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Executive Summary

This is the year-end report of the first year of the NUMO-LBNL collaborative project:
Development of Hydrologic Characterization Technology of Fault Zones under NUMO-
DOE/LBNL collaboration agreement, the task description of which can be found in the
Appendix.

Literature survey is conducted to study past works that relate geology to hydrology of
fault zones. This includes study in sediments, sedimentary and crystalline (igneous and
metamorphic) rocks with examples from various parts of the world. We focus on studies
of hydrology of fault zones in the field and the laboratory as well as through modeling
performed in all types of faults (i.e. normal, thrust and reverse, and strike-slip). We find
that there is very limited amount of work on the subject, particularly in the field using
borehole testing. The common elements of a fault include a core, and damage zones. The
core usually acts as a barrier to the flow across it, whereas the damage zone controls the
flow either parallel to the strike or dip of a fault. In most of cases the damage zone is the
one that is controlling the flow in the fault zone and the surroundings. The permeability
of damage zone is in the range of two to three orders of magnitude higher than the
protolith. The fault core can have permeability up to seven orders of magnitude lower
than the damage zone. In general, most fault studies in the literature fit into combined-
conduit barrier classification by Caine et al., 1996.

The main results are listed in three tables which summarize the main geological,
structural and hydrological characteristics for each type of fault. At the end of the chapter,
we suggest a characterization strategy for classifying faults based on available
information (i.e. stress field, scaling relationship, fluid flow concentrated on one side of a
fault) The fault types (normal, reverse, and strike-slip) by themselves do not appear to be
a clear classifier of the hydrology of fault zones. However, there still remains a
possibility that other additional geologic attributes and scaling relationships can be used
to predict or bracket the range of hydrologic behavior of fault zones. We identify
potential U.S. locations to conduct analogue studies and to extend the current effort on
fault zone classification and development of characterization technology.

Next we examine in the literature the characterization technologies employed and the
information used to identify the hydrologic properties of faults. The findings are listed by
the location. AMT(Audio frequency Magneto Telluric) and seismic reflection techniques
are often used to locate faults. In some cases AMT results are successfully used to infer
the hydrologic properties. Geochemical signatures and temperature distributions are often
used to identify flow domains and/or directions. ALSM(Airborne Laser Swath Mapping)
or LIDAR (Light Detection and Ranging) method may prove to be a powerful tool for
identifying lineaments in place of the traditional photogrammetry. Nonetheless not much
work has been done to characterize the hydrologic properties of faults by directly testing
them using pump tests. There are some uncertainties involved in analyzing pressure
transients of pump tests: both low permeability and high permeability faults exhibit
similar pressure responses.

il



A physically based conceptual and numerical model is presented for simulating fluid and
heat flow and solute transport through fractured fault zones using a multiple-continuum
medium approach. The suggested multiple-continuum concept is a natural extension of
the classic double-porosity model, with the fracture continuum responsible for
conducting global flow, while vuggy (if any) and matrix continua, locally connected and
interacting with globally connecting fractures, provide storage space for fluid and solute.
The proposed conceptual model can be implemented into a general multidimensional
numerical reservoir simulator TOUGH2 using a control-volume, finite-difference
approach, which can be used to simulate single-phase flow, solute transport, and heat
transfer in 1-D, 2-D, and 3-D fractured faulted systems. Model application is
demonstrated by modeling two well-flow problems at ambient geothermal and water flow
conditions. Data from the Horonobe URL site are analyzed to demonstrate the proposed
approach and to examine the flow direction and magnitude on both sides of a suspected
fault.

Finally, we describe a strategy for effective characterization of fault zone hydrology. We
make a step-by-step recommendation of the technologies to be employed and decisions to
be made along the preliminary characterization process. The recommendations are
written in Japanese to ensure quick and easy consumption by the NUMO personnel. We
recommend conducting a long term pump test followed by a long term buildup test. We
do not recommend isolating the borehole into too many intervals. We do recommend to
ensure durability and redundancy for long term monitoring.
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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 under

the auspices of the bilateral agreement.

In 2006, ANRE (Agency for Natural Resources and Energy) jointly with JAEA
(Japan Atomic Energy Agency) identified outstanding technological issues and needs
regarding the research and development for geologic disposal of HLW subsequent to the
publication of the Second Progress Report by JNC (Japan Nuclear Cycle Development
Institute) in 1999. Research organizations in Japan as well as NUMO have been
conducting investigations on these issues and needs. In the area of groundwater
hydrology, four R&D needs were identified and are currently being investigated:
improvement of groundwater flow characterization technology, development of testing
and characterization technology in coastal areas, development of testing equipment and
technology, and field application of testing and characterization technology. NUMO has
been incorporating the results of the outcome of these R&Ds as they become available
and are deemed appropriate, and is in the process of systematizing the testing and
characterization technology to form a solid technical foundation for selecting the sites for

detailed investigation.

The first NUMO-LBNL collaborative project was entitled “Feature Detection,
Characterization and Confirmation Methodology,” which was 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. The project was carried out from May 2005
through March 2007. Among other important findings, the study has identified the
hydrologic properties of fault zones as one of the most important parameters that need to

be evaluated during the preliminary investigation stage. Based on the lessons learned at



the Mizunami and Horonobe URLs, as well as at numerous mines, dams, and tunnels—
and given the geologic environment of the Japanese Islands—faults are likely to exist
almost ubiquitously, which need to be assessed both at the preliminary and the detailed
investigation stage (the length scale of the faults of interest would range from several
kilometers in the former down to several hundred meters in the latter). However, none of
the four R&D activities mentioned above sufficiently addresses the development of
systematized hydrologic characterization technology specifically tailored for fault zones.
At present, it is necessary to use perhaps overly conservative values for the hydrologic
parameters of fault zones for the design and performance assessment of a repository.
Therefore, development of a more efficient and reliable fault-zone characterization
technology is highly desirable. The geologic properties of faults and the relationships
among their geometry, type, fault parameters, and internal structures are being
investigated mostly overseas. Hydrologic investigation of faults of various sizes are also
being conducted at foreign as well as at domestic characterization sites. However, the
relationship between the geologic and hydrologic properties of faults is not yet studied

sufficiently.

The objectives of the present study is to organize the information available from
overseas to ultimately establish an efficient and systematized methodology for hydrologic
investigation and characterization of faults at the scale of interest during the preliminary
investigation stage, for more practical design and performance assessment. The present
study will be conducted as a collaborative study between NUMO and USDOE/LBNL. It
should be possible to apply/transfer the results of the study obtained at a site in the West
Coast of the United States, whose tectonic environment is just as active as that in Japan,
to the Japanese repository program when they will be needed. These actions would also

be beneficial to the U.S. program.

In addition to this introduction, the report is comprised of four main chapters: In
Chapter 2, we search and examine the literature that studies faults and their hydrologic
properties. We investigate the relationship between geologic attributes and hydraulic
properties of faults. We group and tabulate known geologic and hydraulic features of a
given fault by fault types. Chapter 3 surveys literature on characterization technologies of

fault zones and lists by the location including a couple of sites from Japan. In addition,



potential difficulties of correctly characterizing a fault by analyzing pressure transient
data during pump tests conducted in a formation containing a fault are discussed. The
chapter is intentionally written in Japanese to help NUMO personnel understand the
contents readily and clearly. In Chapter 4, we discuss conceptualization and modeling
approach of fault zone hydrology. We propose a numerical model that can represent
various coupled physical processes that are expected to take place in the fault zone. We
conclude with Chapter 5 that discusses the characterization strategy of fault zones. We
make a step-by-step recommendation for effective characterization of fault zone

hydrology during the preliminary investigation stage.



2 Geological Structure of Fault Zones and Hydrology

2.1 Introduction

Fault zone hydrology, a key issue for many different geological disciplines, has in
recent years been the subject of increasing interdisciplinary effort. For example, faults
have been studied as part of research regarding (1) ore deposits associated with
geothermal migration (Hammond and Evans, 2003); (2) groundwater management
(Moran and Hudson, 2000; Stamos et al., 2003; Nishikawa et al., 2004); (3) petroleum
migration (Antonellini and Aydin, 1994, Dholakia et al., 1998; Sorkhabi et al, 2002a,b,
Takahashi 2003a,b, Jourde et al, 2002); (4) geotechnical projects, such as tunneling and
underground construction (Yanagisawa et al., 1995); (5) fault slip propagation (Sibson,
1981); and (6) nuclear waste disposal (Onishi and Shimizu, 2002; JNC, 2000; Davison
and Kozak, 1988; Le Cain et al., 1998; Swedish Nuclear Fuel, 2005; Henriksen, 2008,
Andersson et al., 1991).

Structurally, over regional or local tectonic history, faults and fractures are
responsible for rock-mass weakness. Faults and fractures are also the main pathways for
fluid, gas, and heat, greatly enhancing hydrogeological properties. With respect to fluid
flow, a fault with distinct hydraulic properties may act as a conduit, a barrier, or both

(Caine et al, 1996).

Permeability structures of fault zone have been reported in the literature, largely
through investigations of natural faults (Evans et al., 1997; Caine and Forster, 1999;
Caine et al., 1996; Onishi et al., 2002; Wibberly and Shimamoto, 2003), using outcrop
and small core samples for permeability measurements. The main limitation to this
method is that large faults and fractures are not taken into account, and therefore
permeability values can be underestimated. Allowing for this limitation, these studies
suggest that the permeability structure is related to fault evolution (i.e., geologic time,
reactivations), stress field, juxtaposition of rock types, amount of displacement, depth
(temperature and pressure), fluid-rock interaction, fracture interconnectivity, fault-rock
heterogeneity, and the extent of fracture filling by mineral precipitation. These factors

affect fault distribution, as well as the length and width of the fault zone.



This report summarizes the fault hydrology studies now available in the literature.
We point out the importance of fault zone hydrology, discuss its complexity, and make
recommendations for future work, including analogue studies in the USA and
characterization strategies. In more detail, we present several tables that show each type
of fault (i.e., normal, strike-slip, reverse/thrust) with structural and hydrologic

descriptions for reference.

2.2  Fault Anatomy

Faults are generally defined as a planar or zonal structure, which accommodates
shear displacement. Faults are sometimes considered as planes or surfaces (Hobbs et al.,
1976), slip planes, or shear fractures (Aydin, 2000). Indeed, most faults are defined by
two primary components: damage zone and fault core (Caine et al., 1996; Chester and
Logan, 1986). In general, the deformation process operating in the damage zone produces
a wide range of fracture networks, the presence of small faults, folds, veins, and
deformation bands. Fracture density in the damage zone can be three to five times greater

than in the host rock (Evans et al., 1997).

The fault core, where the deformation is concentrated, can be very heterogeneous.
It consists of breccia, cataclasite, or gouge, in crystalline rock; and sheared layers of
weak lithologies (such as clay smearing, grain scale mixing, grain reorientation and pore
collapse, cataclasis with deformation bands) in lithified and poorly lithified sedimentary

rock. The width of fault core can vary from a few millimeters to a few centimeters.

These principal fault zone components are encompassed by the protolith, or
undeformed host rock. Boundaries between the damage zone and fault core are typically
sharp, whereas the damage zone to protolith transition is usually gradational (Caine et al.,
1996). The amount and distribution of each component depend upon the lithology and the
geologic setting in which the fault has formed (Caine et al., 1996, Evan et al., 1997).

Caine et al. (1996) classified fault zone architecture and permeability structure
according to the percentage of damage zone versus the percentage of fault core. This is a
simplified conceptual model that includes structural and hydrological characteristics. As

a result, Caine et al. have identified four end members: localized conduit, distributed



conduit, combined conduit-barrier and localized barrier. Their conceptual model shows a
qualitative relationship between fault internal structure and fault permeability, based on
outcrop observation and permeability data from laboratory measurements. However,
faults are structurally and hydrologically heterogeneous. Therefore, their model does not
address current fault-rock interaction, flow paths, or flow properties. As indicated by
Caine et al. (1996), the simplified conceptual model represents only one stage in the
temporal evolution of a fault. Larger faults, such as the Median Tectonic Line and
Carbonaras Fault, are more complex and do not fall into this classification (Faulker et al.,

2003; Wibberley and Shimamoto, 2003).

It is well known that the permeabilities of rock obtained from outcrop are two
orders of magnitude higher than those of rock obtained from drill cores (Morrow and
Lockner, 1994). The permeability of exhumed fault rock tends to display less pressure
sensitivity owing to the presence of weathering products in fractures. Nonetheless, core
plug scale tests aid in understanding the permeability structure of fault zone components,
although permeability values should be used with caution in developing quantitative
models of fluid flow. In situ permeability tests would probably yield higher permeability
values, given the interconnectivity of fractures that are missed in core plug scale
investigations. It is evident that insufficient downhole data from across the fault zone

exists in the literature, as described in the following sections.

2.3  Structural characteristics of faults in various rock types
2.3.1 SEDIMENTS AND SEDIMENTARY ROCKS

In connection with oil exploration, investigators have studied the impact of faults
in sedimentary rock over a wide range and degree of lithification in sedimentary basins

(Antonellini and Aydin, 1994).

One of the main characteristics of faults in sedimentary rock is the formation of
deformation bands, i.e., the fault damage zone consists of deformation bands. Idealized
representations of fault architecture in sandstones often include a fault core composed of
low-permeability fault rock, high-permeability slip surfaces, and a surrounding damage

zone (Figure 2-1). In such scenarios, the fault rock extent and permeability are crucial for



determining the fault’s perpendicular flow component. Slip surfaces, the most continuous
structural element, often control fault-parallel flow and are commonly treated as two

planar surfaces separated by a constant overall aperture.

Figure 2-1. Deformation bands at Estrada Sandstone. Fossen and Bale, 2007

According to Fossen and Bale, 2007, deformation bands form in sediments with
porosity higher than 16%. In sandstones, they occur as single structures, as clusters, and
in fault damage zones. Deformation bands are millimeter-thick tabular zones of localized
strain. They deviate from regular fractures by their lack of a single, continuous slip
surface. For this reason, they do not share all of the properties of regular fractures
(Fossen and Bale, 2007). In sediments rich in phyllosilicates, such as mica and clay,
deformation bands will be formed by alignment of those minerals to form fabric parallel
to the band (Knipe et al, 1997). Aydin and Johnson (1978) reported a different type of
deformation band, a cataclastic band. In such bands, grains are crushed (cataclasis) and

the grain size is consequently reduced.

Cementation and dissolution at grain-grain contact points can reduce porosity in

any type of deformation band. Deformation bands may be preferentially cemented



because of their fresh grain surfaces formed during frictional grain sliding and
comminution. Many factors influence the deformation mechanism and, hence, the type of
deformation band that is formed, including mineralogy, grain size, grain shape, grain
sorting, degree and type of cementation, porosity, and confining pressure (Fossen and

Bale, 2007).

Shear smear is another term commonly associated with a fault core rich in clay
minerals. It is observed when the fault displaces layers of sandstone and shale.
Laboratory experiments by Takahashi (2003a), using interlayered sandstone and shale,
suggested that during normal fault deformation, faults are sealed by shale smear
impacting the mechanics and hydrologic properties of the fault zone. Field observations
by Hynekamp et al. (1999) and Eichhub et al. (2005) described a narrow core zone
flanked by a wider footwall and hanging-wall mixed material, suggesting that sediments
transported during normal fault-shearing are thinned and tectonically mixed within the

core zone. Transport distances are greater for clay and less for sand.

2.3.2 CRYSTALLINE AND VOLCANIC ROCKS

Crystalline rocks in this report refer to any type of rock that was originated by
magmatic or metamorphic processes and where minerals are visible to the naked eye. The
most commonly studied crystalline rocks are granite, granodiorite, gneiss, and schists. As
for volcanic rocks, welded and nonwelded tuffs have been extensively studied within the
Yucca Mountain Program (USA). Faults in crystalline rocks have been studied in
connection with mineral and geothermal exploration, tunneling, and nuclear waste

disposal programs (in such countries as Canada, Sweden, Finland, and Japan).

The observation of ore deposits filling veins in the proximity of fault zones
indicates paleo-fluid migration during fault activity. Eichhubl and Boles (2000, 2001)
evaluated mineral precipitation in veins to infer fluid volume and chemistry. Because the
fractures and faults were sealed at the times of these studies, fractures and faults are in

this case most likely to act as barriers to fluid flow.

All types of faults occur in crystalline rock, one example being Dixie Valley,

Nevada, an active normal fault studied for geothermal exploration. Thrust faults with



large displacement are often observed in stable cratons in orogenic belts, such as at Lac
Du Bonnet batolith in Canada, the Finnsjon and Forskmark sites in Sweden, and the East
Fork, Wyoming and Elkhorn, Colorado faults in the USA. Such sites usually show a
combination of ductile and brittle deformation, caused by formation depth, followed by
subsequent uplift and fault reactivations in brittle regimes. At sites in Canada and Sweden,
faults zones are defined as deformation zones, because faults are more complex and the
deformation diffuse. The Nojima and Tsukiyoshi faults in Japan are examples of active

and inactive reverse faults, respectively.

The majority of the hydrologically characterized strike-slip faults around the
world are from regions located along plate boundaries. These include several strands of
the San Andreas Fault, which juxtapose granodiorite with metarmorphic and sedimentary
rocks such as at Punchbowl, San Gabriel, Gemini, and Bear Creek Camp faults.
Investigations of the Median Tectonic Line in Japan and the Carbonara Fault in Spain are

found in metamorphic rocks.

One characteristic of faults in crystalline rocks is the presence of variable amounts
of breccia, gouge, and cataclasite (Figure 2-2). These terms are used for rocks formed
from shearing under brittle conditions, at depths less than 10-15 km. Faulted rocks

greater than 15 km depth occur under ductile conditions, where milonites are formed.

Another well-known characteristic of faults cutting across crystalline rock is the
presence of micas and clay minerals in the fault core, resulting from large amounts of
silicate minerals reacting with fluids and comminuted minerals as a result of shearing.
Hence, a significant reduction in permeability is observed in studies conducted in such
lithologies (Evans et al., 1997; Forster et al., 1994; Seront et al., 1998; Forster and Evans,
1991; Onishi et al.,, 2002; Wibberley and Shimamoto, 2003; Lockner et al., 2000;
Mizoguchi and Shimamoto, 2001; Forster et al., 2003).



Figure 2-2 (a)- Strike-Slip Punchbowl Fault (inactive strand of the San Andreas Fault)
juxtaposing sandstone and granite; (b) photo showing ultracataclasite (from field
guide to Punchbowl Fault, Chester, 1999)

2.4  Survey of past and current hydrologic characterization
activities of fault zones
According to the classification system devised by Anderson (i.e., “Andersonian
classification”), there are three fundamental fault types: normal, thrust or reverse, and

strike-slip. Each of these fault types can combine to form a more complex fault system.

In theory, considering the tectonic regime that generates these types of faults, we
would expect the hydrologic regime to be controlled by the orientation of open fractures

formed by tensional forces acting on the rock mass (Neubauer, 2005). In such a case,
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reverse faults would be straightforward with respect to fluid flowing upwards, because
most tensional fissures are subhorizontal and often not interconnected. By contrast,
strike-slip faults have subvertically oriented fissures that would enhance fluid flow
circulation. However, such models are not realistic, as we find when we compare several
examples of fault hydraulic properties collected from the literature. This might be caused
by spatial heterogeneity in the fault system, the location and depth of formation, the
mechanical properties of different lithologies, variations in the stress field with depth, etc.
Below, we describe the main characteristics gathered from our literature survey for each

type of fault.

