opal (Si0y))

Alteration minerals

Major element compositions
Secondary minerals
Sorption properties

Age YA Ar

Gas geochemistry | CO, """ C, "*0. CHy4 Ar, N,

2.1.1.6 MECHANICAL, PHYSICAL AND THERMAL PROPERTIES

Bulk properties such as mineralogy, grain density, bulk density and porosity,
temperature, pressure, and stress determine the mechanical behavior of rocks (CRWMS
M&O, 1997c; Simmons et al.,, 2004, Section 5.4.3.3). Mechanical properties were
measured in large and small rock specimens to determine rock elasticity, tensile strengths
and deformation properties and in Situ stress conditions of intact and fracture samples

from Yucca Mountain (BSC, 2003, Section 8.2.2).

Young’s modulus and Poisson’s ratio are the primary mechanical deformation
indices of rock; they also indicate the elastic response of rock to stress. Intact-rock elastic

properties were collected in core samples from surface and subsurface drilling efforts. In
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general, Young’s modulus of the tuff depends on the degree of welding. Nonwelded tuff
is weak and exhibits low Young’s moduli; welded tuffs are stronger and exhibit

significantly greater Young’s moduli (Fenster, 1999, Section 8.4)

The compressive strength of a rock is its ability to withstand compressive stress
without failure. Results of unconfined compression tests at Yucca Mountain indicate that
the unconfined compressive rock strengths vary, depending on welding, porosity, and the
fabric of the rock. Welded tuffs exhibited higher strengths than nonwelded tuffs. In
addition, measurements in small-diameter core samples were also conducted, although
they did not provide accurate strength or elastic properties for the lithophysal rock
(Simmons et al., 2004, Section 5.4.3.3). In Situ stress analyses were obtained primarily
from hydraulic fracturing tests performed in the drifts. The results were in accordance

with the orientation of the normal faults (Simmons et al., 2004, Section 3.7.5, p. 251).

Rock physical properties such as bulk porosity, saturation, permeability, and
particle density were measured from 5,320 core samples (Flint, 1998). Flint’s findings
showed that permeability measured from air injection is variable and strongly dependent
on mineralogy. Permeability also increases in the welded tuffs where fractures are

abundant, providing flow pathways.

As part of the regional heat flow study, temperature measurements were obtained
from boreholes. Thermal properties (including rock grain density, dry and wet rock
thermal conductivities, and rock grain specific heat capacity) were also measured for rock
samples collected from surface-based boreholes (BSC, 2003b, Section 6.3; Simmons et
al., 2004, Sections 2.2.1 and 7.4.3). Thermal-mechanical tests were conducted on drill
core samples and as part of drift-scale experiments to understand the effect of coupled
processes in the fractured rock mass and to support the long-term performance

assessment (Simmons et al., 2004, Section 5.4).

Additional information on mechanical properties is available in BSC (2003d

CRWMS M&O (1997c¢), pp. 5-111; and Simmons et al. (2004) Sections 5.4.3.2 and

5.4.3.3); on physical properties in BSC (2003d Section 8.2); and on thermal properties in
BSC (2003d Section 8.3). The main parameters for rock mechanics, physical and thermal
properties are listed in Table 2.1-7.
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Table 2.1-7. Mechanical, physical and thermal parameters

Parameters

Mechanical Properties | Young’s modulus

Poisson’s ratio

Compressive strength

Rock quality designation (RQD)
Tensile strength

In situ stress conditions
Normal stiffness

Shear stiffness

Cohesion

Friction

Physical Properties | Hardness

From core samples | Saturation

Particle density

Bulk porosity

Permeability

Thermal properties | Thermal conductivity

Heat capacity

Thermal expansion coefficients
Thermal diffusivity

Heat dissipation
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2.1.1.7 SUMMARY LIST OF IMPORTANT YUCCA MOUNTAIN UZ
PARAMETERS
In this section, key parameters and/or processes are listed loosely in the order of
importance. In particular, the first five in the list—(1) infiltration and percolation, (2)
fault and fracture properties, (3) fracture-matrix interaction, (4) water-rock interaction,
(5) seepage, and are probably the most important parameters and processes. Error!
Reference source not found.is an illustration from the OSTI 2005 annual report that

illustrates these parameters.

. % . Climate

" l e
el e,
y .,Q’:’c’ﬁ Precipitation
l _Infiltration
l - | Evaporation
i s i < l Transpiration
PSSl R A l

"’.ersion

e

In-Drift
Environment

Near-Field
Coupled
Processes

UZ Flow
Patterns

Fracture-Matrix
Interaction

Well

SZ Flow & Transport
in Volcanics, Faults,
and Alluvium

Figure 2-0-1. Important Yucca Mountain UZ parameters (Source: OSTI 2005 annual
report)

2.1.1.7.1 Infiltration and Percolation

The conceptual model for the Yucca Mountain UZ is strongly affected by
processes that include water flow. In a desert environment, water is limited, and the
amount of water that enters the natural system is redistributed through the matrix and
fractures/faults. When percolating water encounters an opening, much of the water is
diverted by capillary forces, although the water could eventually result in seepage.

Infiltration and percolation are governed by the climate, rock structure, and rock

20



hydrological properties, which are essential for understanding the regional-scale process.

The factors controlling net infiltration are:
e Topographic features
e Precipitation (rain and snow)
e Pressure
¢ Humidity
e Temperature
e Soil thickness

¢ Distribution of rock types (thickness, variations in texture and appearance, size
and abundance of pumice and rock fragments, lithosphysal content) and lithologic

contact
e Drainage characteristics (runon, runoff, evaporation rate, transpiration rate)
e Faults and fractures
e Matrix permeability
e Pore-water chemistry
e Moisture redistribution by flow in the shallow subsurface

To obtain accurate infiltration data, studies performed at the global scale provide

input for understanding the climatic system. These studies are:
e Studies of glaciers
e Studies of storm activity
0 Storm amplitude
0 Storm frequency
0 Pressure systems
e Paleoclimate studies:

0 Geochemical analyses of sediments deposited in lakes
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O Minerals deposited in springs

0 Fossils of microorganisms that live in both lakes and springs
O Plant and animal remains preserved in caves

0 Mapping minor spring and marsh deposits

To correctly estimate the percolation flux, the following processes and parameters

need to be estimated:
e Drift seepage
e Lateral flow
e Fracture-matrix flow partitioning
e Flow into faults
e Water potential profiles

e Presence of perched water

2.1.1.7.2 Fault and Fracture Properties

Structurally, faults and fractures represent locations of weakness in the rock mass
as a result of regional and/or local tectonics. Hydraulically, faults and fractures are
considered the main pathways for fluid, gas, and heat. Although major faults can act as
fast flow conduits or as barriers for fluid flow, they are the main concern for the transport
of radionuclides through the geosphere. The factors controlling fault and fracture

properties are:
e Tectonic history (seismicity and volcanic activities)
e Type of faults and width of damage zone
e Type and distribution of rock deformation
e Type and distribution of volcanoes and volcanic rocks
e Petrology and mineralogy

e Chemical composition of rocks and mineral alteration
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e Age and distribution of mineral filling (calcite, opal)

e Rock physical and mechanical properties (density, porosity, permeability, strength,

in situ stress, storage capacity, transmissivity)
Tools used for fault and fracture characterization include:
e Satellite imagery
e Geophysical surveys at different scales
e Regional and surface geological mapping
e Lineament mapping
e Sampling

e Geochemical and isotopic signatures in pore and perched water (chloride, tritium

concentration) and infilling minerals.

e Tracer injection tests

2.1.1.7.3 Fracture-Matrix Interaction

Fracture-matrix interaction determines whether there is fracture flow when the
matrix is not saturated. Thus it is critically important to correctly estimate the fracture-
matrix interaction. Data/observations used to characterize fracture-matrix interaction

include:
e Field observations
e Matrix saturation data
e Chloride concentration data

e QGravity-driven fingering flow

2.1.1.7.4 Rock-Water Interaction

Secondary minerals precipitated along faults and fractures provide information on
the time of deposition and isotopic signatures of waters from which they precipitated.
They are also important on promoting rock/mineral-dissolution reactions, ion-exchange

reactions, hydrolysis reaction and possible other alteration reactions. In addition, this
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process has potential significance with respect to radionuclide retardation reactions (for

example, sorption).

The main factors controlling water-rock interaction are:

e Moisture distribution
e Matrix flow
e Concentration of dissolved ions
e Viscosity of water at elevated temperature
e Surface tension of water at elevated temperature
The results of water-rock interaction include:
e Mineralogy of fracture coating (calcite, opal)
e Mineral alteration (zeolites)
e (alcite deposition analysis
e Near-surface carbonate deposits
e Ages and distribution of deposits
e Isotopic data
e Relative abundance of chlorine-36 in pore water (or extracted salts)
e Tritium signatures in perched waters
¢ Fingering flow
e Chloride concentration data
2.1.1.7.5 Seepage Rate
Seepage rate into the drift is probably the single most important parameter that

needs to be estimated for the safety of the repository. Tests conducted to characterize and

estimate seepage rate include:
e Surface and drift based seepage tests

O Pulse releases to represent episodic percolation events
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0 Use of dye tracers to characterize seepage flow paths

e Air-injection tests
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2.1.2 SATURATED ZONE PARAMETERS

The saturated zone (SZ) system is expected to act as barrier to the migration of
dissolved and colloidal radionuclides that may be released from the repository (BSC,
2003). With this in mind, the groundwater flow system beneath the Yucca Mountain has
been characterized in order to predict radionuclide migration through the SZ. As part of
the Yucca Mountain site characterization program, more than 150 hydraulic tests were
conducted at 37 boreholes in and around Yucca Mountain, nearly all of them single-well
tests over specific depth intervals. Tests included constant-discharge, fluid-injection,

borehole flow meter, and radioactive tracer tests (BSC 2003)

Compared to the UZ, the SZ has not been nearly as fully characterized, and some
of the studies related to it are still ongoing. Nevertheless, various data sets, including
geologic, hydrogeologic and geochemical data, have been used to constrain the
conceptual model of groundwater flow and transport properties for the SZ. The models
were constructed using parameters from in situ field observations, field tests, laboratory

tests, and literature surveys.

2.1.2.1 GEOLOGY AND STRUCTURE

The SZ below Yucca Mountain is within the Death Valley regional groundwater
system. Groundwater flow in the SZ is controlled largely by the distribution of rock types
and their respective permeabilities and porosities (Eddebbarh et al., 2003). The
hydrogeologic units of the SZ vary from fractured, porous volcanic tuffs relatively close
to the water table, to fractured carbonate rocks of Paleozoic age (limestones and

dolomites) at much greater depths (BSC, 2003).

There are two main hydrogeologic units below the repository. Both of these units
have vitric and zeolitic components that differ in their degree of hydrothermal alteration
and thus hydrologic properties. Detailed characterization on hydrogeological units is

described in Simmons et al., 2004 Section 8.2.2.1.

Regional tectonics, including folds and faults, can control the groundwater flow

system by forming topographic features, by displacing and juxtaposing layers with
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different hydrologic characteristics, and by creating fractures network along fault zones.
Fractures and faults within the hydrogeologic units constitute the dominant pathways for
regional groundwater flow. The presence, orientation, and types of faults provide major
controls on groundwater flow, producing topographic features that define the
groundwater recharge and discharge areas; inducing highly permeable fractures, and in

some cases, creating barriers to groundwater flow.

In the rock matrix, fluid stored in the matrix pore space can be important for
radionuclide transport. Matrix diffusion can be caused by an exchange between fracture
and matrix or sorption in the matrix, resulting in retardation of radionuclides. Details on
transport properties are described in Section 1.1.1.2.4. Table 2.1-8 summarizes the main

parameters related to geology and structure.