2.4.1 NORMAL FAULTS

’ NORMAL FAULT

Normal faults are associated with crustal extensions and mostly with basin
formations. As described in Section 2.3.1, they are important structures for hydrocarbon
reservoirs. Normal faults zones in sedimentary rock have been described in a number of
recent studies—Devatzes et al. (2005); Antonellini and Aydin (1994, 1995); Antonellini
et al. (1994); Eichhubl et al. (2005); Fossen and Bale (2007).

The hydraulic properties of deformation bands have been widely described, using
numerous laboratory measurements and well log studies. Porosity loss and pore-throat
collapse in deformation bands reduce permeability (Antonellini and Aydin, 1994;
Antonellini et al., 1994; Fisher and Knipe, 1998; Matthéi et al., 1998). Permeability
within deformation bands is about three orders of magnitude lower than in the host rock
(Pittman, 1981; Antonellini and Aydin, 1994, 1995; Shipton et al., 2002; Taylor and
Pollard, 2000), and porosity is less than 1% (Shipton and Cowie, 2003). Usually the
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hydraulic conductivity of a fault core is reduced as a result of clay smearing, grain-scale
mixing, and iron-oxide precipitation (Bense et al., 2003). Antonellini and Aydin (1994)
reported that cataclastic deformation may reduce sandstone permeability by as much as

10* (to 10" to 107" mz) within fine-grained deformation bands (Figure 2-3).

However, in eolian sandstone, such as described by Antonellin and Aydin (1994)
and Shipton et al. (2002), the bulk permeability is higher than in the deformation bands
by up to three orders of magnitude. These are observed in several examples shown in
Table 2-2 including the Sand Hill Fault, the fault at Arches National Park, the Big Hole
fault, and the fault at Vale of Fire State Park. In addition, joint openings or slips across
established joints, which produces dilation caused by surface roughness along fracture
walls (Brown, 1987), increases the permeability of joints in sandstone (Taylor et al.,

1999).

In the Hazel-Atlas fault, Eichhub et al. (2005) found that deformation during the
evolution of the fault involved a complex mixture of clay mineralogy reducing its
permeability. The change in clay fabric—by distinct increase and aligning parallel to the

fault plane—suggests that the fault acts as a barrier to fluid flow across itself.

Bhrun et al. (1994) compared three normal faults in similar granitic rock at
various sites: Dixie Valley, Nevada; Wasatch, Utah; and Mineral Mountain, Utah. These
sites were all intensely fractured and hydrothermally altered, and they also all had
transition zones (i.e., damage zone) in the footwall composed of variably fractured and
altered rock. The transition zones were spatially heterogeneous, with thicknesses ranging
from 20 to 200 m. The slip zones ranged from <10 m in the Mineral Mountains to 20 m
in parts of the Dixie Valley and Wasatch fault zones. Although the normal fault zones

displayed similar gross zonations, characteristics of fracture networks varied with depth.

Permeability measurements by Seront et al. (1998) found permeability anisotropy
from outcrop samples. Their study (in granodirite) suggested lower permeability in the
core (cataclasite, implosion breccia, and breccia). They noted that permeability decreased
with increasing confining pressure over a range of four orders of magnitude (from 107
m” to 10?°m?). However, because of the high degree of alteration, great hysteresis during

pressure cycles was observed when compared with relatively unaltered granites.
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In another study, Caine and Forster (1999) simulated fault zone permeability in
3D based on fracture data from a series of normal faults in low-permeability rock.
Because strike-slip and thrust faults contain similar architectural elements, the model
results from Caine and Forster’s study may be applicable for those faults. Their findings
suggest fault permeability anisotropy is controlled by a fracture network’s internal bulk
anisotropy (e.g., related to aperture, fracture roughness, and anisotropy in the fracture
topography), and the lithological contrast when juxtaposing different fault-zone
components. The permeability anisotropy in three orthogonal flow directions suggested a
lower permeability across the fault of up to five orders of magnitude when compared to
the two directions parallel to the fault plane. Similar results were found by bulk
permeability of Stillwater fault zone. The bulk permeability of the fault zone probably
exceeded that of the protolith by at least five orders of magnitude, and likely exceeds the
permeability of breccia pods in the fault core by at least seven orders of magnitude

(Seront et al., 1998).
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Figure 2-4
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Figure 4. Permeability of host rock plotted against that of deformation bands as measured from plugs drilled perpendicular to the
bands. Most of the bands are cataclastic deformation bands. Our data, mosthy from southern Utah, are separated into single bands,
clusters, and dense clusters of deformation bands. Previously published data are shown for comparison (not separated into single
bands and clusters).

Figure 2-3

shows a schematic representation of deformation-band hydraulic

characterization. As shown in Figure 2-4 deformation-band faults can be an important

barrier to fluid flow in hydrocarbon reservoir rocks. Conversely, it has been suggested

that an increase in permeability is created in the direction parallel to slip because of

dilatancy and slip-surface generation (Antonellini and Aydin, 1994).
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Figure 2-4 Deformation bands at Estrada Sandstone. Fossen and Bale, 2007

The Yucca Mountain Project, the investigation into a proposed nuclear-waste
repository in Nevada, is one of the best examples of studies in volcanic rock, specifically
hydraulic studies in welded and nonwelded tuffs. 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). Hydrologic data on fault zones in this area was limited.
Air injection tests and trace tests were conducted along the Ghost Dance and Bow Ridge
faults at this site to determine air permeability, porosity, and tracer transport (BSC, 2004b,
Section 2.2.3). According to LeCain et al. (1998), porosity and permeability in the fault
core was up to one order of magnitude higher than in the host rock. Faults could either be
major conduits for flow or may be locally impermeable to lateral flow, resulting in

perched water (Flint et al., 2001).

Fault-zone studies of ore deposits suggest some evidence that fluid migration is
confined to one side of the fault (Logan and Decker, 1993; Hammond and Evans, 2003,
Diment and Craig, 1999). Examples include mineralization exclusively in the hanging
wall in Coastal Somerset, UK; gold mineralization in South Keno Fault, Nevada, and
Tritina Fault, Yukon; and gold mineralization in the footwall North Keno Fault. This
selective mineralization is possibly due to structural control and the nature of repeated

deformation events that enhance fault dilantacy.
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Table 2-2 Normal Faults
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2.4.2 THRUST AND REVERSE FAULTS

RiiEREE (THRUST ) FAULT
S

k Hangi [
Footwall

Thrusts faults are gently (~30 °) dipping faults in which the hanging wall has

moved up relative to the footwall (Hatcher, Jr., 1995), while reverse faults are ~

moderate-to-steep dip (more than 45°). Both result from tectonic comp:

shortening.

Thrust-fault hydraulic properties from field, laboratory, and modeli
provide insights into permeability anisotropy within fault-zone components. ¢
in permeability was observed in a number of studies (Forster and Evans, 1991
al., 1997; Locker et al., 2000; and Onishi et al., 2002), in which the low-pe
fault was localized in the clay-rich gouge/cataclasite, while higher permea
found in faulted and fractured rocks in the damage zone. Permeability in the da:
was up to six orders of magnitude higher than in the fault core (Evans et al.,
shown in Figure 2-5. In outcrop samples tested in three perpendicular orien

Evans et al. (1997), permeability anisotropy was clearly observed. In the studi
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by our report, which were conducted in exhumed fault zones in crystalline rock, it was

noted that a gouge and/or cataclasite component act as a barrier to flow across the fault,

whereas the damage zone enhanced flow within the plane of the fault. Similar results

were obtained using core samples from the Tsukiyoshi fault in Japan. Onishi et al. (2002)

report permeability as low as 10"°m?” in the foliated cataclasite, with anisotropy in the

damage zone ranging from 107" to 10™"°m’.
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Figure 2-5 Shows the distribution of permeability across fault zone from Evans, Forster,

Goddard, 1997

Two examples of permeabilities from slug and pumping tests in thrust and reverse
faults, at the Elkhorn and Tsukiyoshi faults, suggest higher permeability values compared
to laboratory measurements. In both cases, the permeabilities of the protolith and damage
zone were found to be two to five orders of magnitude higher than laboratory values. See

Table 2-4.
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Table 2-4 Thrust/reverse faults

Permeability (md,

Fault Name|Location | Fault type | Protolith \ae Structuremicristruciure m2)  Parosity (%) General description Reference
proulith £ore protulith Adamage sone
Fault justaposes unalicred granite and gociss in indurated and "l { Pe= 4M ),

b |Wvoming, [t Faultfo

s both footwall and hanging
Sx greater than protol
Forster & Evans, 1991
pougelcataclasite
South Tow angle : ner data 10 fool thick gouge| S
Parkdo, [reverse arkose
UsA Fauk
i M i ivated [granite Tertiary unfractared granite foliated cataclasie iliny measurement using dri sanples al vari Mishi ¢t al, 2002
vifu reverse catac lasite seams ing high=P apparatus. Permeal

LV |samples
107 {Pe= 1800 Pa)

Vsukivashi i tivated Tertiary ~30m unfractared granite MIUS report
Fault reverse
Psukivoshi |Mi i ivated [granite Teniary ~30m unfractured granite results Fro slug test ML report
Fauli RVerse

EETETS
Nojima \wajima, |righ Adtive during the | #0-510 m |granile Locknar = faull rocks ane composed of calaclastic rocks (fliated Lockner ¢t al, 2000,
Fault Kabe, ke-stip |formation’ |last 1.2Ma Jasi fasite, fault breceia, psedotachyly i

Hapan  Jand reverse [C hi I bilily al

g pore pressure method and

150cm thick by Lin
1 al,

SMPa or 200MPa. Accordin
hinexd conduit-harricr: high
damage zone) amd kow permeal

e NOMPal Mizoguchi
[and Shimansoto, 2001}

[Chelungpu [Taiwan Hokseene Tim no data 2-3mm thick clay. hillity posed of three
Fault horizoatal range from 1222m depths. | y measered by gas p
and 7.5 m e core samples

verfical
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Table 2-4 Thrust/reverse faults (Cont.)

Lo angle |1 Gl Jgranite | Pre Cambrian about 7.3m [granite range from 107 o b0 goeater than | Research Council,
Tracture  [net cactivated during |in Zone 2.
rone (Lone . ¢ Reverse :
2 Canaila and Korak, 1988
Loy amgle o data pranitc [Amdersson et al. 1991
fracture Between o
wone (Fone |Sweden
2
woveral  |Forshmar |zentie dip Pre-Canibrian b0 dala [granite, [Swedish Nucher Fuel, 2008
deformatio [k Site  [<hear P i emat i
0 snies i izati E
o, [denformuation sone:
Sweilen
hrust Bault [Sabrella st fic |1breyan orogeny [ oo dat Tonitized wp Blerock A Jous ground <l : hanging wall, Tachees, 2002
[V illage. [falt having high pern drawdown
Morth Transmissivities = Tx 107 - 251 ok impermeable
Partugal
slates and
[ereywakes
[ frually
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2.4.3 STRIKE-SLIP FAULTS

' STRIKE-5LIP FALILT

Strike slip faults are faults those in which the motion is parallel to the strike of the
fault plane. They are characterized by steep dip and predominantly horizontal
displacement. Most dips are more than 60°, and many approach vertical. In terms of
tectonic regime, strike-slip faults have sub vertically oriented tensional fissures
subparallel to the strike of the fault, as described previously (Neubauer, 2005). This
orientation would allow the circulation of descending and ascending fluids parallel to the

strike and dip of the fault plane.

In eolian sandstone, deformation bands reduced permeability by two to four
orders of magnitude according to gas permeameter measurements (Freeman 1990) and
two to four orders of magnitude lower than host rock according to gas injection
minipermeameter measurements (Antonellini and Aydin, 1994). In addition, a 1.3-to-2.3
orders-of-magnitude reduction was observed in deformation bands (when compared to

host rock) from field measurement of relic fluid gradients (Taylor and Pollard, 2000).

Most examples of strike-slip faults occur at plate boundaries. Examples include
the San Andreas Fault and its strands in the USA; the Median Tectonic Line and Nojima
Fault in Japan; the Carbonaras Fault in Spain; and the West Fissure Zone in Chile. The
San Andreas Fault is one of the most well-known fault systems in the world. The fault is
composed of numerous strands that run parallel to the main fault, some active and others
inactive. Petrological, structural, and geophysical studies have been conducted at several
areas along the San Andreas Fault; however, there remains a lack of hydrological

information on fluid flow across the fault.
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Faults in unconsolidated sediments are summarized in Table 2-3. Most hydraulic
studies in unconsolidated sediments were found to be in alluviums, as part of
groundwater management efforts for drinking water programs. For the purpose of water
management, a number of wells have been drilled at shallow depth. Moran and Hudson
(2000), Stamos et al. (2003), and Nishikawa et al. (2004) describe faults cutting through
aquifers. Their hydrology was characterized by geochemical and isotopic signatures. In
all cases, faults in unconsolidated sediment were found to reduce the hydraulic

conductivity perpendicular to the fault.

Several strands of the San Andreas Fault showed changes in fault movement and
dip direction due to reactivation and/or change on stress regime. Such changes in fault
movement were observed in Japan by Onishi, (unpublished data from the Tsukiyoshi
fault), from reverse to strike-slip, by analyzing slickensides on fault core; and by Hidemi
et al. (2000) at the Nojima fault, a strike-slip fault that was recently reactivated as a

reverse fault during the Kobe earthquake.
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Table 2-5 Strike-slip faults

CA

”.”_,___.”_o Location Fault tvpe otolith Age displacement Structure/microstru General deseription Reference
damage 2 cor damage z
Punchbow |CA (between  [right sandsonte Fault juxtaposes 44km  |Pelona schists (quartz- |40m damage zone(increase |quartz-chlorite-albite- nodata localized deformation zone or distributed conduit. (Fau Chester and Logan
1K San Gabriel teral /inacti anodiorite crystalline rocks albite-muscovite- wveins, thin cataclasite epidote weaker be possible due to presence of micas in the | 1986, Schulz &
Mt.and ve from basement actinolite schist) bands, inter and protolith) Evans, 1998
Mojave with Paleocene itnragraunlar fracturemg and
Desert), USA altered host rock
San Pasadena, CA, lateral |juxtaposes late Oligocene to Z3km  |Pelona schists (quanz |orders of 100m thick. Near |narrow layer (less than nodata this study is based on petrological and mineralogical analysis |data repository, Caine
Grahiel  |USA crystaline(grani | middle Miocene albite-muscovite- the core in the damage zone, |tens of em) of of fault core. According to the author, exposure of cataclasite | 1996 original
Fault te.gneisse, actinolite schist). the rock 15 pervasively ultracataclasite within a along the trace of San Gabriel Fault suggest areas of high Anderson etal, 1983,
amphibolite) /5 unstrained protolith but |brecciated and displays  [zone of soliated uplift and evosion, while exposure of breceia represents the | Anderson etal, 1983,
edimentary between hostrock and | dense networks of claclasite several meters surface deformation. Fault thickness for both = 30-100m Chester, Evans and
rocks damage zone contain | intragranular and thick . The rock is Conduit-barrier according to classification by Caine et al, 1996 | Biegel, 1993
(conglomerate) NUMENDLS CT U88-Cl ansgranular fracures, and  [mineralogically altered,
sets of healed. microscopic cataclastic and |very fine granied
mtragranular ultracataclasitic zones cataclastic matrix, veins
microfractures and pothyroelasts of
veins fragments or relict
protolith. The central
ultracataclasite layers are
composed almost entirely
of particles less than
several microns in
diamat
Helendele |Mojave Desert |strike-shp  |floodplaim (Quaternary no data no data Study based on water level. groundawter chemistry well data study indicate differences in groundwater chemistry, Stamos, C.L. et al
aquifer on (dissolved -solids, arsenic concentration), stable isotope from regional aquifers separated by the fault. barrier |2003
shallow depth isotope of oxygen and hydrogen, tritium, Carbon-14,  [in the deeper regional aguifer but not in the overlying :
and ignecus floodplain aquifer wrilwr 034069/ wrir0
and
metamorphic
rock for
regional
aouifer
Haywar r alluvium emary no data pdy based well- data on trity elium isotope for - |Hayward Fault hydraullically divides the groundwater basin - |Moran, J., and
California  |strike-slip  |deposits croundwater management of Santa Clara County. Low |into “Above Hayward Fault” (AHF) and “Below Hayward  |Hudson, G B.
permeability layers in the Below Hayward Fault sub- |Fault” (BHF) sub-basins on the east and west side of the
basin results in stratified groundwater with mean ages | basin, Fault is a ba based on isoloope studies -
of 5, 20 and 30 years for the shallow, middle and deep
aquifers respectively. Above Hayward Fault
wroundwater flow is unimpeded, and wells produce a
large volume of young groundwater with a mean age o
3 vears
California alluvium Holocene no data no data nodata Numericla modeling of hydraulic conductitivity of Mayer, et al, 2007
Creek strike ship une lidated aquifer for ground 1 L
apparent hydraulic gradient of 10% across the fault. Distinct
change in temperatur and water chemistry. Model uses historic
data of inflow-outflow of groundwater between two basins
separated by the fault: Desert Hot Spring Subasin and Mission
Creek Subasin Fault as barrier to groundwater flow
Bear icoplanar left |granodionite retaceous 10cm up to [display of paralel faults |no data cataclasite nodata compound strike-ship faults. Barner data repository, Came
Creek lateral 100m 1996 original Marel,
Camp quadrangle, 1990
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Table 2-5 Strike-slip faults(Cont.)

will act as a flow conduit, the fractured lens of protolith in the
core and dolomite pods with fractures can act as localized

condiil

Mount Abbot |coplanar left |granodiorite | Cretaceous max 700m  [undeformed/unfau mexistent chlarite breccias, no data fault zone formed and grew along preexisting parallel joints  |Pachell, Evans, 2002
USGS teral 10km minerals (serecite) and Martel, 1990
quadrangle,  [lons formed along the fault
CA zone formed close to the
crystalization age of
pluton
Jalama Santa elft-lateral -rich. Miocene <100m hemipelagic sequence; no data breceia; cements nodata Outcrop observation: microdrill samples. Fluid transport 1s Eichhubl, P and
beach Barbara, CA ke-slip hemipelagic Monterey siliceous dolostone and (carbonate and y estimated on measurement of strontium 1sotopes(878 Boles, JR 2000
fault sequ of Formation dolomitic apal CT quartz)along the fault | typically <Im. carbonate (dolomite) veins and fault cement. The presence of
diatomaceous porcelinite and minor zone specific concentration mdicates the stratigraphic location and
and phosphatic amounts of clay shale thus the transport distance . Study suggest fluid flow focused
shale and and chernt along the fault Presence of ppt carbonate and quanz along
oraanogenic fault zone. Currently a barrier?
dolostane
Arroyo nta lelft-lateral  |dolor Miocene <100m dolomitic porcelinite,  [no data arge amount of dolomite 1o data Outerop observation. Fluid transpe Eichh P and
Burro Barbara, CA, |strike-slip  |porcelinite and |Monterey silicious mudsione cement measurement of strontium isotopes(87Sr/868r) of carbonate  |Boles, JR,2001
USA siliceous Formation (calcite) veins and fault cement . The presence of large volume
mudstone and of cement in fault zone indicate large fluid flow along fault
subordinate zones Study suggest fluid flow focused along the fault
dolostone Presence of ppt carbonate and quartz along fault zone
Currently a barrier?
no name | Vale of Fil strike-slip Eolian Aztec Formation | 6,14 and 150 [sandstone sheared joints deformation bands mean= 200md 0. 1md (3 orders |Result shows 2 to 5 orders of magnitude high flow parallel to  [Jourde. H. et al, 2002
State Park, Sandstone m of magnitude the fault plan than to direction perpendicular depending on the |(AAPG)
NE, USA s han host|fault slip lenght suggensting that deformation s and shared|
rock) joints act as barrier to flow
wht lateral |alluvium Holocene no data no data no data no data Numericla modeling of hydraulic conductitivity of Mayer, et al, 2007
Creek strike slip lidated aguifer for ground i
apparent hydraulic gradient of 1 0% across the fault. Distinct
change in temperaiur and water chemisiry. Model uses historic
data of inflow-outflow of groundwater between two basins
separated by the fault: Desert Hot Spring Subasin and Mission
Creek Subasin Barrier to uroundwater flow
lelft-lateral  |basement Early Teniary - 40Km mica schists(high grade ple strands of higl 1 kan wi well foliated rocks with possible with very low Fault has heterogeneous distribution of deformation with Faulkner, Lewis and
strike-slip  |andalusite- | Miocene metamarphic rocks - ain zone - deformation [ mica-schists derived.  |permeability (no measurement). The gouge has a extreme localized high sirain planes. Locally fault zone reach  [Rutter, 2003
carnet bearing siliminite to migmatitic |zones ~5m thick Damage  [Compased of permeability anisotropy to up to three orders of over dkm. Deformation in phylossilicate rich material leads to
craphitic mica zone in the order of 100m | phylossicate -rich fau magnitude with the lowest permeabi adirection  |stnan hardening behaivor. Fault zone is very complex, mixture
shear zone schists, ihick ouge. Cataclastic low  [nommal to the fault of ~10nf and fault parallel 10" [of various ty pes of rocks, combination of localized and
phyllites, on localized deformation |2 distributed deformation. This fault does not fit into the
dolomites and with some dolomite classification proposed by Caine etal, 1996, 1t will act as
ypsum deposits combined conduit-barrier system although the damage zone
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Table 2-5 Strike-slip faults(Cont.)