Table 2.1-8. Summary of geological and structural parameters

Parameters

Geological Stratigraphy

Lithology

Lithological contacts
Mineral alteration
Structural Fault orientation, types
Fracture density
Fracture network
Folds
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2.1.2.2 REGIONAL AND SITE-SPECIFIC GROUNDWATER
SYSTEM

To characterize the SZ, we must have a general understanding of the regional
groundwater flow system, including lateral boundaries, recharge and discharge, and
hydraulic gradient. Variables affecting recharge and discharge include timing of
precipitation, elevation, slope, soil and rock type, and vegetation. Potentiometric maps
and information on recharge and discharge have been used in previous studies to
illustrate the direction of groundwater flow, to calculate the gradient or slope, and to

estimate the groundwater flow velocity (Simmons et al., 2004, Section 8.2.6)

As mentioned previously, the groundwater system in the SZ is part of the Death
Valley flow system. Groundwater flow at both the regional and site scale is generally

southward, from regions of high hydraulic head to regions of low hydraulic head

(Eddebbarh et al., 2003).

Estimates on hydrologic characteristics of major lithologic units are derived by
evaluating the water transmitting capabilities. Hydraulic conductivity and effective
fracture porosity are the most important physical properties of aquifers; these parameters
are needed for calculating the transport of groundwater and contaminants. Hydraulic tests
include constant-discharge pumping tests, slug injection (falling head) tests, pressure
injection tests, and fluid logging techniques (e.g., temperature measurement, fluid

conductivity measurement, and tracer injection surveys).

The hydrogeologic characterization is based on direct outcrop observations,
geologic observation from boreholes, and geophysical logs (especially resistivity and
seismic surveys). Belcher and Elliot (2001) compiled estimates of transmissivity,
hydraulic conductivity, storage coefficients, and anisotropy ratios for major
hydrogeologic units within the Death Valley region. Rock permeability has been
determined by single and crosshole hydraulic testing (BSC, 2003; Eddebbarh et al., 2003).

Table 2.1-9 summarizes the main hydrological parameters.
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Table 2.1-9. Summary of hydrological parameters

Parameters

Regional Lateral boundaries
Groundwater System | Precipitation (rainfall, snowmelt)
(Recharge — Evapotranspiration
Discharge) Altitude

Soil type

Rock type

Slope

Vegetation

Hydraulic gradient

Water level

Direction of groundwater flow
Flow velocity

Transmissivity

Hydraulic conductivity
Porosity

Site Scale Infiltration

Fault orientation

Fault type

Fracture density

Fracture porosity

Matrix pore storage
Transmissivity

Flow velocity

Dispersion

Concentration of radionuclide
Borehole Matrix porosity

Fracture density

Hydraulic head

2.1.2.3 REGIONAL AND SITE SCALE GEOCHEMISTRY

Chemical and isotopic analyses were conducted to determine the source area, flow
directions, mixing relations, ages, and travel time. The application of hydrogeochemical
and isotopic methods make it possible to reduce some uncertainties concerning regional
groundwater flow patterns and flow rates. They also provide some bounds on the

magnitude and timing of recharge of SZ groundwater (BSC, 2003, Section 2.2.4)

The main processes that control groundwater chemistry are:
e Precipitation (atmospheric) quantities and compositions

e Soil-zone processes in recharge areas
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e Rock-water interactions in the UZ between the zone of infiltration and the water
table

e Rock-water interactions in the SZ along the flow path, from the recharge location
to the point where the water is sampled

e Mixing of groundwater from different flow systems.

The chemical signature of groundwater depends on factors such as host rock
composition, mineral precipitation and dissolution processes, pH, oxidation potential,
partial pressure of carbon dioxide, flow path length, and groundwater flux. Major-ion
chemistry, isotopic composition, and trace-element abundances can be used to
characterize chemical reactions between the water and host rocks, identify source areas
for recharge, delineate flow paths, evaluate lateral and vertical mixing of groundwaters,
and locate areas of evapotranspiration and groundwater discharge (Simmons et al., 2004,
Section 8.2.7). In addition, the decay rates for radioactive isotopes such as 3H, *Cl, and
1%C are known, and they can be used to indicate modern nuclear-age recharge as well as
to date the time of pre-nuclear-age recharge. Major-ionic and isotopic chemistry of
groundwater represent complementary approaches as indicators of regional flow and

paleohydrologic conditions.

In Yucca Mountain area groundwater, sodium is the primary cation, and
carbonate (as carbonic acid, bicarbonate, and carbonate) is the primary anion (Benson et
al., 1983, p. 11; Ogard and Kerrisk, 1984, p. 16; Benson and McKinley, 1985). Other
major cations are calcium, potassium, and magnesium; other major anions are sulfate and
chloride, with lesser quantities of fluoride and nitrate (Simmons et al., 2004 Section
8.3.6.1.3). Isotopic data includes **U/**U ratios, strontium, oxygen, deuterium, and
carbon isotope ratios. Tracer and rare earth elements were used to evaluate regional
groundwater hydrochemistry and flow paths (Simmons et al., 2004, Section 8.2.7.4). A

summary of hydrochemical parameters is shown in Table 2.1-10.
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Table 2.1-10. Summary of hydrochemical parameters

Regional Parameters
Geochemistry

Isotopes “fu/~tu

36 0]
d-deuterium

80

strontium

Major ions Na, Ca, K, Mg
Sulfate, chloride
Nitrate, fluoride
Others Tracer elements
Rare earth elements

Isotopic analyses indicate that the water in the SZ and perched water have a
similar origin, predominantly from vertical recharge through the UZ (BSC, 2003c,
Section 6.7.6.6).

2.1.2.4 TRANSPORT PROPERTIES

The rate of radionuclide transport is a function of key radionuclide transport
processes and parameters such as effective porosity, advection, matrix diffusion,
hydrodynamic dispersion, and radionuclide sorption (i.e., retardation). To investigate the
processes of radionuclide transport—such as matrix diffusion, dispersion, sorption and
colloidal transport—hydraulic and tracer tests were conducted in the SZ (BSC, 2003,
Section 1.2; Reimus et al., 2003). At Yucca Mountain, the effects of advection, matrix
diffusion, dispersion, and sorption processes were investigated in fractured and porous
media (i.e., alluvium). The parameters of transport properties are summarized in Table

Table 2.1-11.

In fractured tuffs, advective transport occurs within fractures; the rate of
advection is determined by the groundwater velocity, and thus, the effective fracture
spacing and porosity are important for describing the advective velocity of dissolved

constituents. Radionuclides that are transported through the fractures may diffuse into the
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surrounding matrix or sorb onto the fracture surfaces. If the radionuclides diffuse into the

matrix, they may also be sorbed within the matrix of the rock.

A series of crosshole radial converging tracer tests were conducted to confirm the
conceptualization of flow and transport in fractured tuffs (BSC, 2003, Section 3.2.1). The
effect of fracture spacing and fracture effective porosity on advection is described in BSC
(2003, Sections 3.2.1.1 and 3.2.1.2) and Saturated Zone In-Stu Testing (BSC 2003e).
Matrix diffusion and dispersion tests were conducted in rock samples and in the field,
using tracers (i.e., TcOs, HCOs, 3H, bromide, lithium, and pentafluorobenzoic acid —
PFBA) as diffusing species. Sorption data were estimated in the field tracer tests by using
lithium. In these tests, lithium sorption was always approximately equal to or greater than
the sorption measured in the laboratory (CRWMS M&O, 2000a, Table 3-4). Details of
the methods used to obtain the field lithium sorption parameters, and discussions of
possible alternative interpretations for the lithium responses, are provided by Reimus et al.

(1999) and in Saturated Zone In-Stu Testing (BSC, 2003¢).

In the alluvium, advective transport occurs through the porous matrix. Effective
porosity and dispersivity were estimated from single-well tracer tests, and literature
survey data (BSC, 2003, Section 3.2.2). Sorption tests using 1291 997¢, 27NP and *°U as
tracers were conducted using alluvial materials. Sorption was strongly dependent on the
presence of clay mineralogy as well as iron and magnesium oxides that have larger
surface areas. In addition, '*C and "*C isotopic compositions were measured to infer
recharge, water-rock interaction, groundwater velocity, and residence time. Detailed

description of the transport processes is in BSC (2003, Section 3.2).
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Table 2.1-11. Transport properties parameters

Parameters

Porous media | Advection
Sorption
Dispersion
Porosity
Sorption

¢, 8 °C isotopes
Fracture Advection
Diffusion
Dispersion
Fracture spacing
Porosity
Aperture
Fillings
Sorption

(alluvium)

2.1.2.5 PARAMETERS AND FEATURES FOR FLOW AND
TRANSPORT IN THE SATURATED ZONE
Compared to UZ investigations, very little effort has been spent on
characterization of the SZ. Recently, there has been a renewed interest in the SZ to
reduce uncertainties. The parameters that most affect the predicted performance of the SZ

barrier are:

e Hydraulic gradient

e Hydraulic conductivity

e Recharge and discharge

e Specific discharge

¢ Flowing interval spacing

e Flow path length in fractured tuff and alluvium

e Effective porosity of fractured tuff and porous alluvium
e Dispersivity

e Effective mass transfer

e Sorption coefficient

e Matrix diffusion
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e Advection

2.1.3 SUMMARY
Site characterization activities in the YM have been conducted for over 20 years.
The conceptual model has evolved and improved essentially as a result of intensive field-

testing activities, sampling, analyses, and modeling (Flint et al., 2001).

At Yucca Mountain, groundwater is considered one of the most critical parameter
for nuclear waste disposal, with the amount of water contacting the waste package

ultimately affecting all aspects of repository performance.

The main investigation conducted in the UZ encompasses: (1) climate (past,
present and future), including meteorological, surface drainage, and topographic studies;
(2) geology and tectonic evolution, including investigation of seismic- and volcanic-
activity probabilities; (3) unsaturated hydrology, with the main focus on understanding
infiltration, percolation, fracture-matrix interaction, and seepage; (4) geochemistry and
isotope analyses to evaluate the chemistry and age of water and secondary minerals along
faults and fractures; and (5) physical and mechanical properties, including porosity,

permeability, in situ stress, and rock strength.

During the course of site characterization activities, several conceptual models
were developed, numerical modeling was improved, and many uncertainties were
addressed, including (1) estimation of infiltration and percolation, (2) effect of faults and

fractures in the flow path, (3) fracture-matrix interaction, and (4) seepage.

In the SZ, the main investigation can be summarized as involving: (1) geology,
including characterization of the hydrogeological properties of rock types and the
influence of fault and fractures on the flow; (2) groundwater flow system, to evaluate
recharge and discharge, and estimate the hydraulic characteristics of major hydrogeologic
units; (3) geochemistry, to evaluate the flow path, water mixing, residence time and
water-rock interactions; and (4) transport properties with emphasis on advection,
diffusion, dispersion, and sorption. The main parameters affecting the performance of the
SZ—by delaying the arrival of radionuclides to the geosphere and by attenuating the

concentration of radionuclides—are: hydraulic gradient, recharge and discharge,
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hydraulic conductivity, porosity, flow interval and path, dispersivity, sorption coefficient,

matrix diffusion, and advection.
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2.2 Canadian Approach

The governments of Canada and Ontario formally established the Canadian
Nuclear Fuel Waste Management program in 1978. It was directed and carried out by
Atomic Energy of Canada Limited (AECL). The concept investigated involves the burial
of nuclear waste at an undecided depth from 500 m to 1,000 m within a plutonic rock
mass of the Canadian Shield. Other options suggested for disposal included salt and shale
deposits in sedimentary basins, but these options were not considered in depth because of
the economic value of the salt and the presence of oil, coal, and gas deposits in shale

formations (Davison et al., 1994).

In the official review of the Canadian Nuclear Program, the Seaborn Panel in
1998 indicated that although technically feasible, there was no broad public support for
the AECL deep-geological-storage concept and the social safety was not demonstrated in
the program. However, the panel also recommended that an implementing organization
be established. As a result, in 2002, the Nuclear Waste Management Organization
(NWMO) was established to consult and make recommendations to the federal
government about an appropriate long-term management approach for used nuclear fuel

(NWMO, 2005).

Several technical options, such as (1) deep geological disposal in the Canadian
Shield; (2) storage at nuclear reactor sites and; (3) centralized storage above or below
ground, were proposed for the future of nuclear waste disposal until the means of
disposal are agreed upon. During these processes, which are predicted to take ~120 years,
public involvement would be essential in deciding safety issues regarding the waste

repository. For details on the technical options, see NWMO (2005).

As a result of the Seaborn Panel review, all activities related to development of
site characterization technology by AECL gradually ended. In this report, we summarize
the parameters for site characterization developed and recommended by AECL for future

use in site screening and evaluation.

Plutonic rocks in the Canadian Shield have a number of characteristics that make

it a suitable choice as a disposal medium for Canada (Davison et al., 1994):

54



1. Wide distribution—large exposure in regions of low topographic relief, indicating
a low driving force for groundwater flow.

2. A geologically stable region. The Canadian Shield has been free of any major
orogenic activity for at least the past 600 million years.

3. Low seismic activity in large areas of the Shield—although periodic earthquakes

occur, they are clustered along structural weaknesses of ancient rift systems.

In addition to these characteristics, there are yet other advantages to using the
plutonic rock of the Canadian Shield as host rock for a nuclear waste repository. Much of
the plutonic rock: (a) is unlikely to be exploited as a resource, because of the limited
mineral deposits associated with it; (b) has potentially beneficial thermal,
hydrogeological, geochemical and geomechanical properties; (¢) in general has good
thermal conductivity, and radionuclide transport at depth is most likely to be via diffusion
or advection, because fractures become sparse and fracture connectivity and permeability
decrease with depth; (d) has minerals coating pores and fractures that react with many
radionuclides, retarding their movement through the rock, and (e) have stable

geomechanical properties for underground openings.

The major objective for the AECL’s research and development program (R&D)
was to develop and demonstrate methodology and technology for siting, construction,
operation, decommissioning and closure of a disposal facility as well to evaluate the
long-term safety and performance assessment of a disposal system. As for the geosphere,
the main objective was to understand the behavior of plutonic rock and its associated
groundwater flow system, to develop site and numerical models, and to access the

performance of plutonic rock as a host medium (Davison et al., 1994 Section 2.4).

The proposed siting process developed and recommended by the AECL included
Site screening and site evaluation. They were aimed at developing and testing the

equipment and methods for site characterization in plutonic rocks. The characterization
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approach during the siting stages would be to investigate progressively smaller areas in

progressive greater detail (AECL, 1994b Section 5.1.2)

Site screening is the initial phase in site selection. During site screening large
geographic areas of the Canadian Shield would be examined to find favorable (1) siting
territories, (2) siting regions and (3) a potential candidate area. During siting territory
suitable technical areas would be select based on decisions from the implementing
organization such as the government and the owner of nuclear waste. Siting regions
would involve reconnaissance investigations and an examination of existing information
for prospective regions, during which a relatively large number of potential areas would
be identified. The exclusion criteria for this stage would include seismic areas, areas with
ancient rifts, areas that had a history of clustered earthquake activity, presence of mineral
resources, geological and hydrological settings, degree of rock fracturing and
environmental sensitivity. Identification of potential candidate areas would consider
certain characteristics such as low topographic relief, few major lineaments, few open
fractures between lineaments, absence of post-glacial faults, far from operating and
abandoned mines, large areal extent of the plutonic rock, plutonic rock with uniform
properties, extensive outcrop, an absence of valued environmental components (i.e.
protected lands) and, an optimal location for construction and operation of the disposal

facility (i.e. minimize transportation costs).

Next, through surface and subsurface characterization, the objective of site
evaluation process would be to: identify one or more potential vault locations within each
candidate area, identify a preferred vault location within each candidate area, identify the
candidate site incorporating each preferred vault location, select a preferred route for
transportation of nuclear waste to a disposal facility, confirm the suitability of the
preferred site and, obtain approval for construction. Site evaluation would involve the use
of field and laboratory investigations to obtain the knowledge and understanding of the
important geotechnical and environmental conditions of the site. Site evaluation would be
conducted by assessing relatively (1) large candidate areas of about 400 km” which

would be subjected to detailed surface and subsurface investigations that would shrank
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the area for the (2) potential site to about 25 km?, and finally to a (3) preferred candidate
site of about 5 km” for construction and operation. In addition, during the reconnaissance
studies of a candidate area, smaller study areas called grid areas of about 1-4 km?* would
be selected for detailed surface and subsurface (borehole) investigations. The study from
the grid areas would provide detailed information of the geological, geomechanical and

hydrogeological conditions of a candidate area.

From 1978 to about 1988 the Canadian Program carried out detailed surface
characterization at three grid areas in the Canadian Shield: the granitic rocks at the
Whiteshell and Atikokan Research Areas and gabbro at the East Bull Lake Research Area
(AECLa, 1994, Section 5.8.1). These sites were selected because they offered
opportunities to test and develop site evaluation methods in a variety of different
lithologic and structural environments in the Canadian Shield (Davison et al., 1994,

Section 2.4)

According to AECL (1994a, 1994b), the multidisciplinary investigations
conducted at the surface-siting stage would include regional and detailed geological and
geophysical mapping, borehole investigation (including geological core logging),
geophysical testing, determination of geomechanical and hydrological properties, and
determination of in Situ stress. These investigations defined the tectonic style,
groundwater flow regime, hydrogeochemistry, and location of major fracture zones in the
rock mass at the prospective site. These studies also determined the general pattern and
extent of smaller-scale fracturing, the distribution of permeability within the fracture
zones and the regions of lower permeability (i.e., moderately and sparsely fractured rock),
the mineralogy of fracture infilling and alteration, and the rock types and their

petrography.

Through successive stages of site selection, characterization activities would be

directed to confirm, define, or revise the following components of the site:
1. The general geology of the site and its potential for economic mineralization, as
well as the search for guides to the dimensions, history, and fracture patterns of

the rock
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2. Location and characteristics of the groundwater flow network, including the

major fault zones and fractures and the intact rock mass:

the fracture network

the hydrology of the fracture network

the groundwater chemistry and microbiology

the chemistry of the rock and fracture filling minerals
Information required in designing a potential facility so as to reduce thermal
effects and excavation damage. This includes:
- thermal and mechanical properties of rock
- inditu stress field, thermal response of the rock mass
- coupled in situ response of the rock mass to induced effects of excavation
and thermal loading.
Information from site evaluation would be combined to develop and calibrate
regional scale model of the groundwater flow and solute transport of the candidate area.

Sensitivity analysis with the model would assist in identifying where additional grid areas

or borehole might be required to improve the understanding of the candidate area.

One of the main concerns for the Canadian Nuclear Waste Program is the glaciation-
deglaciation cycle. According to paleoclimate studies, glaciation and deglaciation
has occurred nine times in the past 900,000 years. In each 100,000-year period, the
ice cover builds up slowly for the first 90,000 years, whereas the melting and retreat
phase last approximately 10,000 years. As melting and retreat occurs, it has a
profound impact on the regional stress regime, hydrology, and climate (Peltier,
2003). The ice-sheet growth in the Canadian Shield during these periods effects
mechanical loading of the ground rock due to mass of overlying ice, changes in the
thermal regime of the rock matrix (including pore-water freezing, promoting
fracturing), and increases in pore and rock pressure at depth.

According to Sykes (2003), the granitic rock of the Canadian Shield would

provide a stable environment for a deep geologic repository, because of its wide spatial
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distribution, low topographic relief (in which driving forces are likely to be low) and low

seismic activity.

2.2.1 SITE INVESTIGATION PARAMETERS
2.2.1.1 GEOLOGY AND STRUCTURE

As part of the development of site characterization technology and to find areas
for detailed research (see three sites mentioned previously), geological reconnaissance in
granite and gabro plutons were performed to obtain information on access, bedrock
exposures and distribution of rock types, fracture density, analysis of large faults from
lineament, and regional geophysics. The geological information obtained during site
screening would be combined with a preliminary analysis of a large scale faulting
obtained from airphoto lineament analysis, satellite radar and spectral image analyses,
reconnaissance geophysical surveys, and maps of hydrological drainage catchments.
More detailed ground mapping would be performed at the candidate areas. The main

geological parameters for the recommended site screening stage are listed in Table 2.2-1.

Table 2.2-1. Geological and structural parameters recommended for site screening

Characteristics Parameters

Lineament Analysis | Major fault and fracture orientation

Lithology Major rocks types, petrology, mineralogy
Mineral fabric
Age of plutonic intrusion, rate of cooling, erosion rate

Size and shape of pluton

Structure Distribution, orientation, age relation of faults and fracture zones
Fracture density

As part of the site evaluation, a detailed knowledge of the pluton such as
size, shape, major lithologies (rock types), their geometry and the physical and chemical
properties of the lithologies (mineral alteration, magma evolution, crystallization,
hydrothermal fluid, thermal conductivity, strength, elasticity and fractures) would be
evaluated to access the hydrogeologic properties of rocks that control contaminant
transport. The main surface investigation would include systematic geological mapping

and sampling of lithology and structural fabric elements in outcrop, careful examination
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of topographic maps to access faults and fracture zones and, mapping fractures in
outcrops. Borehole investigation would be important to examine the subsurface character
of major lithologic contacts or surface lineaments. Core samples would be selected for
laboratory examination and determination of petrological, hydrological, chemical,

structural, mechanical and thermal properties.

Structural style is important for evaluating the long-term stability of the rocks and
the tectonic history of the region. Faults and fractures are the major structural features in
the Canadian Shield, controlling groundwater movement in the granitic rocks. During site
evaluation, detailed information on locations, dimensions, orientations and relative ages
of the fractures at the site would be required to reliably predict the fracture patterns
within the blocks of rocks which are bounded by the larger fault zones and to confirm the

suitability of any candidate area for waste disposal.

During the development of the research program, AECL constructed an
Underground Research Laboratory (URL) in the Lac du Bonnet batholith. This batholith,
intruded over 2.6 billions year ago, is part of the crystalline rock of the Canadian Shield.
The URL in granite has been used for large-scale testing and in Situ engineering and
performance-assessment-related experiments investigating key aspects of deep geological
disposal. At the URL, three low-angle reverse faults and three main fracture domains
were identified, on the basis of fracture frequency. These are intense, moderate, and
sparsely fractured domains. Surface-based characterization of the URL site is described
in detail in Davison et al. (1994, Section 7.2). The main parameters considered to be

necessary for site evaluation are listed in Table 2.2-2.

Table 2.2-2. Geological parameters recommended for site evaluation

Method Parameters

Field Investigation | Rock types

Shape and size of plutons

Percentage of dikes

Geometry and distribution of dikes and veins
Degree of metassomatic granitization

Mineral alteration

Distribution of U, Th and rare earth elements (REE)

60



Structures Fractures (locations, dimensions, relative age, density, aperture, infillings)

Faults (locations, orientations, extents, interconnections)

Rock Sampling Mineralogy
Fabric/deformation history

Fracture filling minerals

Drill Core Analyses | Fracture density, spacing
Fracture orientation
Fracture aperture
Fracture connectivity
Fracture filling minerals
Mineral alteration

Rock type

Borehole surveys Fracture location, orientation

Lithologic variations

Fracture infillings
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2.2.1.2 GEOPHYSICAL SURVEY

A broad spectrum of geophysical measurements, using satellite, airborne
magnetic, electromagnetic imagery, and radiometric survey, combined with aerial
photography, were performed to identify major structural lineaments, topographic
features (such as dikes and faults) and to identify radiometric anomalies (radiometric
survey) (Davison et al., 1994, Section 4.4, Table 4-1). During site screening stage, the
main parameters identified by the proposed geophysical survey (combined with
LANSAT 5) included major lineaments and their spatial frequency and distribution,
boundaries of granitic rocks, overburden thickness, fracture zones, and depth of
batholiths. Table 2.2-3. lists recommended geophysical survey parameters to obtain at the

site screening stage.

Table 2.2-3.  Geophysical parameters recommended for site screening

Method Parameters
Airborne EM and Lithologic variations
VLF-EM Faults, fractures zones
Thickens of overburden deposits
Aeromagnetic Shape, depth and boundary of pluton
Subsurface lithologic variations
Lineaments
Airborne Radiometric | Boundary of pluton
Gravity Shape, depth, boundary of pluton, and rock units
Surface electrical Large structural features, lithologic contacts,
major fracture zones
Reflection seismic Large fracture zones, lithologic variations in subsurface

During the site evaluation stage, regional reconnaissance airborne and land-based
surface-based geophysical surveys (surface VLS/EM, radar, seismic reflection, and sonar
reflection) would be conducted to complement the information from the preceding site
screening phase and to understand the main lithologic and structural features of the

candidate area.