composed of non-folated
cataclasite and faul
breccias, breccia zone (2m
n width), fractured granite
zone (~10m width),
Gradational contact

Fujimoto and 150cm
thick by Lin etal

(from Lockner
etal 2000); 107
o 107 m* at
Pe-100MPa

(Mizoguchi and

2001)

fractured
1010 107 at

Pe=30MPa to 107
10107 at 200M Pa;

ranite=

fault breceia = 1077
10107 at
Pe=30MPato 107
t0 1077 at

Pe=200MPa
(Mizoguchi and
Shimamoto, 2001)

2000); fault
couge= 10" 10
107 at
Pe=30MPa to

10" 0 10™ a

Pe=200MPa( Mi
zoguchi and

permeability at room temperature using oscillatmg pore
pressure method and nitrogen as pore flud. Pore pressure held
at 20MPa constant and P up to 90MPa or 200MPa. Fault as
.combmned conduit-barrier (Lockner and Lin); high
permeability parallel to the fault (damage zone) and low
permeability across the fault

left lateral | juxtaposes Cretaceous 200 to no data Ryoke Belt = thickness 50-100mm wide Ryoke Belt Ryoke Belt = Ryoke Belt permeability measurement of oucrop samples using high-P Wimberley &
Ryoke bel 1000km varies from 0to 300m The [slickenside-bound zone |10 1o 107%m? |fractured milonites |=foliated apparatus, Samples cored parallel to foliation and lineation . |Shimamoto, 2003
Prefecture, mylonites (N) fault rock zone varies from  |of extreme fine black at Pe 30MPa to |and cataclasites cataclasite = 107 |the fault is too complex to be classified. In the Sambagawa
Japa lateral with mylonite, fractured wouge Mostly foliated {10993 a0 pe [10n 10107 ot |77 o 30Mpa |belt (schists as protolith) the permeability depends upon
reactivation | Sambagawa mylonite, cataclasite cataclasite up 10 4m wide | sp001pa 30MPa to 107 m? ar o 1070 m? at icrostiucture and degree of cementation
[Tertiary schist (8) am bagawa Belt (thickness [at w\,.arm and black 9 A [100MPaand 10 Pe=200MPa
varies from 0-1 m:u )= the ..a:amn_ gouge at Belt = schists=| 15,2 . 500 1pg o
fault rock varies from clay- |Sambagawa o1 e § ¥ Belt = slip
ch gouge, foliated gouges, 10w 2 J mbagawa Belt !
“_m._ ,,ﬂ 30MPato 107 |foliated and gouge =
m’ at Pe crenulated gouges 107" m?
200MPa 1070 1010 m® {30MPa 0 10
at 30MPato 107 10| 4 oy pe
107" at Pe 200MPa
200MPa
Neodani left lateral | Mino Jurassic upto 70m  |unfractured 15-30m breccia and 200 mm of gouge 746102 m® |breccia = 2 47x10° |black gouge=  |permeability measurement of oucrop samples using high-P | Tsutsumi et al , 2004
Fault strike-slip  |sedimentary cataclasite 086810 |236x10™ and  [apparats. Samples cored parallel to foliation for breccias and
with reverse |rocks (cherts, Fine-grained 8.32x107'm?; perpendicular to the foliation for gouges, Permeability data for
lcomponent [silicious breccia = 107 m? |urcen gouge—  |effective pressure of 150MPa
mudstone severely fractured |4.38x10°% and
sandstone and . 14
. breccia = 1.38x1077|2.18x10
basalt in dark o
wray mudstone 10143107 m
nat
Nojima Awajima, right-lateral  [kobe during the last 490-540 m uranite small faults, breccias, veins [gouge (0.1~0.15m in less than 107 about 107 at  |001to 1x 107 m? |Lockner e al = fault rocks are composed of cataclastic rocks | Lockner et al, 2000,
Fault Kobe, Japan  [strike=slip  |formation/K 1.2Ma id alteranon minerals, width) and cataclasite; 21,2 . 2y Mpa |50 Mpa (from at 50 MPa(from |(foliated cataclasite, cataclasite, fault breceia, psedotachy Mizoguchi et al.,
and reverse anodiorite damage zone 30m thick. It is|about 30cm thickness by Lockner et al 2000, | Lockner et al and fault gouge); Mizoguchi and Shimamto measured 2000; Lin et al,2007,

Fujimoto et al.

2007, Hiden
2000

etal,
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Mozumi- |Gil right-lateral  |cuts Jurassic  [Quaternary 125-500m sandstone and shale ‘open and filled fractures Itstone, breccias, clay Hydraulic lab permeability & porosity measured by drillcore samples and | Forster et al, 2003
Sukenohu stitke-ship Teori Gr. beds rich shear zone, black conductivily range y water residence time chlorofluorocarbon. condui e Fault |[Nohara, et a
part of the  |(imature pebble from 10 10 107 range 10 1@ |zonecomprises a complex structure with thin subvertical
Atotsugawa |conglomerate zonecataclasis and clay em/s E Hydraulic slivers (em to m wide) of high-to-low permeability fault rocks.
Fault System [sitstones, rich foliated zones conductivity In sitw hydraulic tests were carried out in four cored boreholes,
(previoslya |sandstone from clay-rich | Water discharge is observed along not filled conjugate Riedel
thrust fault- - |shear and controled by lithology (shale layers)
15 n order of 107 =
Y okoyama 3 9
Thrust 10107 em/s
juxtaposes
West Chile forearc Late Eocene/ 101 km sandstone and fracture density = 3.8km-1 |fracture density hy no data no data narrow (100m)  |Regional fault studies using aerophotos, Audiomagnetotelluric |Jenssen et all, 2002
Fissure strike-slip  [sediments( Early Oligocene conglomerate than 5 & fracture/km and shallow (ATM) survey. Damage zone and core width = 4000m . Host
Zone fa liuwxtaposes Late Fracture den 31 Fault wadth = 4km Raock and Damage Zone boundary is marked by a signfi
reactivated  Cretaceous- km-1 anomaly visible |change in orientation of principal strain axis. Low resistivity
as left-lateral |Paleocene down to 50 can cause by clay-rich gouge zone
strike-shp coarse-grained Apparent
sandstone and resistivity below
conglomerates 20 Wm
from
Cretaceous
tuffs)
Chile splay of LVZ separates |Late Eocene/ main granite-diorite and| fracture density = 3 .8km-1 |fracture density higl no data no data os (200m)  [Regional fauh studies using aerophotos, Audiomagnetotelluric |Jenssen et all, 2003
(West Fissure |early Paleozoic |Early Oligocene minor gabbro and than 5 8 fracturekm and shallow (ATM) survey. Damage zone and core width = 7000m
fault zone zone metamorphic metamorphic rocks Fault width= Tkm conducting (interation of branche off West Fissure Zone and Limon Verde
rocks from Fracture dens il anomaly visible |Fault)
km-1 down to 200 m

vounger
1genous rocks

Apparent
ity below

28



2.5 Scaling relationship between fault components

Over the past two decades, studies in fault zones have also included the estimation
of fault components and scaling relations. By using the distribution of faults, it was
possible to estimate a linear interrelationship between (a) displacement and length, (b)

fault width and length, and (c) fault width and displacement.

In the literature, it is observed that the amount of displacement (d) on a fault from
natural faults is proportional to the mapped trace length (L), based on the fault scaling
relationship d=cL" , where 2 > n >1 and c is a variable that depends on rock properties
and n a controversial exponent, related to the least-squares best-fit linear relationship

(Cowie and Scholz, 1992).

Data relevant to the scaling relationship has been evaluated in all types of faults
(i.e., normal, thrust, strike-slip), in a variety of tectonic environments, and for a range of
length scales (Cowie and Scholz, 1992a and reference therein; Schultz and Fossen, 2002;
Janssen et al., 2002). As a result of data plotting, Figure 2-6 and Figure 2-7 show log-log
plots (derived from data plotting) of maximum displacement and length data for a wide
range of tectonic environments. For example, faults tens of kilometers long typically have
displacements on the order of hundred of meters, while faults of a few meters in length

have offset on the order of only a few centimeters.

Dyax, M
=)
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Figure 2-6 Compilation of displacement-length data in 2D. DB=deformation bands (Schultz
and Fossen and reference therein, 2002).
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Figure 2-7 Log-log displacement—length from Schilische et al. (1996).

Another scaling relationship is related to fault length and fault-zone width.
Janssen et al. (2002 and reference therein) predict that longer faults should have wider
fault widths. Based on the cohesion-zone fault growth model of Cowie and Scholz
(1992b), Scholz et al. (1993), postulated that the ratio between the width of the fault (W)
and the length of the fault (L) is approximately 0.25/0.2. Vermilye (1996) and Vermilye
and Scholz (1998) estimated a ratio of 107 for several meter scale faults. The ratio of
fault width (w) to fault length calculated by Janssen et al. (2002) falls within an order of
107 (Figure 2-8). Jenssen et al. (2002) used estimates of fault lengths and widths from
aerial photography, which fit quite well when compared with measured ratios from other

natural faults (Figure 2-8).
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Figure 2-8 Plot of process zone (fault thickness) width versus fault length for this study and
additional published data (Brock and Engelder, 1977, Cheraysbev and Dearman,
1991, Little, 1995 (Jenssen et al., 2002)

In addition, as shown in Figure 2-9, Otsuki (1978) (in JNC, 2000), within major
strike-slip faults all over the world, found a linear relationship between cumulative
displacement along the fault and the width of the shear zone. In this case, the shear zone
of a fault with a cumulative displacement of tens of kilometers is estimated to be 200 m

in width.
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LogD = 107 Logw + 1.78

Death Valley-Furnace Creek fault
Hizune-Hasenuma fault
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Figure 2-9 The relationship between width of shear zone and displacement for strike-slip
faults

Although there is still controversy over whether all faults show a linear
relationship between displacement, length, and fault width, it is generally agreed that
such a linear relationship holds for larger faults, i.e. lengths of tens of kilometers. Schultz
and Fossen (2002) noted that the scaling relationship does not fit quite so well for

deformation bands on a meter scale, as observed in Figure 2.6.

2.6  Features to consider for hydraulic characterization of fault
Zzones:

As reported in the literature, faults are complex structures. To effectively
characterize fault-zone hydrology, we must take many factors into consideration. One
important observation is that faults need to be evaluated in three dimensions, and possibly
four. In this case, time (the fourth dimension) is an important variable that can affect the
structural and hydrological behavior of faults. Below, we list the key factors when

characterizing faults:

- Lithological variation (stratigraphy for sedimentary rocks and compositional

variations for crystalline rocks)
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Lithological composition (mineralogy, texture, morphologic features of cements,
percentage of clay minerals)

Fault geographic distribution

Fault internal geometry

Fault structural evolution in space and time

Fault history (age, formation depth, i.e. ductile or brittle regime and fault
reactivations)

Fluid-fault interaction (mineral precipitation, alteration)

Fluid chemistry

Fault length and displacement

Changes on stress field (past and present)

Change in climate conditions ( precipitation, tectonic rebound due to ice melting)
Deformation mechanism affecting the physical properties of rock, such as
porosity and permeability

Fluid and pore pressure, aperture, fault weakening or hardening related to
episodic process of the seismic cycle

Fracture network and connectivity in the damage zone

Temperature and pressure, deformation rate

Cyclic fault displacement and fluid migration: fluid migration and mineralization

possibly alternates with periods of slip and rupture

Analogue studies in the USA

The main purpose of conducting analogue studies in the USA is to perform field

studies at proposed site (s), to examine if the geologic properties and features of faults

can be used to predict the fault-zone hydrological properties.

2.7.1 SUGGESTED TARGET STUDY AREAS IN THE USA

In this section, we list three potential U.S. sites, two in California and one in

Colorado. The two sites in California are in Mesozoic to Cenozoic sedimentary rocks

featuring strike-slip and normal faults, whereas in Colorado, a thrust juxtaposes

sedimentary and granitic rocks.
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2.7.1.1 CALIFORNIA STATE

The benefits of conducting analogue studies in California are as follows: (a)
geological similarities with Japanese geology, i.e., rock types; (b) similar tectonics (i.e.,
convergent plate margins and active plate margins for the past 230 Ma); and (c)

compressional and transpressional regimes.

Based on geology and tectonics, California is well suited for analogue studies on
fault hydrology. The advantage of conducting field testing in California is the easy access
to field location, data availability, cost, maintaining good public relations, and

strengthening the US-Japan collaboration.

Site A—Lawrence Berkeley National Laboratory

The main characteristics that make this site appealing for analogue study are the
location inside the LBNL property, which is cut by several well-known strike slip faults.
The site also has the advantage of hundreds of drill-core data containing hydrological
information. Figure 2-10 shows the location of the site and the distribution of the main

fault zones.

Figure 2-10 Location of LBNL site (from Google maps)
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The bedrock at LBNL consists primarily of Cretaceous marine mudstone, shales,
and sandstones of the Great Valley Group, Miocene sedimentary nonmarine sandstone,
mudstone, and conglomerates of the Orinda Formation, and volcanic rocks of the Moraga
Formation. These units form a faulted homocline. The Cretaceous sequence forms the
structurally lower portion of the homocline, which is overlain by the Orinda Formation
and Moraga Formation, respectively (LBNL, 2000). Figure 2-11 illustrates the geology of
the LBNL site, and Figure 2-12 cross section of the site.
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Figure 2-11 Distribution of geological formation at LBNL site
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Figure 2-12 Geological cross section shown in Figure 2-11

During a day field trip at the LBNL site (led by geologist Preston Jordan, who has
mapped in detail part of the lab site), several sites with faults were visited, including the
Wild Cat and East Canyon Faults. Although they are not exposed, documentation and
pictures of the fault zone are available from road and building construction and nearby

well data.

Wild Cat and East Canyon Faults are minor, secondary splay faults associated
with the Hayward Fault. The Hayward, a major branch of the San Andreas Fault system,
is a zone of highly deformed rocks that trend N30 degrees west from an area southeast of
San Jose to the San Pablo Bay. It exhibits creep along at least 68 km of its 100 km length,
and its width ranges from 2 to 10 km.

Wild Cat and East Canyon Faults cut late Cenozoic strata, striking subparallel to
the Hayward Fault. The Wild Cat Fault passes along the eastern margin of LBNL.
Regionally, the fault is difficult to map throughout its length and appears to be
discontinuous, although it clearly truncates and offsets strata at many locations. At LBNL,

it juxtaposes the San Pablo Group (fossiliferous marine sandstone) and Claremont
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Formation (marine siliceous rocks), and the strata adjacent to the fault have been severely
disrupted by steep, east-to-northeast dipping subsidiary faults. The fault is inactive in this
area, and studies suggest that it displaced the Moraga Formation by approximately 6 km

northwest.

The trace of the East Canyon fault is based on historic spring locations, air photo
analysis, and mapping. Apparent offset of the Orinda Formation (nonmarine sediments
such as mudstone sand to fine-medium grained sandstones and conglomerates) and
slickensided surfaces consistent with the orientation of the East Canyon Fault were

observed in trenches along the fault trace.

As illustrated in Figure 2-13, three main locations were selected for possible

analogue studies, based on geological and hydrological characteristics.

Figure 2-13 Proposed locations of trenches
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Site B — Black Diamond Mine
The Black Diamond Mine is located 36 miles (23 km) east of Lawrence-Berkeley
National Laboratory and 45 miles (28 km) from downtown San Francisco (Figure 2-14). It

is part of the Regional Park of California State.

Figure 2-14 Location of Black Diamond Mine and distribution of main faults

Geologically, it is composed of Tertiary alternation of shallow marine sediments,
a mixture of shoreface sandstone, offshore marine shales, and distal muddy turbidite
deposits. The main formation observed at Black Diamond is the middle Eocene
Domengine formation. A day visit with NUMO in October 2007 included a stop at the
Hazel-Atlas normal fault described by Eichhubl et al. (2005). The site was primarily

mined for coal beds intercalated with well-sorted sandstone, which was also mined for
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glass industry. The mine is no longer active, and most of the shafts are open for visiting

and scientific investigation.

The intercalation of white sandstone and shale, the presence of a fault, the support
of scientific investigations in the mine, the access and proximity to LNBL—all make it

one of the possible candidates for analogue study.

The Hazel-Atlas fault by Sullivan et al. (2003), shown in Figure 2-15, offsets a
sandstone-shale sequence that is part of the 230-260-m (754-853 ft) thick Domengine
Formation. The Hazel-Atlas fault displaces the sandstone-shale sequence by a dip
separation of 9 m of normal fault. Shale smear is observed along the fault plane, where it

deforms and attenuates to a few centimeters (Eichhubl et al., 2005).

Figure 2-15 Picture showing the Hazel-Atlas fault in the Black Diamond Mine, Antioch, CA

2.7.1.2 COLORADO STATE (POSSIBLE COLLABORATION)

Elkhorn Fault, South Park, Colorado (Figure 2-16)
A research project led by University of Colorado is focused on the Elkhorn fault,
to investigate the hydrological properties of an exhumed thrust fault. Funded by the
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National Science Foundation, this project assesses the impact of fault on regional
groundwater flow. The Elkhorn fault juxtaposes Pre-Cambrian granitic rock in the
hanging wall with sedimentary rocks in the footwall. Ongoing characterization studies in
the Elkhorn fault are being conducted by the University of Colorado and USGS scientists.
Preliminary estimations of fault-zone permeability were presented at the AGU Fall
meeting 2007 (Figure 2-17). In this study, geological, hydrological, geophysical, and
numeral modeling is being used to characterize the hydrology of the fault zone. A
possibility of collaboration is been suggested. The results from this paper presented at

AGU and previous studies are shown in Table 2-4.
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2)

http://www.aqgu.org/meetings/fm07/fm07-sessions/fm07_ H23A.html)

Summary

Table 2-2 Normal FaultsTable 2-4,Table 2-5 list the main results from our
literature survey regarding fault structural and hydraulic properties, separated by
type of fault. Table 2-2 Normal Faults lists the main characteristics of normal
faults, Table 2-2 the main characteristics of thrust and reverse faults, and Table

2-3 the main characteristics of strike-slip faults.