The borehole geophysical surveying would be used to identify variations in rock
properties and lithology as well as to identify fracturing in the rocks surrounding the
borehole. Detailed descriptions of the recommended characterization methods used for

the deep boreholes are found in Davison et al. (1994, Section 6.2.2, Table 6.5). The main
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recommended parameters obtained from borehole geophysical surveys are listed in Table

2.2-4.
Table 2.2-4.  Geophysical parameters recommended for site evaluation
Surface Parameters
Airborne magnetic Depth, shape and lithological boundaries, faults and fractures
Gravity Shape, depth and boundaries of pluton, distribution of lithologies
Side-scanning radar survey Linear anomaly caused by lithology, fracture, fault
Ground based gravity Shape, depth, and boundaries of pluton

Reflection seismic profile

Ground penetrating Radar

Subsurface lithological variations, location of major fracture zones or
faults
Location of low dipping fractures up to 100m depth

Borehole

Geophysical logs

Fracture depth, lithologic boundaries

Acoustic televiewer

Location of fracture

Single hole radar survey

Location, orientation of fracture away from borehole

Crosshole radar or seismic

survey

Continuity and geometry of features between boreholes
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2.2.1.3 HYDROLOGY AND HYDROGEOLOGY SETTINGS

Hydrology and hydrogeology include study of weather and climate, the
topography of the land, and the occurrence, movement, and chemistry of surface water
and groundwater. Hydrogeological setting includes the rate and directions of groundwater
flow, recharge/discharge areas, water-rock and fracture-rock interactions. During site
screening, hydrogeological knowledge will generally be limited by a lack of subsurface
information (Davison et al., 1994, Section 3.5, 4.4.3). Most of hydrologic information
would come from aerial inspection surveys, satellite images and topographic maps.
Surficial geological deposits and rock outcrops would be examined for hydrogeological

features to obtain information on groundwater movement within the candidate region.

The surface and groundwater flow system of plutonic rock is greatly affected by
structures such as faults and fractures, as well as by the permeability, porosity, and
groundwater pressure within the rock. In the Canadian Shield, a flat topography provides
less variation in groundwater pressure, a lower hydraulic gradient, and therefore a slower
groundwater flow (Davison et al., 1994, Section 3.5). During site screening, the

recommended parameters that would be obtained are listed in Table 2.2-5.

Table 2.2-5. Hydrology and hydrogeological parameters recommended for site

screening
Methods Parameters
Satellite images, Air Photography, | Drainage (recharge/discharge areas)
Topographic maps Runoff patterns
Water level fluctuation
Mapping location of seepage Groundwater recharge and discharge rates
and spring locations
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During the site evaluation stage the main surface investigation would include
surveys of physical and chemical characteristics of groundwater springs and seepages or
other evidences of discharge; surveys to determine surface water catchment areas, lake
areas and lake depth; surveys to establish sediment accumulation rates in water bodies
and the thickness of mixed sediments and; developing monitoring network for

meteorological, hydrological observations.

Knowledge of the amount and temporal and spatial of precipitation, runoff,
infiltration and recharge in the region surrounding the disposal site would be needed to
construct a reliable model of the groundwater flow conditions. Thus, a variety of physical
properties of the groundwater at the site must be determined to establish the groundwater
flow rate and flow system. Knowledge of the properties of the groundwater transport
pathways from vault depth to surface would be also used to develop and calibrate
mathematical models which simulate long term movement of contaminants from the
disposal vault to the geosphere. Matrix hydraulic conductivity or permeability, matrix
porosity, spatial and temporal distribution of groundwater pressure and the
compressibility of the groundwater and the rock matrix/fracture network needed to be

determined in order to establish the rate and flow paths of groundwater.

Hydrogeological investigation conducted in borehole would include a broad range
of permeability, porosity, natural groundwater pressure measurement performed in single

as well in multiple boreholes.

Results from investigations and research indicate that the major structural features
controlling groundwater movement in plutonic rock are the fracture zones. Fractures
(including faults) are found at all depths, and the permeability of fracture zone varies,

depending on aperture, fracture spacing, density, and connectivity.
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Table 2.2-6 lists the main recommended hydrological parameters to obtain during site

evaluation:
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Table 2.2-6. Hydrology and hydrogeological parameters recommended for site
evaluation

Parameters

Meteorology Temperature

Wind speed and direction
Evaporation rate

Precipitation

Run off rates

Level of surface water

Spring locations (recharge/discharge)
Rock/sediments | Porosity

fracture network

Borehole Hydraulic conductivity or permeability
Porosity

Groundwater pressure
Compressibility

Hydraulic head

Hydraulic fracturing (stress)

2.2.1.4 GEOCHEMISTRY AND HYDROGEOCHEMISTRY

Regional reconnaissance studies of spatial and temporal variations in ionic
content such as presence of salts, and measurement of CI" of the surface waters in a
potential candidate area can provide information about groundwater discharge areas.
Mapping variations of electrical conductance and using airborne or satellite thermal
infrared imagery would be useful to detect anomalous patterns in the temperature of
surface waters. Soil gas measurements have been used to detect locations where deep
groundwater might be discharging from subsurface bedrock fractures. Table 2.2-7 lists
the main parameters that would be obtained during the recommended site screening

process.

Table 2.2-7.  Geochemical and hydrogeochemical parameters recommended for site

screening
Parameters
Surface water analysis Ionic content (CI', presence of salt)
Electrical conductance and/or Temperature

Airborne or satellite thermal infrared | Location of discharge
Imagery

Soil gas analysis Radon and Helium
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Development of geochemical characterization techniques of host rock, fracture-
infilling mineral, groundwater, and pore water have provided data for flow modeling and
safety assessment, as well as information on groundwater ages, sources of salinity, and
rock-water interactions. With this in mind, reconnaissance studies were carried out to
locate groundwater discharge areas, determine the chemical composition of the water
(through existing water quality information or water analysis), and locate gas discharge

areas in soils and along fractures.

During site evaluation stage, more detailed investigations would need to be
conducted, including laboratory analysis of rock specimens and core samples. The
knowledge of chemistry of the groundwater would help to define the groundwater flow
patterns at the site and surrounding area as well to determine the ratio of radionuclide
migration to the geosphere. The main surface investigation would include surveys of
levels of helium and radon gases in soils and surface waters to help to delineate
groundwater recharge and discharge conditions, surveys of chemical characteristics of
spring and seepages, chemical analysis of major and minor elements of whole rock and
infilling minerals and, radiometric dating of primary and secondary minerals. The

parameters that would need to be obtained during site evaluation are listed in Table 2.2-8.

Table 2.2-8.  Geochemical and hydrogeochemical parameters recommended for site
evaluation

Parameter

Rock analysis Major and minor elements in rock and fracture fillings
Radiometric dating

Surface investigation | Radon, Helium in soils and surface water

Chemistry of springs and seepages
Recharge/discharge conditions
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More specifically, the main recommended hydrogeochemical parameters to be
obtained from boreholes include: total dissolved solids (TDS) contents, Eh, pH, elemental
concentration (anions, cations, trace elements, dissolved organic carbon, colloids), and
isotopic data (environmental isotopes, carbon isotopes, sulphate isotopes, halogen
isotopes, strontium isotopes, uranium and radium isotopes, radon, dissolved gases,
dissolved inert gas isotopes). Detailed descriptions of groundwater sampling can be found
in Davison et al. (1994, Section 6.2.5, Table 6.4). The parameters are summarized in

Table 2.2-9.

Table 2.2-9. Geochemical and hydrogeochemical parameters from boreholes

Category Species/Element

Anions HCO;, SO, Cl, Br, F, NO;, I
Cations Na, Ca, Mg, K, Sr, Si, B
Trace Elements Li, Fe, Mn, V, Al +Others
Dissolved Organic Carbon Organic C

Colloids Colloidal fractions
Environmental Isotopes H, *H, "0

Carbon Isotopes Be, e

Sulphate Isotopes s, **s0,

Halogen Isotopes “oCt, 1

Strontium Isotopes ¥7Sr/*Sr

Uranium and Radium Isotopes | U, Z4y/Aiu, PRa

Radon ““Rn

Dissolved Gases H?, He, O°, N?, COz, CHY, Ar, H,S
Dissolved Inert Gas Isotopes He, “He/'He, *’Ne/*'Ne

The pH, Eh, and elemental concentrations data were used in study of rock-water
interaction. The isotopic data were used to delineate rock-water interaction and to

determine the relative age of the groundwater.

The hydrogeochemical data indicate that below 500 m at the URL and elsewhere
in the Canadian Shield, groundwaters are very saline, reducing, and old (Gascoyne, 2000).
Isotopic studies have shown that the groundwater changes with depth and with increasing

residence times in fractures to over 1 million years below 400 m (Gascoyne, 2000).

2.2.1.5 STRESS FIELD

Knowledge of the stress field in plutonic rock can be used to understand the

permeability distribution of faults and fractures (possibly affecting the groundwater
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system during site characterization) and to assess the long-term stability of an

underground repository.

During the recommended site screening process, the large-scale rock stress was of
interest for evaluating Shield stability. The in Situ stress state comprises the effective
lithostatic load, active tectonic stress, and remnant stress. The orientation of paleostress
field could be used to constrain the stress heterogeneity and relationship with larger
structural features (Davison et al., 1995, Section 5.5). The parameters are summarized in

Table 2.2-10.

Table 2.2-10. Recommended stress field parameters for site screening

Stress field Parameters
Effective lithostatic load
Active tectonic stress
Remnant stress
Paleostress orientation

The stress field in the plutonic rock can be also determined by hydraulic
fracturing performed in boreholes. It would provide information on magnitude (and in
some cases orientation) of state of stress in rock. Detailed descriptions of hydraulic

fracturing for in Situ stress measurement are found in Davison et al. (1994, Section 6.2.6).
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2.2.1.6 ROCK MASS PROPERTIES

Rock properties would be determined in the laboratory using core samples from
drillcore. The main developed and recommended methods included analysis of pore
structure in fracture and rock matrix, as well as determining the thermal, mechanical, and

magnetic properties. Table 2.2-11 illustrates the main laboratory rock properties.

Table 2.2-11. Rock-mass properties recommended

Laboratory Rock Properties Parameters
Pore structure of fracture and matrix | Tortuosity
Porosity (surface area, pore aperture)
Micromorphology of pore
Diffusion
Permeability
Thermal properties Thermal expansion
Thermal conductivity
Thermal diffusivity

Mechanical properties Strength
Elasticity
Deformation
Magnetic properties Magnetic susceptibility, magnetic anisotropy
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2.2.2 SUMMARY
In Canada, the stable tectonics, as well as the wide exposure and distribution of
plutonic rock in the Canadian Shield, make plutonic rock a suitable choice for storage of

nuclear waste.

The Canadian Shield was used to develop site characterization technology and
recommend approaches for site screening and site evaluation. The method implemented
by the AECL included a multidisciplinary and staged approach (i.e. from regional scale
to candidate area to candidate site). The recommended methods for site characterization
were often the same at each stage (i.e. site screening and site evaluation) but as each site
was narrowed down from a larger area to a smaller more specific site, characterization
was carried out with increasing detail. The information obtained from site
characterization was then used to construct conceptual site and numerical models. The
results were used to reduce uncertainties in various parameters and models, to refine the
understanding of the rock mass, geochemical and hydrogeological conditions of plutonic

rocks, and to integrate these in the performance assessment models.

For the Canadian program site characterization, fracture characterization was very
important, because it enabled investigators to identify different hydrogeological,
geochemical, and geomechanical characteristics of plutonic rock. The plutonic rock of
the Canadian Shield provides many advantages for safety storage, such as the large size
and extent of plutonic bodies, extensive outcrops, a stable geological setting, with known

seismic zones or no volcanic activity, and low topographic relief.
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2.3 The Japanese Program

The Japanese Island arc is one of the best-studied active arc-trench systems in the
western pacific (Taira, 1999). While the geological environment in most of Europe and
North America is relatively stable, the Japanese Island is geologically and tectonically
unstable. The island is located along active plate boundaries, resulting in frequent
volcanic activities and crustal movements such as faulting, folding, uplifts and
subsidence. Thus, the distribution of geological formation, topography features, major
structural discontinuities, depth of water table and groundwater chemistry are controlled

by the active geological system.

Site characterization for the Japanese nuclear waste program is focused on
developing scientific expertise and improving the methodology and technology by which
to understand geological, structural, hydrological, geochemical, and rock mechanics
properties. Currently, Japan has two underground laboratory projects under construction,
one in crystalline rock, a fractured medium (Mizunami Underground Laboratory—the
MIU site) and the other in sedimentary rock, a porous medium (Horonobe Underground
Research Laboratory). Both these projects follow the same approach, composed of three

phases as follows:

e Phase 1. Surface-based investigation
e Phase 2. Construction of the underground laboratory

e Phase 3. Operation phase

Although the schedule for the MIU and Horobone sites is slightly different, both
are currently in Phase 2 (shaft construction). The underground laboratory at MIU site is
planned to have two levels, at depths of 500 m and 1,000 m, whereas the Horonobe

Underground Research will have one level at a depth of 500 m.

2.3.1 CRYSTALLINE ROCK—OVERVIEW OF THE MIZUNAMI
UNDERGROUND LABORATORY (MIU) IN TONO AREA

An extensive geological, geophysical, hydrogeological, hydrogeochemical and
rock-mechanics investigation has been conducted in the Tono Area. Site characterization

in the Tono Area includes data from boreholes drilled for the uranium exploration at
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Tono Mine, boreholes for regional hydrogeological studies (RHS), deep boreholes at the
Shobasama site, and ongoing characterization of the MIU site (JNC, 2000b, 2001, 2002,
2003; Kumazaki et al., 2003).

Surface geological characterization in the Tono Area started in the 1960s as part
of the uranium exploration program. The Tono Mine is located a few kilometers west of
the MIU site. A substantial amount of geological information has been accumulated since
the beginning of the uranium exploration program. The shaft and gallery leading to the
Tono Mine allow access to sedimentary rocks, including uranium deposits, at depth over
one hundred meters. Surveys conducted in this region include studies of groundwater
hydrology and geochemistry, mass transport via groundwater, and the effect of
excavating galleries on the geological environment (Yusa et al., 1993). Knowledge of
geological conditions in the mine subsurface has been used to develop models for the

MIU project.

During the period of 1996 to 1999, preliminary site investigation and drill core
was conducted at the Shobasama Site, the location of the underground facility. However,
in 2002, the project in the Shobasama was relocated to a new site about 2 km
southwest—the MIU Site. The MIU Site is currently the host for the underground
laboratory, and the shaft is under construction (JNC, 2002, 2003; Kumazaki et al., 2003).

A geoscientific research program in the Tono area includes investigation of the
groundwater flow system (over a 100 km” area) and regional geological mapping. Data
from these programs have provided important knowledge for the development of the

MIU-project conceptual models (Shigeta et al., 2003).
Specific studies conducted for site characterization in the Tono Area include:

e Geological and structural investigations

e Surface hydrological investigations

e Geophysical investigations

e Borehole investigations (geology, hydrogeology, hydrogeochemistry, and rock

mechanics)
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2.3.1.1 GEOLOGICAL AND STRUCTURAL INVESTIGATIONS

Geological and structural investigations were conducted to identify the surface
distribution of lithofacies, depth of sedimentary rocks, lithological contacts, and
characterization of fracture and faults (type, orientation, width of damage zone, mineral

composition) (JNC 2000b, 2001, 2002, 2003a).

The Toki granite (of Cretaceous age) is the basement of the Tono Area. The
granite intruded the Paleozoic-Mesozoic sedimentary rock of the Mino Tamba Belt and
granite is overlayed by sedimentary rocks (mostly tuffaceous sandstone, mudstone, and
conglomerate intercalated with lignite layers) of the Miocene and Pliocene age. Detailed
geological description is found in JNC (2000a Section 3) and Kumazaki et al. (2003
Section 2).

Remote sensing techniques were employed at an early stage of site
characterization to obtain information on topography, vegetation distribution,
sedimentary layers, possible lithological distribution, lineaments/faults distribution, and
landslide distribution (JNC, 2000b). Regional faults and fracture zones were investigated
using lineament analysis. Satellite images (Landsat TM Imagery and French SPOT
satellite) and aerial photography was useful in identifying trends and lengths of major
discontinuities and in confirming locations of active faults. In addition, such analyses

provided useful information on the tectonic stress distribution at the regional scale.

The main faults identified near Shobasama site are the Yamada Fault, the Shizuki
Fault, and the Tsukiyoshi Fault. At the Shobasama site and at the Tono Mine, the EW-
oriented Tsukiyoshi Fault—a reverse fault—is considered the major fault structure in the
area. Although it has no surface expression, it is observed at depth at the Tono Mine and
at drill core retrieved from 1,000 m depths. Estimated fault displacement is about 30 m.
The fault damage zone is inferred to be >100 m on each side of the fault. Structural,
mineralogical and geochemical evidence suggest that the fault has been subjected to more

than one phase of deformation (JNC, 2001; Hama et al., 2003).

At the new MIU site, located in the hanging wall of the Tsukiyoshi Fault, several

NNW trending structures are mapped. A NNW normal fault is inferred from lineament
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analysis, reconnaissance survey, seismic survey, and drill core studies (Kumazaki et al.,

2003).

Because of the lack of bedrock exposure, (i.e., granite), a large part of the

geological information at the MIU site has been obtained from borehole data and

geophysical investigation (Shigeta et al., 2003). For these borehole investigations,

geological studies included core logging, borehole geophysics, and borehole TV (BTV)

surveys for both shallow deep and boreholes. Information about Toki granite is mainly

from deep boreholes (1,000 m) drilled at the Shobasama site. At the new MIU site,

boreholes drilled up to 200 m have reached the upper weathered zone of the Toki granite.

The main geological and structural parameters obtained from borehole and core

data are:

1.

Rock type, contact depth, grain size, texture, weathering, alteration, RQD,
fracture distribution, density, shape, aperture, type, and mineral filling are
obtained from drill-core samples. Borehole TV investigation recorded images of
textural variations in the granite and fractures along the borehole wall such as
depth, fracture shape, orientation, width, aperture and presence of fracture filling
and zones of mineral alteration. Based on modal composition analysis, the granite
is classified mainly as biotite-granite. Toki granite Granite is divided by textural
variations into coarse- medium- and fine-grained biotite granite.

According to structural information of fractures orientation, distribution, and
frequency, the granite was divided into three main domains: an upper fractured
zone, a moderately fractured zone, and a fracture zone along fault zone (JNC,

2001).

A summary of the main geological and structural parameters is shown in Table

2.3-1.
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Table 2.3-1.

Geological and structural parameters

Parameters

Geology

Depth, lithological contacts, stratigraphy

Rock types, thickness of sedimentary layers
Type of dikes, orientation, width

Petrology, mineralogy of weathered/fresh granite
Clay types and filling minerals in fault zone

Structural

Lineaments orientation

Fault geometry, length, orientation

Fracture geometry, orientation (strike/dip), shape
Depth of unconformities

Dikes orientation, width

Drill core/Borehole
Investigation/
BTV

Rock type (petrology, mineralogy, mafic content)
Contact depth

Grain size

Textural variations

Degree of weathering/alteration
RQD

Fault and fracture distribution
Fracture density

Fracture shape

Fracture aperture

Type and mineral filling
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2.3.1.2 GEOPHYSICAL INVESTIGATION

Using updated technologies such as high-resolution satellite imagery, a combined
electromagnetic and detailed refraction/reflection survey was able to acquire subsurface
information, such as depth of unconformity, location of major faults, lithological contacts,

and thickness of sedimentary layers.

At the regional scale, geophysical surveys such as regional airborne geophysical
surveys (including airborne magnetic, airborne electromagnetic, and airborne radiometric
surveys were conducted with the purpose of identifying and estimating the main
lithological contacts, formation thickness and depth, and locations of structural
discontinuities such as faults and fractures. Site-scale ground electromagnetic (MT and
CSMT methods) and seismic surveys were used to estimate depth and lithological
contacts. According to JNC (2001), accurate results were not obtained by EM

(electromagnetic telluric) and electric surveys.

In addition, apparent resistivity, density, neutron porosity, and P-wave velocities
were obtained from borehole geophysical surveys for the three 1,000 m deep boreholes at

Shobasama site. Table 2.3-2.summarizes the main parameters obtained from geophysical

Surveys.
Table 2.3-2.  Geophysical parameters
Method (Regional) Parameters
Airborne magnetic Boundaries of granite, thickness of sediments, lineaments
Density, lithology
Airborne electromagnetic Thickness of sediments, contact sediment/granite
Airborne radiometric Concentration of uranium, thorium and potassium
Ground geophysical
Ground electromagnetic Depth of unconformity sediment/granite
(MT and CSMT methods)
Seismic Reflection/Refraction Fault length, fracture zones, unconformities
Borehole log
Electrical resisitivity Fracture density
Density logging Density
Neutron and gamma-ray logging Porosity
Temperature logging Temperature (geothermal gradient)
Caliper logging Fracture, porosity, lithology
Acoustic logging Velocity of intact granite, faults and fracture zone
Crosshole seismic radar survey fractures, continuity and geometry of features between boreholes
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2.3.1.3 HYDROLOGICAL AND HYDROGEOLOGICAL
INVESTIGATIONS

Information on parameters used for surface hydrological investigation includes
meteorological and river-flow measurements. Several meteorological monitoring stations
were used to develop baseline meteorological data (e.g., precipitation, evapotranspiration,
wind velocity, wind direction) and information on surface hydrology (e.g., water level,
water budget, soil moisture, and drainage basins), providing input for hydrological
boundary conditions. Boreholes for long-term monitoring of piezometric conditions have
been drilled. These data are used to develop water-balance calculations for input to the
hydrogeological flow simulations. In addition, surface water monitoring and groundwater

simulation was conducted to estimate groundwater recharge (JNC, 2000b).

The main parameters obtained from hydrogeological investigations from borehole
(i.e., geophysical logging, borehole TV, and, packer testing) and core data are: hydraulic
head, hydraulic conductivity, hydraulic gradient, permeability, specific storage
coefficient, porosity, pore pressure, flow rate, and transmissivity (JNC, 2000b; 2001;
2003). These data were used for hydrogeological-model and groundwater-flow
simulation. Hydraulic properties such as location of major drilling, fluid loss, high
transmissivity, and hydraulic conductivity are greatly enhanced by major fractures and
fault zones. JNC (2000b; 2001; 2003) summarizes the hydrogeological investigations in

the Tono Area.

The conceptual geological and hydrogeological model was constructed for the
Tono Mine and MIU site based on surface mapping, geophysical surveys, and
distribution of hydraulic conductivities and hydraulic heads (JNC, 2000; JNC 2001). The

main hydrogeological parameters in the Tono Area are listed in Table 2.3-3.
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Table 2.3-3.  Summary of hydrological and hydrogeological parameters

Hydrology Parameter
Metereology/ Precipitation

Surface hydrology | Infiltration
Evapotranspiration
Water level

Water budget

Soil moisture
Recharge

Discharge

Borehole Hydraulic head
Hydrologeology Hydraulic conductivity
Hydraulic gradient
Permeability

Specific storage coefficient
Porosity

Pore pressure

Flow rate
Transmissivity

Hydrogeological investigation from deep boreholes suggests that flow is
controlled by topographical gradient (Koide et al., 1996). Results from hydrological
conductivity studies in sedimentary rock and granite indicate that in the MIU site shows
higher hydraulic conductivity than both the Shobasama site and Tono Mine. In addition,
the hydraulic conductivity of the Tsukiyoshi fault and the NNW fault suggests that both
act as barriers to flow across it (JNC, 2000, Section 3.2; Kumazaki et al., Section 4;

Hama et al., 2003).