The overall conclusions of our fault study are that no matter what type of fault
(i.e., normal, thrust, or strike-slip) or lithology (i.e., lithified sedimentary,
crystalline, or welded volcanic rock), whether during inactive or interseismic
deformation; the fault core will act as a barrier to fluid flow normal to the fault,
while open fractures in the damage zone would act as a conduit (either parallel
to the strike and dip) of a fault. However, the fault core would act as a short-
lived, syn-deformational fluid-flow conduit during coseismic deformation, when

there is an increase in pore pressure and changes in the elastic properties of rock.
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3)

4)

5)

6)

7)

Except for elolian sandstone, which might have higher matrix porosity and
permeability than the deformation bands and fault core, most hydrological
studies in fault zones within low-permeability rock suggest a semi-impermeable
fault core, a highly permeable and conductive damage zone, and a low-porosity
and low-permeability protolith. The permeability in the damage zone is found to
be about two to three orders of magnitude higher than in the protolith, and the
fault-core permeability is up to seven orders of magnitude lower than that of the

damage zone. Such results implicitly suggest that faults are anisotropic.

Hydraulic properties in crystalline rock have been measured in laboratory, field,
and modeling studies. Using different methodologies, we found that a pattern
emerged when comparing permeability values from laboratory measurements. In
general, the permeability of a protolith or host rock ranges from 107 to 10™'® m?
at 4 to 30 MPa confining pressure. At much higher confining pressure, the
permeability reaches a minimum, i.e. 102" m? In damage zones, the
permeability varies according to fracture density, ranging from 10™% to 107" m?

over a wide range of confining pressures. In the fault core, the permeability

ranges from 107'°to 10?° m% with confining pressures up to 200 MPa.

Hydraulic properties obtained from exhumed rock samples tend to display less
pressure sensitivity, due to the presence of weathering products. Furthermore,
tests on samples from any fault zone represent only one stage in the temporal

evolution of the fault.

The permeability of rock obtained from outcrop is up to two orders of magnitude
higher than that obtained from drill cores. Therefore, permeability values should

be used with caution for developing quantitative models of fluid flow.

Permeability from slug and pumping tests at thrust and reverse faults suggest
higher permeability values when compared to laboratory measurements. In both
cases, the permeabilites of the protolith and damage zone were found to be two

to five orders of magnitude higher than laboratory values.
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8) Insufficient downhole data across fault zone exist in the literature for low-
permeability rock. Borehole-scale studies of fault properties and fault structure

are necessary to quantify in situ permeability structure of faults.

9) Although outcrop and core samples are often used to infer the permeability

structure of fault zones, it is clear that the spatial heterogeneity is a 3 D problem.

10) The majority of faults used to compile this report fall into the combined conduit-
barrier category of the Caine at al. (1996) classification. However, the
Carbonaras and Median Tectonic Line are more complex and do not fit within

Caine’s classification.

11) Scaling relationships between fault length and displacement, fault-core width
and displacement, and fault length and width exist, and should be taken in
consideration during regional site investigations. Doing so would provide
estimates for each fault component and possibly the extent of geological and

hydrological investigation.

12) The possibility exists that fractures are localized and focused on one side of the
fault, either in the hanging-wall or footwall. There is a few references related to
ore deposits suggesting focused mineralization on one side of the fault zone.
This would be a useful tool with which to classify fault-zone hydrology based on

fracture intensity and fluid flow.

2.9 Characterization Strategy

In this section, we describe some of the characterization strategies for classifying
fault-zone architecture used to minimize characterization efforts related to geological and
hydrogeological systems. Also, in analyzing the geology of the Japanese archipelago,
where faults are found ubiquitously, one of the main questions working with fault zones

in Japan is whether the fault is a long-lived inactive fault.

In the case of an inactive fault, several kinds of efforts could be useful:
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(1

2

3)

“4)

)

(6)

(7

Analyses of rock types around the fault zone and the age of last reactivation
could help to estimate the extent of fluid-rock interaction (such as mineral

precipitation and alteration);

Knowledge of the current stress field could provide insights into crustal

deformation/structural regimes.

It is clear that in all types of rocks, faults are composed of two main
components: damage zone and fault core. Therefore, this classification is also

valid to site(s) in Japan.

Scaling relationships can be used for fault characterization. Although there is
still a lack of consensus among scientists, there is enough evidence that assert
that linear relationships exist among fault length, displacement, damage zone,

and width of fault core.

Investigators should test the hypothesis that some fluid flow is confined to one
side of fault zone, either on the hanging-wall or footwall. In this case, examples
of mineralized ore deposits would be valuable in providing evidence that certain

types of faults have such preferential flow characteristics.

It is clear that there is a lack of in situ hydraulic investigation across/within
faults to understand their overall hydrologic effects to the surrounding flow field.
The majority of drill holes are focused on oil and ore exploration that treat faults
as boundary conditions, and groundwater management that concentrates on

shallow-depths studies.

Based on our literature survey so far, the fault types (normal, reverse, and
strike-slip) by themselves do not appear to be a clear classifier of the hydrology
of fault zones. However, there still remains a possibility that other geologic
attributes and scaling relationships can be used to predict or bracket the range of

the hydrologic behavior of fault zones.
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O IERTEIATRE L 72 E120 B O 5L L 7265 diba M Plemeur 77K JE N DK 2 6 O i fge (2 B
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Figure 3-7 Ploeemeurtwkigs U] 5 (LW g & =7k >~ — > (Borgne et al, 2006)
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HMEXLETFMOHNTHRMEOREL A7y NESHEER EOMBEFR T A —
H— % BRIET 5 2R O BRE FEL WA HE I TR D K Ik oT,
Nguyen HQ007)1L7 T v AFHREDO T m N AMBTER NES T 7 4 — %> Tido
< 0 &y < HE OGETOREE & MR -EBREE T COBK NES T 7 0 —OWETRIIC
B9 2 AMEDORAEZ AT o 7o, ZHUTFEMZe VS & I OFRE A A G bE s 2 LIk
STHIDTHRE CTH o7z, L7V & AIKE DO RS U HE CITESEEA A —
DIFAT =L E o TXBRBEE D~ 7 v IS EICRE S EA S NS, FrC#G
ENER LV KREWGEITSMITIC L o> TEEZ M5 2 ERREETH D, NEMEITE
TN OMEREE DT — & ZFHAT — & L AT RS R A Rl L e A S BT BRI
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319 Z U PRE, FU+

Micarelli H13F YV vy DY & M ABIFEST DIEHEO 7 7 7 F v —F vy FU—7
EWIEAREIZOWTHIE 21T 572, ZOERBOMIHI T, D7 & BRIV RERH & &
FTCIENDENR DY . Wi E2 /Y5 HENCHEAMERH 5 B2 55, BiEo gk
THED W O PRI A 2 b 2T LTGRO FE 2 DB PS> TRPTRYIZ I
KEIThoTo LT Eind, LaLaens, —hH, HENLELNTAKOY T LRE
NOHELET D L @ DURICICHETE Y — A > TRADFEEL TVD LB X
bhd, BHIMOERHHEL a7 OERNS LA —VInBWB DO 7 7 7 F v —F v
Y= ETRENDARETH 72, S HIT, A DOITIZ L > THrEZ BT 258 Dfd
HE TRHELL, ZROLOT—E LB OBAMEZF L, 2 3 RoToEit
TR BB OB AKYERE S, HEREY . HUTOKIRE), WiEORE S MO T, RAKD
WEREEZET ML TN D, ZOME, WiEITE 7 AL N ZEITHEKERH D2,
L—DERGy B IEN & 0 | Peloponnese O =i i) B £ TO IR IREN 2 AIHEIZ LT
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Figure 3-9 Micarelli ©(2006) O#2ME 9~ % [EWrJE D FE e & K BPER

3.1.10 2 Y > AR, FU+

Doan 5(2007)iZF¥ VU v ¥ D2l > F ALARIZH 5 Aigio TEWTE % E < 1000m DEHES D
R—VU > 7 ILOBENA 2 WE LTz, BRI 53 mWm® TH Y| ELIEEN G2 5%
BIIFR LI LR ST, W8 O ORISR C BRI E O R OB R A LB LT
TV E, AANENOERMICOIE2REM RS ZAUIWE O LAl H T KD
MR T 2 3B 212V, 512, Aigio Wi 13/ S 72 EWE CIrE I Eh D Tuv g
W2 EDG, WEDESTROBNREKTH D LIFE IV, 26Dl enb, 4
BERF I O TR D 1L A M BN OBSHENRK THh 2 LRIz, BEET L
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Figure 3-10  Aigio 7@ D Wrifi[X & Wifg % B < R 7 A — i W ol 5 Fi(Doan &, 2007)

3.1.11 SOBREDA, Ft41 F 70

Antonio & Pacheco(2002)IZMEALDFR Wi 8 T OB R A K &R 21T - 72,
Z OWrlE 3 _EWrfE 232 < AFET DALV S LD Sobreda HUIEIZ AL E L, PERUS 2 AR
GoTng, WEy — i IE~ v B 7GR, BXO, EREREEIC XL > THRE
ETIRNEE STz, BT AR — L EREBR DR OFE S, B DB AKREIT 7x107~2x10°
‘m¥s, BPREAREUT 2x10°~6.1x10* L HEHI Sz,
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Figure 3-11 D D \WMERL O W g D AT ZE K &R (Antoniok Pacheco, 2002)

3.1.12 TR NL—, o P IIL

Carvalho H(IHR/NV N HNH 7 AN L—THEINLE T 5% < DIRIERTE 2 85 E % 212
TR R TFEICED 85 28R 0 E LTS, 5 I13EEE O SR & 8 - 7- BT
BPRIEEE > TIFEOHRDIC L > TRINZT 7 b=y 7 HEEOERIOWIE DR EIC
I LTz, ol b INODOWBITAMSHIC K 2ETOIHEZ L DEREEMFEOH
EHE N HIFEENHETE STV, WNW-ESE-J5 6] O Wi & 45 (Porto Alto fault) & NNE-
SSW-J7 1] D3 l¥i & 15 (Vila Franca de Xira—Lisbon fault). T®» 5, mkEE O HE L TEE
SPRA 1 (Vertical electric sounding, VES) | & BIZIBITIK 2 KEGHET — # BT %
TEEMABDED Z LIk o> THIBOREN ATREIC 2 5 T2,
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Figure 3-12 = REEE D SO 24 o 7o HIER PR AT L » THEE S hv 7z iF(Carvalho et al.,
2006)

3.1.13LAC DU BONNET, CANADA

NFT 4T =V RTEKEE 7 77 F ¥ —PEELMEMETHY . FEREFD
KoOFiza ha—/b L TWb(AECL, 1994a, 1994b), Lac du Bonnet ® URL
(Underground Rock Laboratory) Tid, BEASETDISNGNOWER 7 727 F % —DiF%k
KMEAEHERI L, H P HEE O RBIN 2 ZEEO FHICHIA Lz, LN, #F74#® Lac du
Bonnet ¢ URL OHBEZEFH A B bk CWig O kn-CMeR O R EICH 2h CTh o 7o B Fik
U AT B,

o TZEEERLI R

. A RAFyL L
o HIFEEBEXHEA
o SHHEHELRA

3.1.14 K>3 >F, BEBE

R AR O FEAT 5> B W g D K ERMEIR 23 HEE S 7= 1 DO A & L ¢, #EERTBER D
NV a XX TOFREFNZET HND, UEZEHE T 10%DEEHHT A (422 &) @
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KDEREEEYE (1.5mg/l) 28257 v #REeGAEL TV ORIKZHFET 2 HRYTHRRE
MAREOHICET — Z B TN T, T ORR, RELBX HH T KEES
D H T DORSEDBWIBINNCAET D Z LV Lz, RERNLRZ 6 - 72Tz L v
TR K OFSHI 2R ENTREL 720 . 7 v FEA RO EWVH T KITIE TEER LT
WD HEFARDBBIE IR VIC R LTV D ST bhe, L Lo, WiglcfthE
L7BANFEL TWDWE Y — 2 Tl 7 v R O O HE R KIEGA S8 S T
VY ZAURFRLARFRHTIC K AU AT OB K DRI VIZERIBICA VAL T TN DS &
RS 5,

(A) Enhanced weathering of rock fragments
[ 11owFlevel M HighF level

Public water supply wells

Fault zone

(8) Upward flow of deep groundwater

Figure 3-13 W@ O IEE SR O @B KIS X 2H KD 7 » FEA &OFHE#EKIM and Young
Jeong, 2005)

3.1.15 &%

IKOPEEARE K IE AL AT D 2 LIk 0| R OO AR EIEIE %2 KT 5,
1999 FED~ V' =F 22— K 7.6 DFFHEOET NHEIZLD EWEN Iy —LENn
Tz T U, RERTNUPEX ZEFTCHIBNOKIENEE 722 LIT XV @EE
DIENDBIH SN DBGEOHFITH D Z EA/RENTZ, Doan 5(2006)1T 2456 DET /L
DFEL T2 H /8T A— 5 —Td D KDIBRE % T2 > TRAME CTFHl L7z, 2D
fit IR DR Chelungpu Wi C TSN AMHEICFE LRV D = (7 £ 1) X10° m’/s &1
IENMEZ 1372, 58 & DS FEMPER TR KOIFRERE S 13X 10705 10° OF O TH
L2 EEERD EWBINDOKOBER TIL 10" 05 10°mYs THDHZ L2 b, Th
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R D BRI E 10— 10" mP/s & 720 . BEED 2 7 065 S =B KR O K&
K100 fEREV, 75 LWE Y — 2 DEST 006725 6MPa INES /-2 Licky, =
FUTHIARIT F1D 0.2%75 20% L FHE S5,
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Figure 3-14  Doan»(2006)(Z L % Chelungpu )& 0 /K OLEEER ORI E DEEDO R 7 38—
JVRLE

3.1.16 FAIRBANKS, ALASKA

BRI A a~ N7 T 7 0 — /B &5 (py-GC/MS) X1 /K o O VR AT W)
(DOM) % fifi - 7=t FAKDORJROIEHHEDOFE L L THRITH D, White 5(2002)1%
Py-GC/MS 5tz flio7=FH & LT, 7T AWM T =T R0 7 A0 KAEICEBbNT
TEME 72 M T KA S 2 B 7=, 4% 513 2 D D4y K Sl o0 B 2 51 = 2 2 T HE T K
BEK, INNDOKIREDY TNV OFRBHEER DT 24T > TR, 53 KEE O SOHAIR L
DFBEZKIZFCKFETHD Z ENH LN LTWD, £72, DOM OFfEHAIFE
DI Z Al > THIEN K OERIFRRCFEFA D PN FRETH 5 Lz, 2k, DOM
FEAT DSREHE 72 53 K T D K T 6 DRS00 Y O RATICE T 5 %% & vy > 72 DOM
DEZE/RFME DT T 5 FIREMES TE T2,
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3.1.17 BLUE RIDGE PROVINCE, VIRGINIA

Seaton & Burbey (2004)(%/3— " =7 JI{® Blue Rige Province D1 T 300m LAEIZ & 5 Wi
JEIIRE AT 2R D, ZRARBEOH TKA TGS 5 2 LA FRETE LRV,
SIHIT, ZNHOWBITESOEKEEZ L N— KA MY - TWnWb EEZ LS,
GEE DR KIE~DKDIEEE L HKIED 5 OFHIE EMOFEE B P - < D IFiL L0,
BHHWITREOEFINCEVRED 7 +—Y BAER L, BOEBTE Y — RIZERE R
WE LR ZTHE Y — v 2ilo TRI A EEX D, 1 DI1EZ OO ED
M 23 & . Blue Ridge Province O/KEEET /LIS H W@ E 20 ANnD Z & &4

B L7, FEsEBREEO T oW EIXEL OKIMCEREE KT T EE 9 L0, il KPLES
M2 HhT D Ll _RTUVW D,
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Figure 3-15 Blue Ridge Province Di¥fil¥rfE o 5w iR aE /1 (Seaton and Burbey, 2004)
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3.1.18 1A T T

Bense & Person(2006)/ 3 EE M/E HEFE S O K fg CHZEICBIII S D MiE Yy — > D&
oK ME & s KN OO iR VR S K BRSO SR A IE S S A R D LIRS 5
WATRETH D & o, Wifd O KRBEFRIIEFET IR A I 7 WoslE$F0 | kifo
FELA, WifE OBE ST R O 53 Wi 7r Efa D A T = ALK & 72 %, Bense & Person (&
Wik > — > O, SO REEME, KEAEETEEZ T 27030 AL ZRE LT,
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3.1.19 7 — R, FL=, KEF

Heffner & Fairley (2006)(3 K[E AL = M DT VR — R AR O W g O /KB E DO BFIE
ATV, W L Zefn, RIS AREE TH Y . W Z AL D KIS L CEid AR,
KM, HDHWNEZEOWE T OMRERIFFICEST S Z &R Lz, #oIXEREIZHE-
7= 702 & OO SR FR i CHE S AV IR A A SR BRI R R A A o T TEED
[ IETE OB AR D AR DET N A G LT, WiE AT 5 7 M OWAUEE
FHCAR VB KIE D & PR EE DB KM 2 R T2, 502 < OEBIOTRIL O KA L BFET S
TEERFR L, ZOMRITHESE < S AL LIEHRE OB O aET L L IXR
—ET D0, TR — REHD X5 72 g w8 Ak L2 HER S N O W& 12T
BSDHMRERESERY | —BOWEOMLENELTNTN D,
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Figure 3-17 Wi WO & K DIRE/5AR & HIBRFERH - FlEE oo I ab—va v
(Heffner and Fairley, 2006)

%72, Fairley & Hinds(2004a, 2004b)iEHr)E D X7 v 7 A — S — 11 CTlIME 7 3 ot
BRI OIEEREE 2~ T Z 2R A LT, 29 W o ltBRIT RN IO
BERET ARBIEE T VAR T HBRICHERICEETH D EHN TV D,

74



Figure 3-18 Wrg o AT v 7 A — R—NOM N kO 3 kervtiL(Fairley and Hinds2004a,
2004b)

3.1.20 U ¥ FT R, AT I M

Evans & (1997)13AE fda T O g Y — > OB DKy, B HMNOEAD AT %
BEL, )T XOIEET) T CHEARMEDFHI AT 72, ZORER, Dl & biEAaa
T DR — )V TIEBIE DX A —2 Y — TR L Wi 2 7 O NS ALE 3 D3 KD &
WL TH DL Z EDRHA LTz, ¥ A=Y —r0aT7 3 FThRaESaT#Hoay
([ZEERTHE AR OB MR, 2D OFERITIE A (B9 2R EOFALE TOK
DOFWADBRIFER L —BFT 2L LT D, ¥ A—T = aTHO 2 SOHSNL
HAEE XM 2R E L COKDOTIIUCK L CIHESEHTEEERT H, ¥ A -V = D%

L7 E Y — W AT TR SRR O F TR S 5, — 75,
Wikg = 7 B I8 A AR Y0 5 5 1 O BRAULIC R L TEARMEDME Y,
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Figure 3-19  Evansn(1997)DHH L 72 iilWifg > — N 2 7 % 7L OALE & J7 1)

3121 N T, DL F I M

Johnson & Huntoon(1994)iZ LAUiE, A A I v 7D N FEHD v v — U — il
O FRIRDO T KO FEAVTE B IS > T\ D, B DK E M O 8T & Y 5 H
FAROFAININEEREKE & 53 Wi T 5 ERECBR R TORND, 295 -7-E
FRIZAT, HEEL A S m O AR DR I E COKRB L OMEEZ R T 5, v %
— U —URD~ TV gD B ST AKITKEADIR N ~EiL 5 53, Tensleep 57K
JEIZ B U, (RIS ET DRI EWRTE 25> Ty T 2o FifIT o Tensleep #b 503
BUAT 5300 THIRICHIET 5,
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Figure 3-20 3/ — U —iilrJE &0 O Hu T K D FL(Johnson and Huntoon, 1994)