2.3.1.4 GEOCHEMICAL AND HYDROGEOCHEMICAL
INVESTIGATION

Surface water chemistry from river and groundwater samples was used to
estimate the origin and residence time of the surface water, groundwater chemistry, and

presence of microbes in the groundwater.
The main hydrogeochemical investigations are aimed to identify:

- Chemistry of groundwater parameters such as pH, Eh, total dissolved solids
(TDS), elemental composition (e.g., Si, Ca™, Na", HCO3+CO;?, Fe*"), Fe *"/Fe*"

for oxidation-reduction
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- Rock isotope parameters such as concentration of gas Radon, radioactive minerals
such as thorium, uranium, potassium

- Groundwater isotope such as hydrogen-oxygen isotope ratio, '*C for age dating

- Microbe studies in groundwater to determine bacteria population and type

- Temperature

- Electrical conductivity

Fracture and fracture zones play a dominant role in the chemical evolution of
groundwater, controlled mainly by water-rock interactions and chemical reactions that in
turn depend on the rock mineral composition. Results from hydrogeochemical
investigations indicate that the groundwater in the Toki granite is of meteoric origin and
that the residence time is ~1,000 years (JNC, 2001, Section 4.3; JNC 2000b, Section 3.4).
Based on chemical reactions, a conceptual model of the evolution of water-rock

interaction in the Tono Area is documented in JNC (2000, Section 3.4, Figure 3.4.8).

In addition, analysis of groundwater, fracture filling minerals, and fault zone
mineralogy were useful for identifying water-rock interaction processes along the fault
zone. Recent studies of the NNW fault also suggest that the fault is a potential hydraulic
barrier to flow (Kumazaki, 2003 Section 5).

Rock geochemistry such as major and minor elements, isotopes for radiometric
dating and REE analysis were conducted in drill core samples. Results are reported in

Chengdong, 2000.

The main geochemical parameters are listed in Table 2.3-4.

82



Table 2.3-4.  Summary of geochemical parameters

Species/Element

Groundwater pH

Geochemistry Eh
Total Dissolved Solid Content (TDS)
Temperature

Electrical conductivity
Chloride content

Colloids
Microbes
Major elements Si, Ca, Na*, HCO;+CO;?, Fe
Isotopes ’H, *H, & %0, 813C, '*C, *Cl/Cl
Radiogenic Isotopes Th, U, K, Rd
Rock chemistry Major and minor elements in rock and fracture fillings

Major elements (SiO,, TiO,, Al,O;, Fe,03, FeO, MnO, MgO, CaO, Na,0,
KZOa P2059 HZO)

Minor elements (F, Cl, Sr, Rb, Li, Zn, Cu, Pb, Sn, Be)
Radiometric dating (*’Sr/*Sr, U-Th-Pb)
REE (rare earth elements)

2.3.1.5 ROCK MECHANICS

Rock mechanical data were obtained by a variety of methods, including borehole
geophysics, in situ hydraulic fracturing, to determine in Situ stress state, and a variety of
laboratory tests were performed on core to determine rock-mass properties. Mechanical
properties derived from borehole investigations consist of in Situ stress measurements
from hydraulic fracturing to obtain stress distribution, magnitude, and orientation; as well
as from core samples, to obtain uniaxial compressive strength, Young’s modulus,
Poisson’s ratio, tensile strength (by Brazilian test), cohesion, and internal friction angle
(JNC, 2001). Determined physical properties of rock include apparent density, water
content, effective porosity, and seismic wave velocity. The main rock mechanics and
rock physical parameters are summarized in Table 2.3-5. The change of stress occurs at
similar depths within high-density fracture zones. In Situ stress also varies with depth, as

described in JNC (2001, Section 4.4.2).
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Table 2.3-5.  Rock mechanics and rock physical parameters

Parameter

Mechanical properties Coefficient of elasticity
Unconfined compressive strength
Poisson’s ratio

Tensile strength
Cohesion

Internal friction angle
Physical properties apparent density

RQD

effective porosity
water content

seismic wave velocity
In Situ stress determination | Hydraulic fracturing
AE/DRA

2.3.1.6 TRANSPORT PROPERTIES

Investigation of transport properties in the Toki granite was carried out in the
Tono Mine. The Tono Mine is a natural analogue for radionuclide transport because
uranium deposits there are considered to have formed by leaching of natural uranium
from granite to the sedimentary rocks (JNC, 2000, Section 3.6). Rock samples from the
Tono Mine were investigated to characterize the transport of uranium through pore space.
Sorption experiments using *>°U as tracer were conducted in the granite and sedimentary
rocks (Yoshida, 1994; Ota et al., 1994). A description and results related to transport
properties are described in JNC (2000, Section 3.6).

2.3.2 SEDIMENTARY ROCK—OVERVIEW OF THE HORONOBE
UNDERGROUND RESEARCH LABORATORY PROJECT
(HORONOBE URL)

The host rock for the Horonobe URL is sedimentary rock (diatomaceous
mudstone and hard shale) of the Neogene age. The URL shaft and drifts are likely to be
placed in this medium. Phase 1 of the geoscientific research for the Horonobe URL

started in 2000, and will take place over approximately six years (Goto and Hama, 2003a,
b).

During Phase 1, data from surface-based investigations (airborne surveys,
geological mapping, ground geophysical survey, and borehole investigation) were

conducted to obtain data on the geological environment and plan the construction of the
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URL. Two vertical boreholes of about 700 m depth, and several boreholes up to 500 m
depth, have been drilled in and around the URL area to provide data for geological
modeling and URL construction (Goto and Hama, 2003b; Yamasaki, 2004).

2.3.2.1 GEOLOGICAL INVESTIGATIONS

Geological characteristics and distribution of geological formations were obtained
from previous work (literature survey), while the lineament analysis was derived from
satellite images, aerial photography, surface mapping, and petrological, mineralogical,
and microfossil analysis (Goto and Hama, 2003a). The Horonobe URL is located in a
tectonically active region characterized by earthquake swarms. Evidence of Holocene
wetland subsidence and terrace uplift can be found along the coastal area (Yamasaki,
2004). In addition, the area is located in a potential oil/gas field. The main geological

parameters are listed in Table 2.3-6.

Table 2.3-6. Main geological parameters

Geological Parameters

Mapping Lineaments

Fault/ fracture zones

Core samples | Stratigraphy

Degree of diagenesis
Lithology

Fracture distribution
Mineralogical composition
microfossils

The main geological formations in the URL area are diatomaceous mudstone
(Koetoi Formation) overlain by hard shale (Wakanai Formation). They are considered
soft rock because of their mechanical and physical properties. The presence of Opal CT
and Opal provide information on silica diagenesis (Matsui, 2004). A transition zone
between those two formations is inferred from rock-mechanics and hydrogeological

analyses (Matsui, 2004; Hama 2004).

The main fault in the URL area is the Omagari Fault, a reverse fault with a left-
lateral strike slip component. Maximum folding displacement is estimated to be over
1,000 m. The fault core is about 10 cm, and the damage zone of the fault is inferred to be

>300 m (Hatanaka, 2004, Yamasaki, 2004). Several high-density fracture zones are
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observed in the drill core, related to faulting and folding. Presence of methane is observed

in the shallow borehole (Matsui, 2004).

As part of the long-term stability study, seismographs were installed to conduct
seismic monitoring in northern Hokkaido. In addition, measurements on crustal
deformation related to fault, folding, uplift/subsidence, and the history of sea-level
change were also part of the Phase 1 investigation task (Goto and Hama, 2003a,b).
Seismological and diastrophic studies have been carried out to monitor micro-
earthquakes and movements of the crust produced by tectonic process in the Horonobe

area (JNC, 2004).

2.3.2.2 GEOPHYSICAL INVESTIGATION

Airborne surveys including magnetic, electromagnetic, and natural gamma-ray
surveys were conducted for general surface characterization and for selecting boreholes
locations. The main aim was to obtain information on structure (faults and folds) and the
regional distribution of geological formations. Regarding potential URL locations,
electromagnetic, seismic and gravity surveys were conducted to obtain information on
subsurface geological and structural data (fault and fracture zones), as well as the
geometry of geological formations and structures (Goto and Hama, 2003a, b).

Geophysical parameters are summarized in Table 2.3-7.

Table 2.3-7.  Summary of geophysical parameters

Regional Geophysical Survey Parameters

Airborne magnetic Geological formations, structures (faults, fractures and folds) at
about 150 m depth

Airborne electromagnetic Geological formations, structures (faults, fractures and folds) up to
2,000 m depth

Airborne gamma-ray Natural radioactivity (U, Th, K)

Site-specific

High density reflection seismic | Lithological contacts, structures (fault), geometry of formations

survey Geological formation and structure by density contrast
Gravity survey (05) Structure (fault)
Electrical survey
Audio frequency magnetotelluric Structure (fault)
survey
Borehole/drill core sample
Multi-offset VSP Lithological contacts, boundaries
(vertical seismic profiling)
Sonic logging Porosity
Density
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The main structure in the region, Omagari Fault, was inferred by different
geophysical tools such as seismic reflection survey, audio-frequency magnetolelluric

survey, and borehole investigation (Matsui, 2004).

2.3.2.3 HYDROLOGICAL INVESTIGATIONS

Data acquisition activity for hydrological investigations include surface
hydrological parameters such as precipitation, temperature, humidity, wind direction and
velocity, evapotranspiration rate, river flow rate and water table—to estimate recharge
and discharge (Goto and Hama, 2003b). Hydrogeological parameters such as head,
transmissivity, and hydraulic conductivity are gathered from boreholes drilled in the URL
area (Hama, 2004). Methane gas was observed during borehole investigations. The main

hydrological parameters are summarized in Table 2.3-8.

Tracer experiments using core samples provide information on transport
properties of fractures such as effective diffusion, transmissivity, dispersivity, hydraulic

aperture and transport aperture (Shimo et al, 2003).

Table 2.3-8. Hydrological parameters

Hydrology Parameters
Metereologica/surface | Precipitation
Hydrologic Temperature
Infiltration
Humidity

Wind velocity
Wind direction
Evapotranspiration
Rive flux
Hydrological Head
Transmissivity
Hydraulic conductivity
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2.3.2.4 HYDROCHEMICAL INVESTIGATIONS

This investigation is still ongoing. Groundwater samples are being collected from
packed-off sections of the boreholes and by squeezing of drill cores (Goto and Hama,
2003a; Hama, 2004). The main characteristics of the groundwater in the Horonobe area
are its salinity and the presence of dissolved methane. The main geochemical parameters

are listed in Table 2.3-9.

Table 2.3-9. Hydrochemical parameters

Geochemical Investigations | Parameters
pH
Eh
Dissolved gases H,, He, N, O,, CO, CO,, hydrocarbon
Isotope D/H, '80/'°0, "C, Bc/**c, *cl
Major elements Na, K, Mg, Ca, Si. F, Cl, Br, I, alkalinity
Minor elements Al, Fe, Li, Sr, Mn, S. T.P, PO, T.N, NO,, NH,,
Microbe types
Methane gas

2.3.2.5 ROCK MECHANICS

Measurement for rock mechanics were conducted in drill core samples. The main
studies conducted in the laboratory were rock physical-properties testing, seismic
velocity measurements, uniaxial compressive tests, a triaxial compressive test, and
slacking tests in core. In Situ stress measurements were carried out in boreholes (Matsui,
2004; Morioka, 2004, Section 2 and 5.1). Table 2.3-10 lists the main rock mechanical and

physical parameters:

Table 2.3-10. Rock mechanics parameters

Parameters

Rock mechanical properties | Uniaxial compressive strength
Elastic modulus
Stress

P-wave velocity
Cochesion
Friction
Poisson’s ratio
Tensile strength
Unit weight

In situ stress
Rock physical properties Porosity

Density

RQD

Swelling factor
Durability factor
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| | Dissolved gas

2.3.2.6 TRANSPORT PROPERTIES

As part of site characterization, diffusion coefficient, dispersivity, hydraulic
aperture, and transport aperture have been measured in laboratory tracer experiments, and
sorption experiments using cesium in sedimentary rocks were conducted for different

types of groundwater (Hatanaka, 2004).

2.3.3 SUMMARY

A multidisciplinary approach has been applied to the MIU and Horonobe sites for
surface-based and drilling investigations. Although the MIU site is located in crystalline
rock and the Horonobe in sedimentary rock, both are developing and improving
methodologies to (1) characterize geological and structural features, (2) understand the
hydrological and hydrogeological properties, (3) characterize the chemical evolution of
the groundwater, and (4) identify mechanical properties of the rock mass. Laboratory
experiments using tracers have been conducted to address the transport properties of
granite and sedimentary rocks. In addition, high quality data is being acquired by
development and application of new technologies during site characterization. Based on
the data set that was compiled, conceptual and numerical model of geological,
hydrogeological and geochemical have been developed. Thus, the results from
investigations and applied technology have been constantly evaluated, changes in the

geological environment predicted, and uncertainties in the models reduced.
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2.4 Example of the Swedish Approach

In this section we examine the site characterization approach undertaken by

Sweden. A nuclear waste geological disposal program may include the following stages:

e General geological studies:
0 Country-wide:
¢ Site identification survey:
0 From hundreds of sites to about 2-5 sites
¢ Initial site investigation
0 Investigate the 2-5 sites in parallel from the surface.
e Complete site investigation:
0 Investigate the 2-5 sites in parallel from the surface

0 Selection of one site for construction of underground investigation facility.

These four stages represent the procedure taken by the Swedish Nuclear Fuel and
Waste Management Company (SKB) to arrive at one particular site, for which license
application will be presented to the Swedish regulatory authority for construction of an
underground laboratory to confirm the suitability of the site as a nuclear waste repository.
At this time, SKB is at the end of the third stage, i.e., at the end of the Initial Site

Investigation.

Below we shall present the key parameters or data required at each stage, based
on the multiple years of studies and consideration by the SKB. Thus the information
below is extracted from SKB technical reports, where detailed discussions, methodology,
and strategies may be found. Following the lists of key parameters, a series of key SKB
reports from the first three stages are provided, which leads to the initiation of site
investigation of two particular sites. This is to illustrate the type of efforts needed for

these stages.

2.4.1 GENERAL GEOLOGICAL STUDIES AND SITE
IDENTIFICATION SURVEY

At this first stage of ‘General Geological Studies”, no key parameters are defined,

but all available and related geological information of bedrock over the country are
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collected and reviewed. The goal of this review is to provide data and information that
can be used to identify regional areas potentially suitable to site a nuclear waste

repository.

The stage of Site Identification Survey is carried out in three steps: identification
of regional blocks at 100-200 kmz; identification of investigation areas at 5-10 kmz, and

selection of sites for detailed characterization.

At the first step, suitable bedrock blocks of area 100-200 km’ are identified
through satellite photo interpretation and geological and geophysical maps. Regional

blocks identified can number a few hundred.

At the second step, these regional blocks are studied for selection of about 100
investigation areas, with an area about 5% the size of the regional block. The following

are data or information collected and evaluated during this step:

e Environmental factors:
0 Population density and transport connection
O Preservation areas and groundwater basins
0 Land use plans

e Geological studies;
0 Satellite photo interpretation

Field checking

Stereo interpretation of aerial photos

Interpretation of topographic maps

O O O O

Classification of fracture zones

Based on the above surveys and studies, the identified sites are evaluated further

in the third step, concerning

e their geological variation;
e environmental factors, and

e discussions with communities next to the potential sites.
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Out of such evaluations, two to five sites will be identified for detailed site

characterization.

2.4.2 INITIAL AND COMPLETE SITE INVESTIGATION

The two stages of initial site investigation (ISI) and complete site investigation
(CSI) are similar in that both are surface-based investigations to obtain parameters and
information required to build up a site description model (SDM), for each of the two to
five sites identified. Out of the work, one site will be selected for underground
construction and subsurface investigation concerning its suitability as a nuclear waste

repository.

The difference between ISI and CSI is in the amount of data collected during the
two stages. ISI will include about 2-4 deep boreholes, 700-1000 m in depth, and
reflection seismic surveys for identification of major structures at depth, together with
field studies of geology, surface geophysics, and shallow boreholes. Data from the deep
boreholes include geological stratigraphy, rock stresses, geochemistry and hydraulic
conductivities. During the CSI stage, the number of deep boreholes will be increased to
about 10 or more, with more intense data gathering, including data on major fracture

zones and frequency and properties of fracture zones of less importance.

The focus of both ISI and CSI will be the construction of the Site Description
Model (SDM). SDM will be built up in successive model versions corresponding to
increasing data and information. Explicit dates for “data freeze” are selected and SDM
versions constructed for these dates. Hence successive SDM versions will show how

SDM develops and confidence in SDM will be enhanced as more data are obtained.

Data required for the key parameters of SDM are grouped according to the sub
models within the SDM. These sub models are:

e Geological Model

¢ Rock Mechanics Model

e Thermal Properties Model
e Hydrogeological Model

e Geochemistry Model
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e Transport Properties Model

Below we shall list the key parameters for each of these models that build up the
SDM.

2.4.2.1 KEY PARAMETERS FOR THE GEOLOGICAL MODEL

e Topography: overview of structures
e Soil layers: thickness, soil type distribution, bottom sediments
e Lithology
o0 Lithological structure: rock type distribution, dikes, contacts, age, ore
potential and industrial minerals, etc.
0 Rock type description: mineralogical composition, microfractures; density,
porosity, mineralogical alteration and weathering, etc.
e Structural geology
0 Plastic structures: folding, foliation, lineation, shear zones, veining, etc.
O Brittle structures: faults, fractures or fracture zones
e Properties of discontinuities (brittle and plastic structures of mechanical
importance)
0 Regional and local discontinuities: position, orientation, length, width,
genetic type, internal structures such as fracture roughness and infill, etc.

0 Fractures: statistical properties of fracture sets, etc.

2.4.2.2 KEY PARAMETERS FOR THE ROCK MECHANICS
MODEL

e Discontinuities: Geometries and geological parameters

e Mechanical properties, fractures in different rock masses: deformation properties
in normal direction, deformation properties in shear direction, shear strength,
fracture roughness in terms of JRC, and compressive strength of fracture walls,

JCS
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e Mechanical properties for different rock masses: Young’s modulus, Poisson
number, rock classification (RMR, Q) systems, dynamic propagation compressive
and shear wave velocities, strength

e Mechanical properties of intact rock in the different rock masses: Young’s
modulus, Poisson’s number, compressive and tensile strengths, indentation index
and wear index; blastability

e Density and thermal properties

¢ Boundary conditions and related data: in situ stresses (magnitude and directions),

external loads, observed deformation and seismic activities.

2.4.2.3 KEY PARAMETERS FOR THE THERMAL PROPERTIES
MODEL

e Thermal Properties of Rock: thermal conductivity and heat capacity of the rock,
thermal expansion
e Temperatures: in rock and ground water; thermal boundary conditions and

gradients

2.4.2.4 KEY PARAMETERS FOR THE HYDROGEOLOGY MODEL

e Deterministically modeled discontinuities: geometry from the geology model,
permeability distribution, porosity

e Stochastically modeled discontinuities and fractures as well as rock mass:
stochastic description of fractures, permeability distribution, porosity and storage
coefficient, rock compressibility

e Hydraulic properties of ground water: salinity and temperature distributions

e Soil layers: conductivity, thickness, storage coefficient, etc., meteorological and
hydrological data, etc.

e Boundary conditions and related data: boundary conditions, recharge and
discharge areas, pressure head distributions, historical evolution data

(paleohydrology)
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2.4.2.5 KEY PARAMETERS FOR THE GEOCHEMISTRY MODEL

e Groundwater chemistry in the repository area
e Groundwater chemistry along potential release flow paths
e Groundwater chemistry on the site scale

e Mineralogy

The chemical components of importance along potential radionuclide release flow
paths are pH, Eh, Fe*", HS", HCO5', CI', Na', Ca®", HA/FA, dissolved gases N, H,, CO,,
CH4 He, Ar, and also colloids and bacteria. Additionally, information on S04%, HPO4,
F, HS", Fe’" and Mn®" may be useful.

2.4.2.6 KEY PARAMETERS FOR THE TRANSPORT PROPERTIES
MODEL

e Properties on the near field: groundwater flow and chemistry, fracture aperture
and geometry

e Properties of flow paths: dispersion, flow porosity, flow-wetted surfaces

e Properties of rock along flow paths: sorption data (Kd), matrix diffusivity, matrix
porosity, maximum diffusion penetration depth, density of rock matrix,
groundwater chemistry

e Transport properties of soil layers and receptors: water flux, flow porosity,
sorption properties, biological activity

e Other data: tracer breakthrough curves, fracture filling; colloids and gases in

groundwater

2.4.3 KEY PARAMETERS FOR SITE CHARACTERIZATION: THE
ASPO CASE

SKB is conducting site characterization for two potential areas Forsmark and
Oskarshamn (Laxemar and Simpevarp), in Sweden for nuclear waste storage. There are

many reports on the efforts. The work is ongoing with evolving strategy and
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measurement techniques and analysis methodologies. Some key reports are listed below,

with additional reports available from the SKB website: www.skb.se.

Andersson J., Berglund J. Follin S,, Hakami E., Halvarson J., Hermansson J.,
Laaksoharju M., Rhen I., Wahlgren C-H., 2002b. Testing the methodol ogy for site
descriptive modeling. Application for Laxemar area, SKB TR-02-19, Svensk
Karnbrans ehantering AB.

Andersson J. 2003. Site descriptive modeling — strategy for integrated evaluation. SKB
R-03-05. Svensk Karnbranslehantering AB.

Andersson J., Munier R., Srom A., Soderback B., Aimen K-E., Olsson |., 2004. When is
there sufficient information from the Ste Investigations? SKB R-04-23, Svensk
Karnbranslehantering AB.

KB 2000. Geoscientific programme for investigation and evaluation of sites for the
deep repository. SKB TR-00-20. Svensk Karnbrans ehantering AB.

XKB, 2001. Steinvestigations— Investigation methods and general execution
programme. SKB TR-01-29/ Svensk Karnbranslehantering AB.

KB 2002. Preliminary safety evaluation, based on initial site investigation data.
Planing document. SKB TR-20-28, Svensk Karnbranslehantering AB.

KB 2005a. Preliminary site description, Forsmark area — version 1.2 SKB R-05-18.
Svensk Karnbranslehantering AB.

KB 2005b. Preliminary site description, Smpevarp area — version 1.2 SKB R-05-08.
Svensk Karnbranslehantering AB.

KB 2005c. Preliminary safety evaluation for the Smpevarp subarea based on data and
site descriptions after theinitial site investigation sage. SKB TR-05-12. Svensk
Karnbrans ehantering AB.

SKB’s ongoing work for Forsamrk and Oskarshamn is substantial and is
generating a large number of important reports, the above list being a small fraction of
them. However these reports are under much review and discussions with SKI (Swedish
Nuclear Power Inspectorate) and other oversight groups, and the methodologies and
information in these reports are under a state of flux. Thus it is not appropriate to draw
conclusions and lessons learned from the current SKB effort at this time. For the present
report, it is useful to summarize the data SKB obtained for their Aspo project, which is
serving as a prototype for their current work on Forsmark and Oskarshamn. The Aspo

data and their measurement methods have been evaluated by SKI. They are best
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presented in two tables below adapted from the SKI Report (SKI 1996: SITE-94, Volume
I, SKI-Report 96-36).

The first table presents the characterization methods used at Aspo, with the
measurement scales implied for each measurement method. The methods are grouped

into several categories:

¢ Survey/ remote sensing data

e Airborne geophysical surveys
e Surface geophysical surveys

e Drilling program

e Borehole geophysical logging
e Geochemical investigations

e Geomechanical measurements

e Hydrogeological measurements

Each of the methods is associated with a scale of measurement, which means that
the data and derived parameter values cover a certain scale, which could be regional (30
km or larger), semi-regional (about 10 km), local (about 2-5 km), site scale, or scales of
core-drilled boreholes and percussion-drilled boreholes. Specification of the relevant
scales associated with measurements is important information, which is often overlooked
in a site characterization program. Details of the methods under the categories, with their

scales are listed in Table 2.4-1.
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Table 2.4-1. Characterization methods used in the Aspo HRL preliminary
investigations and for other sources of site data. Based on information from Stanfors et al.
(1991), Alme and Zellman (1991), and Wikberg et al. (1991). Key to abbreviations: R=
regional scale (30 km square or larger), S = semi-regional scale (ca. 10 km square), L =
local scale (2-5 km square), A = site scale (southern Aspo onlu); K = core-drilled hole(s),

H = percussion-drilled hole(s). (from Table 6.3.1 of SKI, 1996)
Method | Type of Information sought or obtained | Coverage
Survey/ remote sensing data
Landsat thematic map ™ Land relief & features R
Aerial photographs Land relief & features L
Topogrophical maps Topography (land relief) L
Digital elevation models .