3122 Y FIFF V7, =a2—XFah

Mailloux 5199 EWiIE 7 7y 7 OF 7 h=» 72X 28X L WiE OB KEER ==
—AX TN vy a—alfiiZEWnWI A7 T T Y 7 NOiE & BAEOKEHE I RIET
BT T VAo THENT L7-, La Jencia & Soccoro Zhidi 2 & BAEDHI T KD
Hno R —2 LIRREROMAZ B E LTV 5, BIEE T VRS & B EBAED
WMAVDT — 2 D b —B L7z OIXW g O KBV 2 @i KM T HARIEKRE T H e &)
E L, 2km ORI ORAMEOREEAICHREDE KRtz —AThoTz, EN
FIZIXHE T RO O T RO OELIZE L L THKESCHEEE S @Y=, >
BP0 THZEICR->THIEbIND, WIRT 7y hOEEKDOK) 5% NHEFESE T
28km DIREFTRALTVWDLEEX bR, TRUETEHHMIKEE LTI AT 0T
U7 NEDOEIOHEREE D6t & LT T2, Bz FARJRE L CHIFFT& 2 alke
MWnd 5,
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Figure 3-21 VA7 70707 FOWET 1y 7ol ROl (Maillouxin, 1999)

3123 X7 7ER, ==z—XF>=T

0 AT T E AHBKOH T K OEEOYEL 7 v ALRIZITHEH STV, RIS,
Pajarito Wig > — L 3N HE FKDIHEIC G 2 288 OKAD E 3R OBEREZ2 D 2)3) 12
B L THA EHI» T Zewy, gk BICR 3 57 — & D35h EAFE L 72 W & [ HUl O # K
ETINLVHAZERESDOI D252 L Dale (200513 XTW 5, Dale 1% 2000 4F 5

\Zif2 & 72 Cerro Grande [LKFITE > THIE R AKIZH 26 e b L—H—%{i > THi/E

DFEEH (PA-106) 36 Z O TR OEEAK M OHYLZEAIFAR 2 it U, IWE KD EHEET 5
ZENARETHoT, IWKFEEZODEDE L ZA— 2 X HHKIZE - T, PA-106 (2
VT HCOs, SO4, Ca, K, Mg, Mn, Sr,& 52 TDS 28 4 5B AT, 2D 1 7 AURNIC
Homestead & Starmer Springs (Z /A TR DIEBI RS X7 Z & 5| Pajarito WrfE >
— U DSHU K DI IS B R B A o CO D ERHEE SN D, RPN -
7= HAL 2R3 13 3H, 4He, Ar, Ne, 8D, 8150 Th > 7=,

F 72, Howley(2005)IZ L AUiE Estancia JitdslZ AT/ A X 5] 5 Wi g L2 14 © 8
RHEFMRT 1AL > TH7eb SN MPRE & KRBT RS T O FKOWRE) &
FEICHAICEEZ S 759, Koning(2005)IX[FHKIZIH W\ T, MZEMEKH&ED Y =7
A2 FBWIEDOREIRNL S Z L AR LIz, < DLAMERKET -2 vy



TOFREREN—FHLTHY, ZNOOWENH FKTENE HKkED 2 28—k X2 MEIZ
LU THERZR B Z RIEFL TWD Z LTV NRRNWE LTS,

Rodrigues and Williams 3 16 ® MT AT —< = > Z{ifi - TALVE D Pajarito Wi & B D
La Bajada Wi/ CX ) 5415 La Bajada I O S Z B> 72, MT JIEIXZhE
DERDEG T SN 5 BRIEHUE 2 oIS OFSHLE & dAaN - PAER - F=
MO ORE S ZHEE Uiz, Bl 2K HEm o720 K Thafn L7258 = o HERE S
I EREG R W EHIUE(10 to 50 ohm-m) TH Y | — 7, FAMROESRIL 1 7*5 5 ohm-m &\
STEIEFITRMEZ R, #HIRT < OF = L, ZUE & ek a1 ZER I
VN 100 225 5,000 ohm-m OEFUE Z R U, #E% U7z b Ao REREHEREYIT 200 725
500 ohm-m T %,

3.1.24 EAST TINTIC MOUNTAINS =z £/

Hamaker(2005)/% Eureka Lilly W& > — > % East Tintic #i1LH1X O KT L TR
FTRNY T Lo TWD Eftam LT, WO O TSR >7-IRE, Mk, &6
IZKBEETHDE W) ORRIWTH D, MEDOX A—T Y — I AENEOHEB LT
R LRy NU—2 2R L TR, WiEORZET 2EITIAKRALE RS> TS, W
Boar 7Ly FTridmt Ay MeL, b L TEREZED TWLHZ LIZLD | EunAR
B = ER LTS, ZHIZRY ., WERW RO FAROEDIY &72oTnd,
ZDayRX—=hA L MEIZED, WERORET A2 PR RERTY TUIEDS
e R LT .
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%onh Lily

Figure 3-22 ARFEARNY T & 7p o TN D IEKTE O Wi 7KEH & kil (Hamaker, 2005)

3125 V=2 2 ZM

LN, N — i< @ Timpoweap Canyon (ZNV 7r—2Wifga 7l 4 A —
V= OB L b EZXLBHEMNMAEL TS, EBICIORTIIF A=V =0 D%
Fro BIEAK L TAN—= Y JINZHRAVAATE Y | BiE Y — 026 O & KOBFFEIZ i T
bo, NV = WEITAEROEEERE T, &I 2% 250km, T2 2500m TH 5,
Timpoweap Canyon DX A — Y — L ORFMEAIKE D H13~40°C DIEAKA 260 Lis, —
BRALIRSES 4 Lis OB THEH WD, £i2, HBEKTOSH L §'°0 Ok, HHL T
AKITA SkmEDO S TN HHTNWD B HiILD, —ROBIE TIIF A=Y =D
BB EIIWE DL R DI OB T LEMICH Y, HAKED ZIUC o THD &
EZ LTV AD, Timpoweap Canyon DX A — Y — (32 OIERNCHED RV, 2
I Laramide & Sevier i& [LIEFE OIS L > TR EINTZBEGFORANFKTZ EEZ D
ND, 7 LOWEMRIZ X 2 M & K& 28RN EKEFT 2% E LT\ 5 (Dutson,
2005),
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Figure 3-23 =zl Timpoweap Canyon ® /U 7 — #fE Wi X (Dutson, 2005)

3.1.26 BIG HOLE FAULT, =4/

Shipton 5 (2002)IX#EFE & 4km D& X 0 Big Hole EWIE A B < S ADR— 1 v 7 1L.0%
Fm R — )i b Wi g O & BARERE D 534 A <72, Big Hole W& &= & N Hh o
DY 2 ZHLO Navajo WaICHIHL TV, 0 8m & 3~5m®D 2 FFTic A hinba
#3632 m =T BRI LT, WiE = T EIERK 30em OIFTE L < BFES N 22
DI WEE SN ERH THMAL, E720XmMIIC T <0 mNfER L5, Probe
permeameter % fif > 72 FHHITIIWIE 1235 < (2241, 2000md 725 0.1md (A L7z,
BaTEOaT 25> -FRTIEa 7L Imd A FOBKBEE CTH-72, ZhbDT—
% Z iV Shipton HIXWIE D/ L7 DFEAKREZFHE Lz, £ XX, Sm~10m O
A=) TlE 30-40md T, REED 1~4%DFE KB TH -7, EEOWTE P EHECTT
B oo r—AEE LIE 7-57 md Tholz, Wi 288 %1% KRBT g o 3 Z
A—=F—OHN, —FERERETOLOZT L RTMEATHOREI IR REILLELASND D
EDRHBNTZR T,
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range of fault
core thickness

© k host = 600 md
& k host = 600 md
¢ khost=600md 1

Permeability of fault zone (md)

Fault thickness (m)

Figure 3-24 g DJE X L g /N L7 OF KR E D BIFR(Shiptonin, 2002)

3.1.27 T o pxh—>, 27 R

Marler & Ge (2007)iZ =22 & KJI South Park i Elkhorn K7 o /K BRMER & g 23 [k
KB AT B % i~ 7=, Elkhorn Wi IR DD 2 WiiliE Tl v 7 ) 7RO
Atiha 2 South Park Basin O#EFE/EIZH L _EIF ST %, Elkhorn WrfE 1 X W78 2 #88) %
FHEOBEKREMEL | fEdha O /K & South Park Basin DOHEFEE DI /K% /Wi L C
W5 EEBEZ LTS, Marler & Ge [ZW7E DRI & FEE T 2 21T AR T A — /LR
[CINZ T, EREKIEIRR ATV, WEOREEOMELZME L, 510, Ul
TTFNEFES THFKOENDOY I 2 b—2a v &{To7, TORE, W& 3m OF
SDOIEEKRD AT L @B RED X A — ) — TR S, WiE 28] 5 5 ofiii
TR THIR SN TWD Z EANEIA LT,
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Line 1, inverted resistivity profile, 4-m electrode spacing, Schlumberger array
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Figure 3-25 =X JN= L7 R— U WigOBERIREL M€ 277 7 ¢ —fFTHER (Marler& Ge,
2007)

3.1.28 MEDINA, 7= F#X

Clark & Journey (2006)1%7 ¥ 2 @ Medina BiALFDO Y L —F 7L 2 HICEH# T 5
Wik 3l TR DA 4 DOEBIOFEN ORI /31T TR G AIZIE L TV D &R,
Medina O 3L 7E O IZALMIZ Woodard Cave WiE 3 7E D | Fil1d Parkers Creek Wrl& 3 {F(E
9%, HUTF7KIL Seco Creek iInVVDE AT HWiEIZZE X Y- 5 £ THIBOBIR A TH D
FIPEIC A2 > T D, £ D% Z OWENHEEKETH L8, —HdH 2D WIIFREOHT
KA FE I EAZHET,
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EXPLANATION e 9193 ww a5

Ground-water flow path T - T == ) T
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e Boundary of aquifer (Edwards aquifer recharge L .'L"’
zone from Ashworth and Hopkins, 1995) 1% k )
sl Inferred flow directions g = 5 e /)
——  Fault 5 = e & /o
- — — - Inferred fault s i S e y
Study boundary = o
Medinag  Site, by type, and identifier UVALDE COUNTY, MEDINA COUNTY o\ y.
TO-62-21-708 ® Continuous water-level monitoring well | N . / 2
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A ' s\ |
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EEE N S s 7 081?35:?9-.-'-.
- “Medint. A
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{% “ = —— W
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I= 4 - o )
- {r n
e e 2 Y
f
.‘_L! f
Castroville,
=gt} TO-6241 _‘IJ,- A
Castroville”
oy 3
i 5 2 7 N
L T L4 =
H ‘ [ 4 ] &
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¥ Rl T \ e
DTS L= E
[
0T | ;_
Idealized view of relay ramps dipping to the northeast in £
Uvalde County and an cpposing ramp dipping to the
southwest in Medina County and flow pathe moving down gk, ‘- e
( ramp toward a structursl trough nearthe Medina/valds S 3 & g 12 MILES
3 Cournty line. (FW, footwall, HW, hanging wall S S SR R AP RS S |
hl | L | |

Figure 3-26 7 XY 2 Medina BEOWIEIZ = > hr—L Sk 4 SO Rk (Clark and
Journey, 2006)

3.1.29 HIDDEN VALLEY FAULT, TEXAS

SWRI [T FERAKIZ L W B L7727 % 2O RIS fF/ET 5 B #AL D Glen Rose
HifEg %Y % Hidden Valley Wil % - CWifg OMERFEMO 7 m Y =27 &S H EifTe,
Hidden Valley W@ 13 /RILKEDOHHEIZH W N HEARRBIEECTHY . OV A MIWE
g, il & kg — o OKBMRIR OB L E TE 2D\ A N Th D, Hi%
P A R TIFUL T O & 5 2SRRI AL T H TV D,

1. BFEARY, a RO R LR

» PR E RO W~ v 7 ORYE

« BT~ #EHe

» REEOEH, REMEIR M EEAREOE R
2. HVEHREIE DT

= JEF ORI AT
« BEHA TV ORENER O~ v 7
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3. AT R— L
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4. JKBREHYREE TG

»  Canyon il & T OHF DARNT — 2 DIUVEE

s HIEROR, HIEKOREA, RARDE=FD 7
= Canyon Lake 74 Oji/K &HIE
BUHNOZXETOKEE=X T 7

5. JIEERORFIERTAT

« W OBRIRER O O T FHIMER O 5AER
»  HIREFEVEZ A - 7= Hidden Valley W7 & O & 1B T MEMT

s —,
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;
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Figure 3-27 7 % 2, Hidden Vally kg D88 - L — 2 (SWRI, 2008)
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3.1.30 YUUCA MOUNTAIN, Z %

Bredehoeft (1997) X% NF MY » I~ 7 7 AFEOH FAKEOIRE D5 HY v
B9 T v OFA L PO R O 72 o TR E ISR KR DSER A B EH LTk T
W5 EHEZL L 7o, Bredehoeft (X246 OWiE OB KBENIEFICEE THLHICH LT
T MNMARRELTND EIRRTND,

NW rv'r:}sdr? Solitario Bow SE
o000 - Fault Comon vuoea bue  Rldge  UE25p1 2000
) Qac Tmr . Qac Crest Fault Fault I
1000 - R A e ey L 1000
E i bbbt T B
g oy /S ) ") gl -0
g _
-1000 - L 1000
R e—— Paintbrush  Fran 2000
01 2km Canyon Ridge
Fault Fault

Figure 3-28 Y v h~v 7 OWifE#E(Bredehoeft, 1997)

Blakely © (2000) /L F OB M B ELZHEIBEN TCY vy I~ T T VOO
Amargosa WL L 2 DO CREE OMZEM AN EZ T2, WEFREICL TEEZ
7,700 km* (2,970 mi*)%& 13— L, F/3ZJN Beaty 725 4 U 7 4L =7 )N Shoshone & T®D
Nevada #2F5rI5 & 7 AN U —[E AR 2 & T JAWHIFH T o 72, ML22RE R & O JI#R X
HPEIZ 400m FIFE TR 150m, & LIFLZELE SND TV T OEECRIT LIz, Fri¥
W72 65 B 1X Yucca Mountain <° Greenwater Range 72 & D kK [LI= Hif2 & Bare Mountain
K> Black Mountains.?® X 9 72 JFUARIEES CEI SN D, KILE OWIEIZ X5 T3
KREFOV =T A FOJRREE 72D WK OFEML~ v B R aEE L 72D, FFIZ
BLRZR N DT Devils Hole & Pahrump Valley (. 50 2 HEfEE CTORK T Th D, R
DIFERFIPBERBEE DY =T A e —HT D20 2O MBI T OB
BHETHL, #EE LU - THEY, HFKRBICKRE REELEZ TN EEZBND,
Funeral Mountains EORKEE O U =7 A > MI—KIZIEREED Stirling B % 8- T
L5 7Y TR OA- AR T O ETOWERE E T 5, D OBRRE O
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At & J5 1A% Furnace Creek OJLITIE T HE/KEAT &b L TE 25 &, Wigixdbo o
Death Valley G ~NFIAKBLL ERoTND EEBEZHBND, Ll ZOBKET O
SR 7RI OV TN R,

Magnetic Lineations on Generalized Geology
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Figure 3-29 Yy~ T UEEOWEIC L DR DY =7 A (Blakely &, 2000)

Flint 5Q2001)DY v A~ 7 7 » OBEEE T /L TIRRE IR ) B35 L~ )L %
> THIFKIEE TOKDIEN D ERH 2RI /e >TWAD & LT, KEFED Paint Brush
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(PTn) & FEIXA 2 SRR HiJE 2 O & D IXEEE KM TH D | KAKITMBRNCZ - TR AT
IRV D DS, WIS PTn HUB A ) > TV D E CHIBICA Y | HU R KE~DREK CTh

4

Pressure Fault

Ghost  Ajr.K Tests
Dance

|

Variable Spatial &
Temporal Infiltration

o

= Fauilt

2 Wi 2o o TEIRBEI A~ L L D, A58 L~V LR TR 23 Pk Ot & 4
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Figure 3-30  Flint 5(2001)D Y > 1~ 7 > 7 » O REAFIFROBEE T v, WiER R VIKAD
Lipo T,

IAEAQ2002)13V v 1~ 7 v 7 v OFIFIFEB ORI O L B 2 —IZ3B W THE R KD
PSR D WTE DREIBRIZICAATH Y | £ OREREERH T KOFEIREE B L T
KR Cd 2 FICRE RIBERE R LT,
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36°55'

36°50"

36°45'

Figure 3-31

Simmons ©(2004)(Z JAUIE, HiF )~ & OBEEEFA D 2 O WP PR F 152 v Clg o
7, g oofi, I HICHE L TV KILDERKEZ S (Ponce, 1996; Sikora et al.,
1995) IR T B2 ST, Yo h~T T oV A M TE-BOICHRT 2 _EENT
NEMEITAR G T 0y 7 P OWEOE., AL AN, RS LERIEOMIITH D%,
M2 OYBIRE D FIEZ AV, EOFIENR BWIE DA A — 2 OBUFICAH ) Leliiat
ST, ZORER, EO1ObAEMES AT, EMRH TGO @A IR T 2 2120,
WANWARFIEEZMAGDEDLMEND D Z LN LN ST,

At

Fatigue [yach a

Valley fault _J

|~ Trench
MWWV-T4

Fran Ridge

Busted Butte
Exposures

Busted Butte

Yucca Mountain
Site Location

Yo~ LT U DO LEEREE b L FofiE (IAEA, 2002)
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HOBRESCHSIRED X 5 RIEOWERE T — 2 13k ILa O, iz o 72 E2HE O
arx2 7 oA 72y NOREICE DIV (Langenheim, 2000c), HIEELEA O JE T
B (SHEE PEOEE) 1L M, Yy h~o T v L 200 REREETET L
b9 % 2o 7= (Smith &, 2000d), ITAFAT DAV MUAERE KRR T Hlk D % < DB L
7RO RE S LTROREICHE DI, Yy ~T T CELOKINGEEOF I
72(Smith and Keenan, 2005), #EREIT D72 L bt A= LvDOF 7Y FOH LW
J8 DRBRANAENL - 1273, Wi DIFEDRGEIITEE O FIEOMA G DOENLE L e o T,
Y L7 E & 2 OO O RS EREEZ RANT 5512~ b7 Y v 7k (MT
B) 2R, MOPELEMAGDERINELFVEHA TRV EXN -, —i
M2k e LCid, WA 513 R Z v ¥ — FRWHEE FIEE AW Z5BE. W
oA 7%y hidbipd &b+t A— bUiddh D MENH D (Simmons 5, 2004 Section
4.6.5.3)..