(DEMs) Topography (land relief) R

Nautical charts and fair

sheets Bathymetry R, S

Airborne geophysical surveys

Magnetic Bedrock variation; oxidation zones R

VLF & horizontal-loop EM | Water-bearing fracture zones R

Radiometric (U, Th, K) Bedrock variation R

Surface geophysical surveys

Gravity Bedrock variation R

Magnetic profiles B.edrock variation; oxidation zones; S.L
displacements

Electrical resistivity Water-bearing or clay-filled fracture zones | L

profiles

VLF & horizontal-loop EM Water-bearing fracture zons S,L

profiles

Seismic refraction profiles Fr.acture zones, fracture intensity changes S.L
with depth

Seismic refection profiles Subhorizontal fracture zones L

Ground radar profile Fractures, lithological contacts A

Geological surveys

Geological field studies Lithologic distribution & Structural R.L
character

Outcrop and trench Detailed lithology, structural character, L

mapping fracture statistics

Drilling program

Core logging Lithology, fracturing, fracture mineralogy L: 14K

Drill cutting analyses Lithology L: 19K

Thin-section analyses Petrology L: 13K

Chemical rock analyses Petrology constraints on groundwater L: 5K
geochemistry

Fracture mineral analyses Infilling mineralogy; indicators of L: 8K
groundwater geochem

Borehole deviation logging | Borehole positional information L: AlIK, H

Borehole caliper logging Borehole diameter, possible fracture zone L: All K, some
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Method Type of Information sought or obtained Coverage
location H
Borehole TV-logging / Absolute fracture orientations (for selected L: 5K
televiewer sections) )
Borehole geophysical logging
Gamma-gamma (density Lithology (bulk density) L: 9K, 6H
Neutron Lithol.ogy (maﬁc.mineral content), or L 9K. 6H
porosity (Fracturing)
Natural gamma Lithology (potassium, uranium, and thorium L: 13K, 17H
content)
Magnetic susceptibility Litohology (magnetite content) L: 13K, 17H
Sonic (acoustic) Fractured zones L: 13K, 6H
Resistivity (normal & Fractured zones L: 13K, 17H
lateral)
Borchole radar, dipole Radar reflectors (large single fractures or ‘
(semi-directional) antenna fracture zones) and f':lngle between reflectors | L: 10K, 2H
and the borehole axis
Borehole radar, directional | Radar reflectors and their absolute L: 4K
antenna orientations '
Fluid resistivity Groundwater salinity and flowing fractures | L: 13K, 17H
Vertical seismic profiling Fractures/ fracture zones A: 1K
Geochemical investigations
. . s “First strike” indication of groundwater
Sampling during drilling . . oo
(SDD) geochemistry (major elements, drilling L: 11K
water content)
Sampling in percussion- Groundwater geochemistry (major L 5H
drilled holes elements, 2H, 3H, 180) )
. . . Groundwater geochemistry (major, minor
Samp!mg during hydraulic elements, drillging water cgyngentf stable L: 3K; HAS 13
pumping tests (SPT) isotopes, 3H & 14C)
Groundwater geochemistry (major, minor
Complete chemical elements, drilling water content, stable L. 4K
characterization (CCC) isotopes, 3H, & 14C), with downhole Eh, ’
pH, and gas measurements
Sampling during G.roundwater geochemist.ry major elements,
. Li, & Sr) of selected sections, 12-18 mos. L:3K
monitoring (SDM) .
After pumping
Chemical characterization(trace elements *
Fracture mineral chemistry | C, O isotopes of calcite); groundwater L:3K
history, in-situ Kd
Geomechanical measurements
Hydraulic fracturing In-situ stresses (Horizontal components) L:2K
Overcoring stress In-situ stresses (Horizontal components) L: 1K
measurements
Uniaxial comp. Strength, elastic parameters,
Laboratory tests brittleess, joint roughness coefficient, L: 2K
friction angle
Hydrogeological measurements
Alrhft tests (100 m Prghmlnary transmissivity and pressure L: 14K, 200
intervals) estimates
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Method Type of Information sought or obtained Coverage

Packer tests (injection / Detailed hydraulic conductivity distribution | L:8K

recovery, 3m)

Packer tests (inj. Recovery, | Hydraulic conductivity / transmissivity L3K

30M) distribution '

Flowmeter (spinner) Inflow distribution; major hydraulic L: 11K

logging conductors )

Pumping tests Total well capacity / transmissivity L: 10K, 20H

Interference tests Characterization of major transmissive L:10K, 2H
features

Dilution tests Natgral flow through selected borehole L:13K
sections

Grogndwater pressure Monitor groupdwater head in distinct L: 15K, 29H

monitoring borehole sections

Groundwater level Monitor groundwater head in open

. L: 4K, 6H
monitoring boreholes
. Connectivity and transport characteristics

Radially convergent tracer . . . .

tests (porosity,water residence time) of major A: 1K
fracture zones

From the measurement methods listed above, data are obtained to characterize the
Aspo site. SKI, in their review identified the key characterization data needed from both
the SKB work as well as from SKI’s own analyses. These are listed in Table 2.4-2 for
Aspo. References for each data set are given in the right-hand column, with details given
in the reference list following the table. This table can be considered as giving the type of
key data that need to be collected in general for any site undergoing site characterization

and evaluation.

Table 2.4-2.  Summary of site-specific data for Aspo (modified from Table 6.4.1 of

SKI, 1996)
Type of Data Source
Survey/Remote sensing
Borehole coordinate data from KAS01-14,16, KAV01-03, MRM,1993¢,h
KBHO01-02, KLX01, HAS01-21, HAVO01- X B X X X 08,
HLX01-09, HBHO1-05, HMJO1
Caliper logs (borehole diameter) from KAS03 MRM, 1993¢ D
Detailed topographic map of Aspo Tlren & Beckholmen,

1987

Digital elevation models (50 x 50 m grid) LMV, 1987a
Topographic maps (1:250 000) LMV,1987b
Nautical charts (1:50 000) SFV, 1988a
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Type of Data Source

Fair sheets (1 :20 000) SFV, 1988b

Prior lineament Interpretations Tlren et al., 1987
Tlren & Beckholmen,
1988

Aerial photos (1:30 000) LMV,1984

LandsatTM (one quarter scene)

Wltschard & Larsson 1987

Clarifications of Aspo coordinate systems

Dverstorp, 1993

Geological/Core logging data

LIthology In core KAS02-09,11-14, KBH02, KLX01 MRM, 1993e
VelndatafromKAS02-09,11-14, KBH02,KLX01 MRM, 1993f
'Natural' Joints/fractures In core from KAS03-09,11-14, MRM, 1993f
KLX01, KBH02

Fracture frequency In core KAS02-09, 11-14, KLX01, KBH02 | MRM, 1993h
Crushed zones in core from KAS03-09,11-14, KBH02, KLX01 | MRM,1993f
Fracture alpha angles from core MRM, 1993f
Oriented core from portions of KAS02-06 MRM, 1993h
Fracture infilling mineralogy from KAS03-09,11-14, KBH02 & | MRM, 1993f

KLX01

Detailed fracture mineralogical analyses

Tullborg et al. 1991

Geological/Surface data

Geological map of Asp/)

Kornfalt & Wlkman, 1988

Data from outcrop mapping of fractures on Asp/)

MRM, 1993h

Supplementary field studies

Tiren et al., 1996

Geological / Interpretation

Regional geology

see Tlren et al., 1996

Regional sedimentary geologic maps and cross sections

Kornfalt & Larsson 1987;
Ahlbom et al., 1990

Local geology

Kornfalt & Wlkman 1988;
Munier 1989; Talbot &
Rlad 1987; Wikstrom
1989; Talbot, 1990

Regional structural map (2D)

Tiren et al. 1996

Semi-regional structural map (2D)

Tlren et al. 1996

SKI 3D structural model of Aspo

Tlren et al. 1996

SKB structural model (dlgltlsed)

Geoslgma, 1994
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Type of Data

Source

SKN structural model (digltlsed)

Geoslgma, 1994

Fracture statistics for DFN model

Geier & Thomas 1996

2D near-field fracture model simulations

Geier & Thomas 1996

Geophysical/Borehole logging

Natural gamma radiation logs from KAS02-09,11-14, HAS02- | MRM 1993c,h
20, HAV01-08, HLX01-07,KAV01-03, KLX01

Gamma-gamma (density) logs from KAS05-09,11-14 MRM 1993c
Magnetic susceptibility logs from KAS02-09,11-14 MRM 1993¢c
Lateral resistivity (1.6 -0.1 m) logs from KAS02-03 MRM 1993¢
Normal resistivity (1.6 m) logs from KAS03 MRM 1993¢
Sonic (acoustic) logs from KAS02-09,11-14 MRM1993¢
Self-potential (SP) logs from KAS02-04 MRM 1993¢c
Single-point resistivity from KAS02-09,11-14, HAS02-20, MRM 1993¢,h
HAV01-08, HLX01-07,KAV01-03, KLX01

Neutron near detector logs from KAS06-09 MRM 1993¢
Neutron far detector 10 s from KAS06-09 MRM 1993¢c
Fluid conductivity & salinity logs KAS02-09,11-14, HAS02- MRM 1993c¢,d,h
20, HAV01-08, HLX01-07,KAV01-03, KLX01

Temperature logs KAS02-09,11-14,HAS02-14,18-20, HAVO1- | MRM1993h

08, HLX01-03,0S5-07, KAV01-03, KLX01

Conventional borehole radar (dipole antenna) travel time data,
KAS02-09,11, KLXO01

Niva & Gabriel 1988;
Carlsten 1989, 1990

Directional borehole radar travel time data KAS12-14

Carlsten 1990

Radar amplitudes from KAS02-14

Geoslgma, 1993

Geophysical/Above-ground surveys

Airborne electromagnetic survey results

Nlsca 1987a,b

Airborne magnetic survey results

Nisca 1987a,b

Geophysical profiles: (VLF, magnetic, seismic, radar)

Stenberg, 1987; Barmen &
Stanfors, 1988; Ploug &
Klillen, 1989; Sundin S 8
X 1987; Sandberg et al.,
1989

Detailed magnetic measurements

Nlsca & Trlumf, 1989

Detailed geoelectrical measurements

Nisca & Trlumf, 1989

Hydrologic
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Type of Data Source
Groundwater pressures In boreholes SKB, 1992b
Groundwater levels In boreholes Strom,1992

Water table map

Lledholm, 1991

Injection test data (3 m) from KAS02-08,KLX01

MRM, 1992; 1993a

Interpreted K values from 3 m In]. tests

MRM, 1993b

GRF analyses (3 m section lengths) for KAS02-08

Geier et al., 1996a

GREF analyses (3 m section lengths) for KAS02-08

Geier et al., 1996a

Injection test data (30 m) from KAS02-08,KLX01

MRM 1992, 1993a

Interpreted K values from 30 m Inj. Tests MRM 1993b

GRF analyses (30 m section lengths) for KAS02-08 Geier et al., 1996a
Flowmeter logs from KAS02-14,KLXO01 MRM 1993d
KLXO02 Hydrologic and salinity data SKB, 1993a
Hydrological/Interference tests

Interference test data from short-term pumping tests In HAS13 | Strom, 1992

& 20, KAS02,03,06,09,12,13 & 14

Interference test data from LPT1 (pumping In KAS07) Strom, 1992
Interference test data from LPT2 (pumping In KAS06) Strom, 1992
Tracer test data from LPT2 Strom, 1992

Rock mechanics/Petrophysical

Hydraulic fracturing stress measurements

Bjarnason et al., 1989

Overcorlng stress measurements

Bjarnason et al., 1989

Uniaxial compressive strength and elastic parameter
measurements

Wikberg et al., 1991

Porosity measurements from KAS02 and KLXO01 [1]

MRM,1993e

Repository layouts

Geoslgma 1994

Geochemical

Sampled during drilling (SOD): Major element concentrations

Wikberg et al., 1991;

and drilling water content Smelile & Laaksoharju
1992

Sampling from percussion holes: Major element concentrations, | SKB 1992a,c

2H, 3H,

Sampling d