Yo A= T YA MTRWT, WiEOKET —213HE 0V BiGESATHRY, &
Sk, HIRES N L ——OBITOT —Z Z TG T HAICERDA Y=y va B
X b L—H—3B# )% Ghost Dance Wif&<°> Bow Ridge Wi C17i>417-(BSC, 2004b, Section
22)RETH D, Wrg I3 FARKDWAICK LT, FHERAKABIZR ST, BiUI5 )
AR FEARETH 720 L, ZORE, HKEZIERK L2V 3 5 (Flint 5., 2001),

HARIY OHULFHRIT T & L TR > TEMHIRNOE L KOHEBAEH & KE<e~
T F v —INICHF T 5 RIS B EZ T D, 2D O ELERILE B OV
RIS, A A S BUs, MKA RIS, AT IR BRLECE 2 OO ZE LR G T b
Do WIE OFEYEPERIZAK & B OBAT O B Th 5, WIBIN O O 2S E4E
Tholc b, HYTHIITXEBIZEEKETH D AJEENREV, LT, Yy h~vv o7
¥ COWEORELRE AR Th o> e FIELRINET D,

o HRAA—TT—H(L—HF— AT M)

o Ao R —LOMEERA

o R, HIFRHUE A

o V=T AU vy T

o EHAOV T NDESE
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o MBUKSLH KT OMALTET — 4 1 LR KROE (C,°HIRE) &l
EIR7)

o hL—Y—A =2V arT AR

AL CHE T _X %, FEU R FNOEEZD N L—H—F 2 MNIFERDE O ERAE I
L ERETRETHRNEEZLD, Yo~y T TO L —H BTN 15
I ONT-HOBBEREERE TITPNEbDTHY . D TNEWARTr—LORETH

277,

3.1.31 NEVADA

Hammond & Evans(2002)i3 Keno Wrfg > — > 0 H{L 2RI R & WrE i & 03 Fi A S b Ak
53 % B VIETR DT KT 5 8 R OEETE L T\ S 8iA 2l - CTIEWE ORI & ik
KNCBEE T 5 7 nt AOMAEZIT o7z, YW IEALE RS Z M o e frE L,
IV NEBEL OV N EGATEAREFRD S 55m 225 100m OFERFEIS Tz, BR
DFECN IR EWIE T D, EfTEMYI2 M 180m, BIRLGMIC 65m, E1THMIC
350m DOFEIAN D Y | AHOIRIET 2 REEHERSE T, WiE., 77 7 F v — L FAMN
AT AAEH L C 2 0O ZEIZ B R 1 FCTh D, WD LS TR 7T 7 F
¥ DD TEZVR, 777 F ¥ —OFBEIIWEN O DR L > T2k L T
720N, Wi O I 100% R T O T 5 100%ETHROTIUCEL L TWD, F
2. 1m P HE+ m DR — A TIFIHEW LD F— 0 & T 5 7 F v —OEFEITFBINEN
Roiiav, Wi TmEKE L R 2 R > T2 & BEX b, K8 IZWE D TE
FRENTERHNCRE L7 77 F v — LM E G TSR EDRIT D& ERIZ LIZEE
ZbNb, TORWEIIRITCRIEKFZEEZ G I NI A D OFEARE KT 2 KA 5 &
mole, WiEOYERIZEERRE, SRR —v, BFREA 7 — VOB CMET 5, K&
IR AR — )V TCIXATBEMED B 208, FEI A 77— )L TIE A A — Y — U DAfFAE & Wifg o Hifk
Xy & ITFABEME AN & B LT,
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Figure 3-32 FNH PN Keno Wilg > — > & A% v > F A > (Hammond and Evans, 2002)

3.1.32 VALLEY OF FIRE, NEVADA

Jourde ©(2002)IXFEMI72 A — /L OBIHFAE T —# 2 ffi > TREX A7 — )L ORET I
Wil D FEAM 70 B AKAR I 2 B L7z, 1% B IZBEAF D RS ZIN D Valley of Fire SN2 23 N D
Wilg ORI T — % Sl 2 D7 4 —F v —DOMRT —Z 2RI Lz, 4iZbrE ()
ITREY — O T IS L > TS, RirofrnkiEs (ToY) LAV R
EEDOY a4 FEeTNYaAf LV FRORELILT A=Y =0 bR D, FEMl7e W E
=Dy BT ERT—HIIXx XY Y T L — F AN A A =TT = Z TS S FEARSR

92



A > TEMNELE > THEY — OBIEET VEBE LT, TIOREINENLLN
6m, 14m, 150m O —ADOWifE % €7 Wb Liz, MDA bEiE Y — > OFEKGE
FIRVIEEFPEZ R LTc, BT K > TEMIEIC AT R FICREE O 10 fFORE S D
FBAREDFTBO bivle, —FH, WRIZEARZT 2 H M TIEIREE LY 2 A — ¥ —(RiE KR
Bliloole, THOREZRWIEIZEERT D HM CTHEKRBHDNMENZ &3 00 o7z, R
K72 E Ik CIL, Wi IS AT 22 R O AR EITRA O NEIC K& < EEBIN LR
ELAZ AT AR, Jourde HIEHE D DOIEIET 2 FILITFEM Aot & B KGRI
T—HENAF, HLWVIIHEA RO WL XA TORBICHLANTHDL L LTS,
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Figure 3-33  FHILGHEY—2OIVvEVITEET—RITXxrv ) TL— SN/ A—DT—
BIZE D CEKRFHZEME - - F @4 HIEE T)L(Jourde et al., 2002)
Burbey(2007)iZ % /S Z I D Mesquite TR HEREE (287 72 (CHEH] S 7= A7 2 -
72 62 ARIOHAKEHREBRFIZ GPS * v b U — 7 ZAfi o CTKFI71 & T 717 O R mZs
MOFE=HY o TT—Z B U T2, SONTHE 718 & BERR T 0 O N B IEE TGO
WK TZ LR S =3, #r7z72 InSAR (Interferometric Synthetic Aperture Radar) 7 —
ZINZ K DHBEIL T DR Y Z it LT R, ikt A MW 72 IEWTE I X - TR vE
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IZHEARDH Y, MO T HHFOTLNLTNTND LB BND, FIREREZME
WL S VT2 AT RO BN G o D K 5 BT OALE & OKIE LIS R T A — 4
EHEE LT, By R 2 b—a CofER, HF LD GPS 27— a TR
EMDORE S EHABHEESNDOWENSESNLEES A TH L5, WiEOEIX
Sm CEWWIEAKNE IR ERD, AEERNOEE IO TWD EHERI SN D, ENLD
Val—va URERIBBIT - R BT L 2D, WiEOFEOHERIAIE L
WEEZRLTWD, HKEOE KRBT EHFEOENT —2E2E=2 ) v 7T5H2
& TWIE DHFERTERAFMFICOWTEHERFRPHFOND Z LR ENT,

3.2 E2XEOEMH
3.2.1 BEBIFRHEHFF P

Iz BV EGR T71C JAEA (B ARJR AP JEBHSEHEAE) (1 & o THIRIEHE T 7257 23 ik
ENODH D, TOENALIEITIT NNW B & FEZ 2 W@ N FE L. ImHICE A
BRI 2 AKEADIGE T — 2 SCHIBE OB DR b, HREHT — 2 S0kt~ 7ol & T —
X % JElZ, Takeuchi ©(2007a) L —7 > v ¥ L KHERE (FFN 5, 2007b) KON, @&k
ARG (P50 2007) 24V NNW WE 1308 2 880 2 5 ARG AR METdh 2 & #E

E LT,
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Figure 3-34  NNW B8 # it A =M D ih T /KEEIS ZEZ B D& L\ (Takeuchi et al. 2007)
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Fro. EHUEHFZEFT OIITITA EWRAFET 2. HEWEIZREIHO S & SH
10km FREE L SNDHWWETH D, AEWEOIHEIS JAEA OIEEEY A N CTIXRTE O
INC 1T X > THEWEOKIEMEIROFAEN 2 S 7, £ORER, B E MR TIEK 40m
DRFAEPFLE L, W8 28] 2 H 1 CTIHREKMETH D 2 L R I, £z, Wi
JE& DR W I PATICHIN B FIE L, mWidEAKEE R T H G Sz, Sawada
5(2005)1X 24V 6 OKEHME 7 — # & W THEB O KR ZhZh 8 0T L %
i 72356 0T N TROANEINEOKRET 21T > 72, £7-. Doughty and Karasaki (2003)
TAEWEAE a7 EMBIOF A= = b KA v FHEEOWTE & UE L,
9km X 9km X 2km @ 3 WIT/KBRHIEET L EMEFE L, Ry W —REFOELEORT K —
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Figure 3-35  Doughty and Karasaki (2003) B3 E T JL{t L 1= 9kmx9kmx2km D EEMX D E T
ILOBE, AEMBIEY Y Py FREELGE TS,
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3.2.2 [REEFRHEBHF Y1 F

{FHEED (2005) IXWRAELEHEATFEFT Y R A Hulsk oD FIBRUK 53 A0 77— & 2 8Ll 7 —
2 & LTI RAT FHE OB MO 21T o 7o, £ O E, WifE O K BEHVE IS I
Ko THIEITBFHIZ B W TIHE SN R K OIREMR IS R E S Ble H Z LR ahiz,
FTo. REBOKIMEZ BT 5 2 &12 K o THrE O/KBEHVE RS S HEE T & 5 naetE %z
RLT,

m Measured

v Calculated with low permeability fault
X Calculated with sandwich structure
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Figure 3-36 KBk — WiEET /L LW RA v FHEERTE T T v O it K EEIE 5347 O b
8 (JHEE &, 2005)

F2. AHD (2006) (FALHEEACES, WRAE K O KW O =R T AR & O KB
% RHEREREA & AMT(Audio Frequency Magnetotelluric)it % fifi » CTHEE L7z, < Ok
. RKHbrE I IE R E M0 o & —ITIZ B W THIEERES T over-step L. HiUF TIFUY
BT D 3G Z R > TV D EHEE Lo, E7o. KW I3 T 1km IKIZB W TR
FTARS— L LTHREL TV D EHEE LT,
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Figure 3-37 HH 5 (2006) 23 SCEHEH-ELEA & AMT 1E 4 - THEE L= kitigr @ o 3 ot
i

3.3 ALSM (Airborne Laser Swath Mapping)

ALSM [FZE L—H—HIEEHAIZ B L, ITFER 28TV 5 HEINTH 5 (Carter
©., 2007) ., ALSM X LIDAR (LIght Detection And Ranging & % \ {¥ Laser Imaging
Detection And Ranging) & HFFEALSH, 1 mEL FOBHIREEZZ OV HAEOREL ST L
ZTICREE R METOT VX NEE~ » T ORISR AR TH D . REOWE D R
TR fERHURORFEICAHTH L EE XN, REE L CIIMZEEERO R X v
=T ==L VT A= ROT 4 77 LYy /b GPS EEMETES g
VURAT LAEMRBEDEDLFIZL T, KROBIELET TL—F—OROF MmN 6 OH
O ORI A2 %, Kondo & (2008) (35441 — Fid M EH 21 > T LiDAR
BEITV, WiEOEMZ#EGR T2 HICR Lz, £/, KETOT—Z TlEdb D0, 1
W~ AN T2 I L5400 52 581,000 DFE T 100 T ROT —Z BERIATRETH Y |
IR MY HIEBICAERTH D, 1EROFEREIEIZLAST 1 A—F —RERKERE,
22U, WAEDREZZITIZS WD, ZOBNTZRICHET 2008 EE L,
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Aerial photograph LIDAFI 'mth I.Itrtual‘ deforestation LIDAR with faults

. by — Histaric (1506)
= Helocens
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4 Conceptualization and Modeling of Fault Zones

4.1 Introduction

Since the 1960s, a number of numerical approaches and techniques have been
developed and applied for modeling flow and transport processes in fractured reservoirs
(e.g., Kazemi, 1969; Pruess and Narasimhan, 1985; Wu and Pruess, 1988). Even with the
significant progress that has been made towards understanding and modeling of flow and
transport processes in fractured rock so far, most studies have focused primarily on
naturally fractured reservoirs, without explicitly taking faults into consideration. Recently,
characterizing the fractured rock of faults or fault zones has received attention, because
fault zones are found to be closely associated with, and may dominate, flow and transport

processes in fractured reservoirs (Wu et al., 2004; 2006a; 2007a).

Mathematical approaches developed for modeling flow through fractured
reservoirs rely in general on continuum approaches. Such approaches involve developing
conceptual models, incorporating the geometrical information of a given fracture-matrix
system, setting up mass and energy conservation equations for fracture-matrix domains,
and then solving discrete nonlinear algebraic equations of mass and energy conservation.
The commonly used mathematical methods for modeling flow through fractured rock
include: (1) an explicit discrete-fracture and matrix model (Snow, 1965), (2) a dual- and
multiple-continuum method, including double- and multiporosity, dual-permeability, or
the more general “multiple interacting continua”™ (MINC) method (Warren and Root,
1963; Kazemi, 1969; Pruess and Narasimhan, 1985; Wu and Pruess, 1988), and (3) an
effective-continuum method (ECM) (Wu, 2000a).

In addition to the traditional double-porosity concept, a number of triple-porosity
or triple-continuum models have been proposed (Closemann, 1975; Wu et al., 2004a;
Kang et al., 2006) to describe flow through fractured rocks. In particular, Liu et al. (2003)
and Camacho-Velazquez et al. (2005) present several new triple-continuum models for
single-phase flow in a fracture-matrix system that include cavities within the rock matrix
(as an additional porous portion of the matrix). In general, these models have focused on

handling the heterogeneity of the rock matrix or fractures, e.g., subdividing the rock
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matrix or fractures into two or more subdomains with different properties. In concept, all
these approaches can be applied to modeling flow and transport in highly dense fractures

in fault zones.

Dual-continuum or multiple-continuum approaches for modeling flow in fractured
porous media, as applied in this study, include the classical double-porosity model
(Barenblatt et al., 1960; Warren and Root, 1963), the dual-permeability concept, the more
rigorous dual-continuum generalization of the MINC (Pruess and Narasimhan, 1985) and
the multicontinuum model (Wu and Pruess, 1988). In the double-porosity model, a flow
domain is composed of matrix blocks with low permeability, embedded in a network of
interconnected fractures. Global flow and transport in the formation occur only through
the fracture system, conceptualized as an effective continuum. This model treats matrix
blocks as spatially distributed sinks or sources to the fracture system without accounting
for global matrix-matrix flow. In comparison, the MINC concept is able to describe
gradients of pressures, temperatures, or concentrations near the matrix surface and inside
the matrix—by further subdividing individual matrix blocks with one- or
multidimensional strings of nested meshes. Therefore, the MINC model in general
provides a better numerical approximation for transient fracture-matrix interactions than
the double-porosity model. Because of its computational efficiency and its ability to
match many types of observed fault-flow data (e.g., Wu et al., 2004; 2007a), the dual-
continuum models as exemplified in the double-porosity and dual-permeability
concepts—which have perhaps been the most widely used methods in petroleum and
geothermal engineering, as well as in groundwater hydrogeology—will be used for this

study.

In this section, a physically based fault conceptual model is presented for
modeling multiphase flow and transport processes in the fractured rock of fault zones. In
particular, we discuss a general mathematical framework model for dealing with fracture-
matrix interactions, which is applicable to both continuum and discrete fracture
conceptualization in fault zones. The multicontinuum, physically based conceptual
mathematical model includes the effects of various scaled fractures, vugs, or cavities on

water and heat flow processes in fault zones.

110



In this continuum model, faults or fault zones of formations is conceptualized as a
multiple-continuum medium, consisting of (1) highly permeable, large-scale and well-
connected fractures, (2) low-permeability rock matrix, and (3) various-sized vugs (if
existing). Similar to the conventional double-porosity model, the large-scale, well-
connected fracture continuum is responsible for global flow within faults, while vuggy
and matrix continua, providing storage space, are locally connected to each other (and
interacting with globally connecting fractures). In addition, the flow along faults is also

interacting laterally with formation layers on both sides of the fault zone.

In this approach, a subsurface fault domain consisting of fractures, rock matrix, vugs, or
other large pores is discretized using an unstructured grid with regular or irregular
meshes, followed by time discretization carried out using a backward, first-order, finite-
difference method. The final discrete nonlinear equations are handled fully implicitly,
using Newton iteration. In addition, the fracture medium is handled using a general dual-

continuum concept with continuum or discrete modeling approaches.

We demonstrate that with this unified approach, modeling a particular process of fracture
or porous-medium flow and transport in fault zones becomes simply a matter of defining
types of media (i.e., fractures, matrix, vugs, or other large pores) with a set of state
variables, along with their interactions on the interfaces between continua. The proposed
numerical scheme is applicable to simulating water and heat flow, as well as solute

transport, through fractured fault zones and their interaction with surrounding rock layers.

4.2  Conceptual Model of Fractured Faults

Faults may consist of a single fracture or multiple scale fractures, or highly dense
fractured zones. In general, faults or fault zones belong typically to fractured rock and
can be classified as a special case of fractured reservoirs. A typical fractured reservoir, as
shown in Error! Reference source not found. (Warren and Root, 1963), consists of
large-scale fractures, a low-permeable rock matrix, and a number of various sized cavities
or vugs. Figure 4-2 shows a formation of outcrops with a vertical fault (Wu et al., 2006),
and the fractured system is conceptualized using vertical and horizontal fracture networks

with vugs along the vertical fault in the figure.
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fracture _
vugs matrix matrix fracture

Figure 4-1  Schematic of conceptualizing fractured formation using the double-
porosity conceptual model (Warren and Root, 1963).
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Figure 4-2  Schematic of conceptualizing vuggy fractured formation as a discrete
fracture system with well connected, (a) outcrop pictures and (b)
conceptual model (Wu et al. 2006).
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As shown in

Figure 4-1 and Figure 4-2, different types of fractured rock in fault zones can be described
using a multicontinuum concept. The multicontinuum conceptual model considers large
fractures as main pathways for the global flow. Vuggy and matrix continua, locally
connected to each other as well as directly or indirectly interacting with globally
connecting fractures, provide storage space as sinks or sources to fractures. Note that
vugs directly connected with fractures could be considered part of the fracture continuum.
More specifically, we conceptualize the fractured-vug-matrix system of fault zones as
consisting of (1) a fracture continuum—“large” fractures (or fractures), globally
connected on the scale of a model domain, providing flow paths to injection and
production wells; (2) a vuggy continuum—yvarious-sized vugs or large pore space cavities,
which are locally connected to fractures either through “small” fractures or isolated by
rock matrix; (3) a matrix continuum—rock matrix, which may contain a number of
cavities, locally connected to large fractures and/or to vugs; and (4), small-scale fractures
(Wu et al., 2004a).

In principle, the proposed multiple-continuum model for fault zones is a natural
extension of the generalized multiple-continuum (MINC) approach (Pruess and
Narasimhan, 1985; Wu and Pruess, 1988). In this approach, an “effective” porous
medium is used to approximate fractures, vugs (if any), rock matrix continuum, or any
large pores. The triple- or multiple-continuum conceptual model assumes that
approximate thermodynamic equilibrium exists locally within each of the continua at all
times. Based on this local equilibrium assumption, we can define thermodynamic
variables, such as pressure, fluid saturation, concentration, and temperature, for each
continuum. Note that the multiple-continuum model is not limited to the orthogonal
idealization of the fracture system, or uniform size, regular shape, or distribution of vugs

and cavities, as illustrated in

Figure 4-1 and Figure 4-2. Irregular and stochastic distributions of fractures and cavities
can be handled numerically, as long as the actual distribution patterns are known (Pruess,

1983).
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4.3 Mathematical Model

The physical processes associated with flow and transport in fractured porous media in
fault zones are governed by the same fundamental conservation laws as those used in
other branches of science and engineering: conservation of mass, momentum, and energy
governs the behavior of fluid flow, chemical transport, and heat transfer in porous or
fractured rock. These physical laws are often represented mathematically on the
macroscopic level by a set of partial differential or integral equations, called governing
equations. These governing equations are generally nonlinear as long as compressible
fluid flow or heat transfer is involved and needed to quantitatively model the flow and
transport processes occurring in porous or fractured media. Based on the general
conservation laws, we present a set of generalized governing equations for fluid flow,
multicomponent transport, and heat transfer in porous and fractured media, providing a
framework for numerical formulations to cover all possible scenarios for flow and

transport in porous media.

We consider the following physical processes in fault zones: (1) single-phase
aqueous phase flow, (2) solute (multiple minerals) transport, and (3) ambient heat flow,
driven by geothermal gradient. Let us consider a nonisothermal system consisting of one
aqueous fluid phase, which in turn consists of a number of mass components. To derive a
set of generalized governing equations for fluid flow, multicomponent transport, and heat
transfer, we assume that these processes can be described using a continuum approach
within a representative elementary volume (REV) in a porous or fractured medium. In
addition, a condition of local thermodynamic equilibrium is assumed, so that at any time
temperatures, phase pressures, densities, viscosities, enthalpies, internal energies, and
component concentrations (or mass fractions) are the same locally in each REV of the

porous medium.

According to mass and energy conservation principles, we can write a generalized
conservation equation of mass components and energy in a porous continuum, as follows:

oM*
ot

=G"+q" +F" (1)
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where superscript k is the index for the components k =1, 2, 3,..., N, with N being the
total number of mass components and k = N.+1 for an energy “component” (note that
heat energy is here regarded as a component for convenience); M is the accumulation
term of component k; G* is the decay or internal generation (reaction) term of mass or
energy components; q° is an external source/sink term or fracture-matrix exchange term
for mass or energy component k and energy; and F*is the “flow” term of mass or energy
movement or net exchange from single-phase flow, or diffusive and dispersive mass

transport, or heat transfer, as discussed below.

In addition to the conservation or continuity equations of mass and thermal energy,
shown in Equation (1), we also need specific relationships or mechanisms that describe
why and how fluid flow, solute transport, and heat transfer occur in porous and fractured
media. This is to define the “flow” term in Equation (1), and the following specific laws
act as such mechanisms by governing local fluid flow, component transport, and heat

transfer processes in porous media.

4.3.1 SINGLE-PHASE DARCY FLOW

For single-phase liquid flow, the accumulation terms in Equation (1) for water

phase is evaluated as

M" =p,¢ 2

where p,, is the density of water phase; and ¢ is the porosity of porous or
fractured media. Note that in this special case, the decay or generation term is negligible
with
G" =0 3)
The mass flow term is determined by

F'=V.(p,v,) )

where v, is a vector of the Darcy’s velocity or volumetric flow of water, defined
by Darcy’s law to describe the flow of single fluid as

k
v, =——(VP, —p,gVz) (5)

n

w
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where P, , u, and g are pressure, viscosity of water phase, and gravitational constant,

respectively; z is the vertical coordinate; k is absolute or intrinsic permeability (a tensor

in general).

4.3.2 MASS TRANSPORT

The movement of dissolved mass components or chemical species in a fluid-rock-
medium system can also be handled as a special case of Equation (1). The accumulation

terms for component k is
M* =¢p, X5 +(1-9) p,p, XL K (k=1,2,3,...,No) (6)
where X, is the mass fraction of component k in water, p, is the density of rock solids;

and K is the distribution coefficient of component k between the aqueous phase and

rock solids to account for adsorption effects.

In the case in which components are subject to a first-order radioactive decay, the

decay/generation term is
G* = (pu XY +(1=9) ppy XEKY)  (k=1,2,3,...,N0) (7)

where A, is the radioactive decay constant of component k.

The mass component transport is governed in general by processes of advection,
diffusion, and dispersion, and is also subject to other processes such as radioactive decay,
adsorption, dissolution and precipitation, mass exchange and partition between phases, or
chemical reactions. Advective transport of a component or solute is carried by flow of a
fluid, and diffusive and dispersive flux is contributed by molecular diffusion and
mechanical dispersion, or hydrodynamic dispersion. These processes are described using
a modified Fick’s law for transport through a single-phase porous medium (Wu, 2004b).
Then, the total mass flow term for a component k, by advection and dispersion, is written

as

F*=—Ve(p, X5 v, )+D" e V(p, XE) (k=1,2.3.....No)(8)

Equation (8) indicates that the mass flow consists of two parts: the first part, i.e.,

the first term on the right-hand side of (8), is contributed by advection in water flow; and
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the second part [the second term on the right-hand side of (8)] is the diffusive flux by

hydrodynamic dispersion. In Equation (8), D!

w

is the hydrodynamic dispersion tensor
accounting for both molecular diffusion and mechanical dispersion for component k in
the water phase, defined by an extended dispersion model (Scheidegger, 1961),

VWVW

vl

where o and o are transverse and longitudinal dispersivities, respectively, in the water

D! =ay|v,[5, + (0, —op ) rdiS,  (k=1,2,3,..,N) (9)

phase of porous or fractured media; T is tortuosity of the porous medium; d¥ is the

molecular diffusion coefficient of component k within the water phase; and §; is the
Kronecker delta function (8;; = 1 for i = j, and &;; = 0 for i # j), with i and j being

coordinate indices.

4.3.3 HEAT TRANSFER

The accumulation term for the heat equation is usually is defined as
M =¢p, U, +(1-¢) p. U, (10)

where U, and U are the internal energies of water phase and rock solids, respectively.

Heat transfer in porous and fractured media is in general a result of both
convective and conductive processes. Heat convection is contributed by thermal energy
carried mainly by bulk flow of water. On the other hand, heat conduction is driven by
temperature gradients and may follow Fourier’s law. Then the combined, overall heat-
flux term, owing to convection, conduction, and radiation in a multiphase,

multicomponent, porous medium system, may be described as:
F¥" =—Ve(h, p, v, )+ Ve (K,VT) (1)
where h are the specific enthalpies of the water phase, K., is the overall thermal

conductivity; and T is temperature;
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4.3.4 CONSTITUTIVE RELATIONSHIPS

To complete the mathematical description of water flow, multicomponent
transport, and heat transfer in porous and fractured media, Equation (1), a generalized
mass- and energy-balance equation, needs to be supplemented with a number of
constitutive equations. These constitutive correlations express the interrelationships of,
and constraints on, physical processes, variables, and parameters, and allow the
evaluation of secondary variables and parameters as functions of a set of primary
unknowns or variables selected to make the governing equations solvable. Many of these
correlations for estimating properties and interrelationships are determined by

experimental studies.

4.4 Numerical Formulation and Solution

The methodology for using numerical approaches to simulate subsurface flow and
transport, and heat transfer, consists in general of the following three steps: (1) spatial
discretization of mass and energy conservation equations, (2) time discretization; and (3)
iterative approaches to solve the resulting nonlinear, discrete algebraic equations. Among
various numerical techniques for simulation studies, a mass- and energy-conserving
discretization scheme, based on finite or integral finite-difference or finite-element

methods, is the most commonly used approach and is discussed here.

4.4.1 DISCRETE EQUATIONS

The component mass- and energy-balances represented in Equation (1) are
discretized in space using a control-volume concept. The control-volume concept
provides a general spatial discretization scheme that can represent a one-, two- or three-
dimensional domain using a set of discrete meshes. Each mesh has a certain control
volume for a proper averaging or interpolation of flow and transport properties or
thermodynamic variables. The control volume concept includes the conventional finite-
difference scheme (Aziz and Settari, 1979; Narasimhan and Witherspoon, 1976; Pruess et
al.,, 1999), an integral finite-difference method (Figure 4-3), a control-volume finite

element (Forsyth, 1994), and Galerkin finite-element methods (Huyakorn et al., 1994).
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These are the most widely used discretization schemes for subsurface flow and transport

simulation.

Vi

4

Figure 4-3 Space discretization and flow-term evaluation in the integral finite difference
method (Pruess et al., 1999)

j

As shown in Figure 4-3, the spatial discretization of Equation (1) is carried out

using the integrated finite difference scheme, and time discretization is carried out using a
backward, first-order, fully implicit finite-difference scheme. The discrete nonlinear
equations for components of water, other mass components, and heat at gridblock or node
1 can be written in a general form:

A1 4 GEm AL — M5 1 = S flow ! 4 Q! (12)

At Jen;

(k=1,2,3,...,N.Nctl) and (i=1, 2, 3, ..., N)
where superscript k serves also as an equation index for all mass components with k = 1,
2,3, ..., N¢ and k = N¢+1 denoting the heat equation; superscript n denotes the previous
time level, with n+1 the current time level to be solved; subscript i refers to the index of
gridblock or node i, with N being the total number of nodes in the grid; At is the time step

size; Vi is the volume of node i; m; contains the set of direct neighboring nodes (j) of node

i; and A, G, flow},

and QF are the accumulation and decay/generation terms,

respectively, at node 1.

120



The “flow” term between nodes i and j, and the sink/source term at node i for component
k or thermal energy, respectively, are defined below. Equation (12) has the same form
regardless of the dimensionality of the system, i.e., it applies to one-, two-, or three-

dimensional flow, transport, and heat-transfer analyses within and outside fault zones.

The accumulation and decay/generation terms for mass components or thermal
energy are evaluated using Equations (6), (7), and (10), respectively, at each node i. The
“flow” terms in Equation (12) are generic and include mass fluxes by advective and
dispersive processes, as described by Equation (4) or (8), as well as heat transfer,

described by (11).

The mass flow term of Equation (12) for single-phase water flow is described by a
discrete version of Darcy’s law, i.e., the mass flux of water phase along the connection is
given by

ﬂOWi‘;v = 7\’w,ij+l/2’Yij [‘Vj _‘Vi] (13)

where Ay ij+1/2 1s the mobility term to water phase, defined as

7\’w,ij+1/2 = Ep_wj (14)
L Ji2

In Equation (13), y; is transmissivity and is defined differently for finite-

difference or finite-element discretization. If the integral finite-difference scheme (Pruess
et al., 1999) is used, the transmissivity is evaluated as

ijij+l/2
o= e 15
Yo D, +D, (1)

where A; is the common interface area between connected blocks or nodes i and j

(Figure 4-3); and D; is the distance from the center of block i to the interface between

blocks i and j (Figure 4-3). The flow potential term in Equation (13) is defined as
v, =P ~Puywiji2 g7, (16)

where Z; is the depth to the center of block i from a reference datum.
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For mass-component transport, the flow term, or the net mass flux by advection
and hydrodynamic dispersion of a component along the connection of nodes i and j, is

determined by
flowj =F; +Fp;  (k=1,2,3,...,Ny) (17)

where F};’ij and Fg’ij are the net mass fluxes by advection and hydrodynamic dispersion
along the connection, respectively, with

FEo= AL (XS )M2 flow (18)
and

F, =-n,eA,D" «V(p, X" ) (19)

where nj; is the unit vector along the connection of the two blocks i and j.

The total heat flux along the connection of nodes i and j, including advective and

conductive terms, can be also evaluated, when using a finite-difference scheme, by

ﬂ0W§c+1 = (hw )ij+l/2 ﬂOWivjY + Aij (KT )ij+1/2 ];T;i (20)

In evaluating the “flow” terms in the above Equations (13)—(16), (18), and (20),
subscript 1j+1/2 is used to denote a proper averaging or weighting of fluid flow,
component transport, or heat-transfer properties at the interface or along the connection
between two blocks or nodes 1 and j. The convention for the signs of flow terms is that
flow from node j into node i is defined as “+” (positive) in calculating the flow terms. Wu
and Pruess (2000b) present a general approach to calculating these flow terms associated
with advective and dispersive mass transport and heat transfer in a multiphase system,

using an irregular and unstructured, multidimensional grid.

The mass or energy sink/source in Equation (12) at node i, Qf, is defined as the
mass or energy exchange rate per unit volume of rock or soils. It is normally used to treat
boundary conditions, such as surface infiltration, pumping, and injection through wells.
Note that we present explicit, discrete expressions for estimating all the flow terms above,

except for dispersive fluxes in Equation (18). This is because of the numerical difficulties
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introduced in handling the hydrodynamic tensor of dispersion, which is treated very
differently with different numerical approaches, such as finite difference or finite element.
In most formulations for solute transport, the off-diagonal terms and contributions of the
dispersion tensor are ignored, and dispersive transport is considered only along the
principal directions. However, a general procedure for using the integral finite difference

to incorporate a full dispersion tensor is presented by Wu and Pruess (2000b).

Note that Equation (12) presents a precise form of the balance equation for each
mass component and heat in a discrete form. It states that the rate of change in mass or
energy accumulation (plus decay/generation, if existing) at a node over a time step is
exactly balanced by inflow/outflow of mass and energy, and also by sink/source terms,
when existing for the node. As long as all flow terms have flow from node i to node j
equal to and opposite to that of node j to node i for fluids, components, and heat, no mass
or energy will be lost or created in the formulation during the solution. Therefore, the

discretization in (12) is conservative.

4.4.2 NON-DARCY AND OTHER COMPLEX FLOW

The flow regime may be more complicated within faults or fault zones, because of
(1) the high permeability of fractures and (2) large pores, such as vugs and larger-

aperture fractures, in fault zones.

Non-Darcy Flow: In addition to Darcy flow, as described in Equations (5) or (13), non-
Darcy flow may also occur between and among the multiple continua within fault zones.
A general numerical approach for modeling non-Darcy flow (Wu, 2002) can be directly
extended to the multiple-continuum model of this work for flow in fault zones.
Volumetric flow rate (namely Darcy velocity for Darcy flow) for non-Darcy flow of each

fluid may be described using the multiphase extension of the Forchheimer equation:

~(VR, =pyg) ="V, +Bp Vv, | @1)

Bis the non-Darcy flow coefficient, intrinsic rock property, with a unit m™ for water phase

under flow condition.
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Note that for no matter what type of flow, (i.e., Darcy flow, non-Darcy flow, or

the following pipe-type flow), the discrete mass- and energy-balance equation of (12) is
always valid. For the case of non-Darcy’s flow, the flow term (ﬂow‘;) in Equation (13)

along the connection (i, j), between elements i1 and j, is numerically replaced by (Wu,

2002):

1/2

2
A. 1 1 -
flow; =~ 1=+ | == | ~v;lwy; ~wy, (22)
: z(kﬁ)ml/z 7‘5 (MJ J( § B)
y 4(k2pr)'j 1/2
L= A 23
Vij D, 1D, (23)

Flow in Parallel-Wall Fracture or Tube: In general, flow along connecting paths of
large-aperture fractures or vugs through narrow pores or fractures may be too fast, or
openings may be too large to describe using Darcy’s law. In particular, when these large-
aperture fractures vuggy connections could be approximated as a single (or parallel)
fracture or tube within fault zones, solutions of flow through a parallel-wall, uniform
fracture or Hagen-Poiseuille tube-flow solution (Bird et al., 1960) may be extended to

describe such flow in Equation (13):

wb’

= for fracture-type connection (24
Vij —(—)12 DD yp (24)
and
nr?
= for tube-type connection 25
78D, +D,) P (25)

where b is fracture aperture, w is fracture width, and r is tube radius. Similarly, flow
solutions for both laminar and turbulent flow through simple geometry of vug-vug
connections can be used for flow between these vuggy connections.

4.4.3 EFFECT OF ROCK DEFORMATION

Based on the observation from experimental results (Wu et al., 2008) and

previous research (Terzaghi, 1943), the effective porosity and permeability of porous and
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fractured rock in an isothermal system are assumed to correlate with the mean effective
stress (6”m), defined as:
¢ =0,(x,y,z,P,)—aP, (26)
where o, 1s mean total stress; and o is Biot’s effective parameter (Biot, 1941) and is
treated as constant in space or in general estimated by
0,(x¥%2zPR)=(0,(x%zP)+o,(xyzP)+0,xy,2P)y3  (27)

where oy, Gy, and o, are total stress in X, y, and z- directions, respectively.

With the definition of the mean effective stress of Equation (26), the effective
porosity of fractures and rock matrix in fault zones is defined as a function of mean

effective stress only,

6 =(c",) (28)
Similarly, intrinsic permeability is related to the effective stress as,
k =k(c",,) (29)

To incorporate rock-deformation effects at a given site, the proposed models,
derived from Equations (28) and (29), need to be determined from laboratory or field
studies. The key for applicability of these models, in fault flow simulations coupled with
rock deformation, is that the distribution of effective stress or total stress field must be
predetermined as a function of spatial coordinates and pressure fields, as in Equations
(26) and (27). In practice, the stress distribution may be estimated analytically,
numerically, or from field measurements, because in reservoirs, changes in effective

stress are primarily caused by changes in pressure.

When the functions of (28) and (29) are determined, then the two equations are
used in flow and transport calculations. For example, Equation (28) is used in (6) and
(10) for accumulation terms, while (29) is used in (13) or (22) for flow calculation to

incorporate effect of rock deformation of fault flow.
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4.4.4 HANDLING FRACTURE-VUG-MATRIX INTERACTION IN FAULTS

The technique used in this work for handling flow through vuggy fractured rock
follows the dual- or multiple-continuum methodology (Warren and Root, 1963; Pruess
and Narasimhan, 1985; Wu and Pruess, 1988). With this dual-continuum concept,
equations for fluid and heat flow and mass transport discussed above can be used to
describe flow along fractures and inside matrix blocks, as well as fracture-matrix-vug
interaction. However, special attention needs to be paid to interporosity flow in the
fracture-matrix-vug continua. Flow terms of interporosity between fracture-matrix,
fracture-vug, vug-vug, and vug-matrix connections are all evaluated using Equation (13)
or (22). However, the transmissivity of (15) will be evaluated differently for different

types of interporosity flow. For fracture-matrix Darcy flow, v, is given by (Wu et al.,

2006b).

A,k
Vem =" (30)

IFM

where A, is the total interfacial area between fractures (F) and the matrix (M) elements;
km is the absolute matrix permeability; and |;,, is the characteristic distance for flow

crossing fracture-matrix interfaces. For fracture-vug flow, y; is defined as

Yev = (€29)

where A, is the total interfacial area between the fracture and vugs (V) elements; |, is

a characteristic distance for flow between fractures and vugs; and ky is the absolute
vuggy permeability, which should be the permeability of small fractures that control flow
between vugs and fractures. Note that for the domain in which vugs are isolated from
fractures, no fracture-vug flow terms need to be calculated, because they are indirectly

connected through the matrix.

For vug-matrix flow, y; is evaluated as:
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DAY S — (32)

where Ay, is the total interfacial area between the vug and matrix elements; and |, is

a characteristic distance for flow crossing vug-matrix interfaces. Similarly, the
transmissivity between vugs, when they are connected through narrow fractures or tube

can be defined.

Note that Table 4-1 summarizes several simple models for estimating
characteristic distances in calculating interporosity flow within fractures, vugs, and the
matrix. In such cases, we have regular one-, two-, or three-dimensional large fracture
networks, each with uniformly distributed small fractures connecting vugs or isolating
vugs from fractures, based on the quasi-steady-state flow assumption of Warren and Root

(1963).

In practical application of the proposed modeling approach, the MINC concept
(Pruess, 1983; Pruess and Narasimhan, 1985) is extended to modeling flow through
fractured-vuggy rock. Using this approach, we start with a primary or single-continuum
medium mesh that uses bulk volume of formation and layering data. Then, geometric
information for the corresponding fractures and vugs within each formation subdomain of
fault zones and their surrounding rock is used to generate integrated finite-difference
meshes from the primary grid. Fractures are lumped together into the fracture continuum,
while vugs with or without small fractures are lumped together into the vuggy continuum.
The rest is treated as the matrix continuum. Connection distances and interface areas are
then calculated accordingly (e.g., using the relations discussed above and the geometric
data of fractures and vugs). Once a proper mesh for a multiple-continuum system is
generated, fracture, vuggy, and matrix blocks are specified, separately, to represent

fracture or matrix continua.
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Table 4-1. Characteristic distances* for evaluating flow terms between fractures, vugs,
and matrix systems

Fracture Dimensions| Characteristic Characteristic | Characteristic Characteristic
Sets of Matrix F-M Distances | F-V Distances | V-M Distances ' | V-M Distances >
Blocks (m) (m) (m) (m) (m)
1-D A Iy =A/6 by =1, loy =a/6 |l =(A=d,)/2
I, =AB [ +1 lyw =ab A+B-2d
2-D A,B o ly=2or | ™ by =
/4(A+B) 2 /4(a+Db) 4
3D A’ B, C IFM =3ABC/10 . _|X+|y+|£ IVM =3abc/10 Ff:A+B+C_3dC
/(AB+BC+CA) 3 /(ab + bc + ca) 6

* Note in Table 4-1, A, B, and C are dimensions of matrix blocks along x, y, and z directions, respectively.

! Characteristic V-M distances are estimated for the case that vuggy-matrix connections are dominated by small
fractures, where dimensions a, b, and ¢ are fracture-spacings of small fractures along x, y, and z directions, respectively.

2 Characteristic V-M distances are used for the case that vugs are isolated from fractures.

In addition to discretization techniques discussed above, the following assumption may be also used: there is
equilibrium within vugs, i, e., no flow calculations are needed within vugs.

4.5 Numerical Solution Scheme

A number of numerical solution techniques have been developed in the literature
over the past few decades to solve the nonlinear, discrete equations of reservoir
simulations. When handling coupled flow, transport, and heat transfer in a subsurface
system, the predominant approach is to use a fully implicit scheme. This scheme is best
because of the extremely high nonlinearity inherent in those discrete equations, and the
many numerical schemes with different levels of explicitness that fail to converge in
practice. In this section, we discuss a general procedure to solve the discrete nonlinear

Equation (12) fully implicitly, using a Newton iteration method.

Let us write the discrete nonlinear Equation (12) in a residual form as:

n n n n V n n
R:(’ “_ {Mi( + +Gf’ + —M:(’ }A_i[_zﬂowg, + _Qk, 10

i

(33)

Jen;

k=1,2,3,..,Nc+1; 1=1,2,3,...,N).

Equation (33) defines a set of (N.+1) x N coupled nonlinear equations that need

to be solved for every balance equation of mass components and heat, respectively. In
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general, (N+1) primary variables per node are needed to use the Newton iteration for the
associated (N.+1) equations per node. The primary variables are usually selected among
fluid pressures, mass (mole) fractions of components in fluids, and temperatures. The rest
of the dependent variables—such as viscosity and densities, partitioning coefficients,
specific enthalpies, thermal conductivities, dispersion tensor, and nonselected pressures
and mass (mole) fractions—are treated as secondary variables, which are calculated from

selected primary variables.

In terms of the primary variables, the residual equation, Equation (22), at a node 1
is regarded as a function of the primary variables at not only node i, but also at all its

direct neighboring nodes j. The Newton iteration scheme gives rise to

a k, n+l
ZRIT(Xm’p)(SXm,pH ) = _Rf’nﬂ (X m,p ) (34)

where Xy, is the primary variable m with m =1, 2, 3, ..., N.+1, respectively, at node i and
all its direct neighbors; p is the iteration level; and 1 =1, 2, 3, ..., N. The primary variables
in Equation (34) need to be updated after each iteration:

X X pp +0X

m,p+1 = m,p+1 (35)

. . . . . k,n+l :
The Newton iteration process continues until the residuals R;™" or changes in
the primary variables 6x,, ., over an iteration are reduced below preset convergence

tolerances.
Numerical methods are generally used to construct the Jacobian matrix for
Equation (34), as outlined in Forsyth et al. (1995). At each Newton iteration, Equation

(34) represents a system of (N+1) x N linearized algebraic equations with sparse

matrices, which are solved by a linear equation solver.

4.6  Treatment of Initial and Boundary Conditions

A set of initial conditions is required to start a transient simulation, i.e., a
complete set of primary variables need to be specified for every gridblock or node. A

commonly used procedure for specifying initial conditions is the restart option, in which
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a complete set of initial conditions or primary unknowns is generated in a previous

simulation, with proper boundary conditions described.

When using a block-centered grid, first-type or Dirichlet boundary conditions can
be effectively treated with the “inactive cell” or “big-volume” method, as normally used
in the TOUGH2 code (Pruess et al, 1999). In this method, a constant
pressure/concentration/temperature node is specified with an inactive cell or with a huge

volume, while keeping all the other geometric properties of the mesh unchanged.

With finite-element or edge-centered finite-difference grids, first-type boundary
conditions and Neuman boundary conditions can be treated using a generalized,
sink/source term approach (Wu et al., 1996). Certain flux-type boundary conditions are
easy to handle for a situation in which flux distribution along the boundary is known,
such as in dealing with surface infiltration. However, a description of more general types
of flux or mixed boundaries, such as seepage faces and multilayered wells, is part of the
solution, and general procedures for handling such boundary conditions are discussed in

Wu et al. (1996).

4.7  Simulation Example

In this section, we demonstrate the application of the mathematic model discussed
above. The reservoir simulator used is the modified TOUGH2 code-EOS3 module,
incorporating density-dependent variation in the water pressure or head. In modeling, we
use the modified TOUGH2-EOS3 to simulate nonisothermal flow of single-phase water
with density dependence on mineral compositions, in addition to pressure and
temperature in the two wells, HDB-7 and HDB-8. The two wells are located close to each

other, but are possibly separated by a fault (Figure 4-4).
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Figure 4-4 HDB boreholes at the Horonobe URL site (Yabuuchi et al., 2006)

The basic assumption in the modeling exercise is that the system is in steady-state
condition for water flow, solute transport, and heat flow. In particular, the aqueous
mineral-concentration distribution is assumed at steady state as a function of elevation or
depth only for each well. Therefore, the water density is correlated to mineral
compositions by extrapolating and interpolating the measured mineral compositional data

from the two wells, in addition to its dependence on pressure and temperature.

The two wells are represented using two 1-D column grids of 600 m with uniform
column grid of 5 m grid spacing, starting from zero depth at ground surface, using a
single-continuum, multilayered modeling approach. The geologic units/layers associated
with the two 1-D models are shown in Table 4-2 and Error! Reference source not
found., respectively, for Well HDB-7 and HDB-8. For Well HDB-7, the 1-D model grid
starts from zero depth at ground surface (elevation of 43.752 m) down to 600 m in
depth—the geologic unit (Table 4-2) associated from 0 to 400 m is the Yuuch F, and
from 400 m down, it is the Koetoi unit. For Well HDB-8, the 1-D model covers from the

surface, at elevation of 70.051 m, down to a 600 m depth, with the top layer of 140 m
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belonging to the Koetoi unit and the unit below belonging to the Wakkanai F. (Error!

Reference source not found.).

Table 4-2. Geologic units/layers and measured temperature and pressure data for Well
HDB-7

Geologic Depth Thickness (m) Temperature Pressure

Units/Layers (m) (°C) (KPa)
Yuuchi F. 45.35 97.71 8.55 549.27
Yuuchi F. 143.06 48.74 12.2 1600.14
Yuuchi F. 191.80 15.26 14.11 2099.64
Yuuchi F. 207.06 15.04 14.62 2259.53
Yuuchi F. 222.09 10.76 15.13 24141
Yuuchi F. 232.86 98.02 15.55 2529.13
Yuuchi F. 330.88 25.77 19.53 3522.07
Yuuchi F. 356.64 91.53 20.56 3790.36
/Koetoi F.
Koetoi F. 448.17 75.33 2451 4709.45
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Table 4-3 Geologic units/layers and measured temperature and pressure data for Well

HDB-8
Geolo Depth Thickness (m) Temperature Pressure
gic (m) (°C) (KPa)
Units/Layers
Koetoi F. 65.48 31.74 31.74 680.89
Koetoi F. 97.22 10.75 10.75 996.56
Koetoi F.
/ Wakkanai F. | 107.97 69.01 69.01 1103.02
Wakkanai F. 176.98 29.75 29.75 1784.73
Wakkanai F. 206.73 73.74 73.74 2077.55
Wakkanai F. 280.43 10.72 10.72 2734.68
Wakkanai F. 291.15 100.48 100.48 2938.81
Wakkanai F. 391.64 49.5 49.5 3944.4
Wakkanai F. | 44113 32.33 32.33 4433.35
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Table 4-4 lists the measured total mineral concentrations of the liquid water and depth
data, as well as calculated density factors used in the simulation to modify liquid
densities. The porosity and permeability data for the well models are listed in Table 4-5.
Note that permeability values in Table 4-5 are converted using a constant liquid density

of 1000.1 (kg/m’) and a constant viscosity of 0.0011 (Pa.s).
A series of simulations for the two 1-D models are conducted as follows:

1. Simulations using hydrostatic conditions (i.e., no vertical flow conditions) are
first carried out for determining top and bottom boundary conditions, in terms of
pressures and temperatures, by matching the measured temperature and pressure
data of Table 4-2 and Table 4-3. The results of the steady-state simulations are

then used as base models for flow-scenario analysis.

2. Water is injected from the top or bottom boundaries of the two well models, with
different injection rates. This is to estimate downward flow or upward flow
conditions, while keeping constant temperature data on both top and bottom

boundaries.
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Table 4-4 Measured total mineral concentrations and calculated density factors used for
modifying water density as a function of total concentrations at depth

Well Depth [ Total concentration | Density factor
(m) (ppm)
HDB-7 | 41.61 4,698 1.003
HDB-7 | 131.13 9,928 1.008
HDB-7 | 320.52 29,107 1.027
HDB-7 | 343.42 31,572 1.030
HDB-7 | 398.90 28,850 1.027
HDB-7 | 442.20 31,094 1.029
HDB-7 | 496.25 28,440 1.026
HDB-7 | 506.64 29,230 1.027
HDB-8 | 63.15 3,255 1.001
HDB-8 | 101.87 4,204 1.002
HDB-8 | 283.82 11,469 1.009
HDB-8 | 344.45 12,395 1.010
HDB-8 | 400.79 12,014 1.010
HDB-8 | 449.14 13,066 1.011
HDB-8 | 465.34 15,175 1.013
Table 4-5 Permeability and porosity values for different geologic units/layers
. .| Hydraulic conductivity " 2 ;
Geologic Unit (m/sec) Permeability (m®) | Porosity
Quaternery 1.00E-06 1.10E-13 055
Sediments
Yuuchi F. 5.70E-10 6.27E-17 0.55
Koetoi F. 3.59E-09 3.95E-16 0.55
Wakkanai F. 1.36E-08 1.50E-15 0.45
Masuhoro F. 5.00E-10 5.50E-17 0.4
Cretaceous rock 1.00E-11 1.10E-18 0.4
Fault 1.00E-10 1.10E-17 0.55

In the literature (e.g., Wu et al., 2004; 2007a), geothermal gradients or
temperature profiles are very sensitive to and thus useful in estimating water percolation
fluxes in the subsurface. Here, we use the measured temperature data to estimate both
flow rate and flow directions at the two wells. Figure 4-5 through Figure 4-7 show

comparisons between simulated temperature/pressures and measurements for Well HDB-
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7. Figure 4-5 shows that at Well HDB-7, if we inject water from the bottom, i.e., water
flows up, the simulated temperature data cannot match the measured values. However, if
we inject water from the top, Figure 4-6 indicates the measured temperature could be
fitted well at a flow rate of 3 mm/yr. Figure 4-7 presents pressure profiles simulated with
water injection at the top and indicates that the lower injection rates match measured
pressure better. The difference between simulated and measured results in Figure 4-7
results primarily from the 1-D flow assumption in the model, while under field conditions,
downwards flow will be subjected to multidimensional flow, find least flow resistance

paths, and the top pressure would be lower.

Simulated Temperature Profile at HDB-7 w ith Up Flow
Temperature (°C)
0 40
0

100 -

200 - W Observation
g 300 A No Flow
< B1 mm/yr
g 4001 ——B10 mmiyr

500 - —B50 mm/yr

600 -

700

Figure 4-5 Comparison of simulated and measured temperatures at Well HDB-7 with water

injected at bottom boundary at a rate of 0, 1 mm/yr, 10 mm/yr, and 50 mm/yr.
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Simulated Tem perature Profile at HDB-7 with Dow n Flow

Temperature (°C)
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§. 400 = T10 mm/yr
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500
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700
Figure 4-6 Comparison of simulated and measured temperatures at Well HDB-7 with water

injected at top boundary at a rate of 0, 3 mm/yr, 10 mm/yr, and 50 mm/yr.

Simulated Pressure Profile at HDB-7 with Down
Flow

Pressure (kPa)

0 2000 4000 6000 8000
0
100
200
—e— Observation
E 300 No Flow
fa 400 — T3mmiyr
[a) = T10 mm/yr
500
600
700
Figure 4-7 Comparison of simulated and measured pressures at Well HDB-7 with water

injected at top boundary at a rate of 0, 3 mm/yr, and 10 mm/yr.
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Figure 4-8 through Figure 4-10 show the results for Well HDB-8. For this well,
Figure 4-8 shows that the best estimated flow rate is at about 6 mm/yr, injected from the
bottom boundary. This means upward flow at this location. If injected from the top,
Figure 4-9 shows that simulated results cannot match the measured temperature profiles
at all. Figure 4-10 shows the results and comparisons of pressures for upward flow,

indicating a good agreement for a flow rate of 6 mm/yr.

Simulated Temperature Profile at HDB-8 with Up How
Temperature (°C)
0 10 20 30 40
0
100 -
200
No Flow
— 300 ——— B6 mmlyr
€
g — B10 mm/yr
£
S 400 4 —— B50 mmiyr
(&)
| Observation

500 |

600

700

Figure 4-8 Comparison of simulated and measured temperatures at Well HDB-8 with water

injected at bottom boundary at a rate of 0, 6 mm/yr, 10 mm/yr, and 50 mm/yr.
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Simulated Temperature Profile at HDB-8 with Down Flow

Tem perature (°C)
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Figure 4-9 Comparison of simulated and measured temperatures at Well HDB-8 with water

injected at top boundary at a rate of 0, 10 mm/yr, and 50 mm/yr.

Simulated Pressure Profile at HDB-8 with Up Flow
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Figure 4-10 Comparison of simulated and measured pressures at Well HDB-8 with water
injected at bottom boundary at a rate of 0, 6 mm/yr, 10 mm/yr, and 50 mm/yr.
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Note that the two wells, HDB-7 and HDB-8, are close to each other, with HDB 8
further inland. A comparison between simulation results and the measurements of
temperature and pressures, discussed above, indicates different flow directions, i.e., flow
at HDB-8 is upwards (discharge) and flow at HDB-7 is downwards (recharge). This
indicates that there likely exists a fault separating the two wells, and the fault behaves as

a closed boundary or low-permeability barrier to flow between the two wells.

4.8 Summary

A physically based conceptual and numerical model is presented for simulating
fluid and heat flow and solute transport through fractured fault zones using a multiple-
continuum medium approach. The suggested multiple-continuum concept is a natural
extension of the classic double-porosity model, with the fracture continuum responsible
for conducting global flow, while vuggy (if any) and matrix continua, locally connected
and interacting with globally connecting fractures, provide storage space for fluid and

solute.

The proposed conceptual model can be implemented into a general
multidimensional numerical reservoir simulator TOUGH2 using a control-volume, finite-
difference approach, which can be used to simulate single-phase flow, solute transport,
and heat transfer in 1-D, 2-D, and 3-D fractured reservoirs. Model application is
demonstrated by modeling two well-flow problems at ambient geothermal and water flow
conditions. Data from the Horonobe URL site were analyzed to demonstrate the proposed
approach and to examine the flow direction and magnitude on both sides of a suspected

fault.

4.9 Recommendations for Future Work

We recommend the following future work as a natural extension of the present
study.
1. Develop a general-purpose reservoir simulator for single-phase water flow,
density-dependent solute transport, and heat transfer, based on the TOUGH2 code.
2. Investigate flow characteristics in typical fault zones with fractured vuggy rock.

3. Incorporate the effects of rock deformation on flow calculation.
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4. Perform site-specific characterization modeling studies.
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1. Background and Objectives

In 2006 ANRE (Agency for Natural Resources and Energy) jointly with JAEA (Japan
Atomic Energy Agency) identified outstanding technological issues and needs regarding the
research and development for geologic disposal of HLW subsequent to the publication of the
Second Progress Report by JNC (Japan Nuclear Cycle Development Institute) in 1999. Research
organizations in Japan as well as NUMO have been conducting investigations on these issues and
needs. In the area of ground water hydrology, four R&D needs were identified and are currently
being investigated: Improvement of groundwater flow characterization technology, development
of testing and characterization technology in coastal areas, development of testing equipment and
technology, and field application of testing and characterization technology. NUMO has been
incorporating the results of the outcome of these R&Ds as they become available and deemed
appropriate and is in the process of systematizing the testing and characterization technology to
form a solid technical foundation for selecting the sites for detailed investigation.

Meanwhile, NUMO has recently conducted a collaborative study with DOE/LBNL,
“Optimization of Site Investigation Program” as part of an effort to evaluate testing and
characterization technology from the performance assessment perspective. The study has
identified the hydrologic properties of fault zones as one of the most important parameters that
need to be evaluated during the preliminary investigation stage. Based on the experiences learned
at the Mizunami and Horonobe URLs as well as at numerous mines, dams and tunnels, and given
the geologic environment of the Japanese Islands, faults are likely to exist almost ubiquitously,
which need to be assessed both at the preliminary and the detailed investigation stage (the length
scale of the faults of interest would range from several kilometers in the former down to several
hundred meters in the latter investigation stage). However, none of the four R&D activities
mentioned above sufficiently addresses the development of systematized hydrologic
characterization technology specifically tailored for fault zones. At present, it is necessary to use
perhaps overly conservative values for the hydrologic parameters of fault zones for the design and
performance assessment of a repository. Therefore, development of a more efficient and reliable
fault zone characterization technology is highly desirable.

The geologic properties of faults and the relationship among their geometry, type, fault
parameters and internal structures are being investigated mostly in overseas. Hydrologic
investigation of faults of various sizes are also being conducted at foreign as well as at domestic
characterization sites. However, the relationship between geologic and hydrologic properties of
faults is not yet studied sufficiently.

The objectives of the present study is to organize the information available in overseas to
ultimately establish an efficient and systematized methodology for hydrologic investigation and
characterization of faults at the scale of interest during the preliminary investigation stage for
more practical design and performance assessment. The present study will be conducted as a
collaborative study between NUMO and USDOE/LBNL. It should be possible to apply/transfer
the results of the study obtained at a site in the West Coast of the United States, whose tectonic
environment is just as active as that in Japan, to the Japanese repository program when they will
be needed, which will be also beneficial to the US program.

2. Activities

This is a project of approximately three-year duration from FY2007 through 2009. In
2007 investigations will focus on a literature survey and feasibility study of the methodology. In
2008 and 2009, fieldwork will be conducted to verify the approach and to systematize the
methodology. Below describes the first year activity. Specifics of the second and the third year
activities will be developed in FY2007.
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FY2007

Literature Survey

Conduct literature survey and expert solicitation from overseas and at home, to

investigate past and current hydrologic characterization activities of fault zones at various scales
of interest from the following countries and disciplines.

Countries: USA, Canada, Sweden, Finland, Great Britain, France, Switzerland, Japan,
etc.

Dsciplines: Geologic disposal, mineral exploration, civil engineering, earthquake disaster
prevention, environmental restoration, etc.

A. Type classification

Classify faults with known hydrologic properties by type based on the geologic properties
and summarize the respective hydrologic properties. At the same time, the differences
and similarities between the geologic and hydrologic properties of these faults and those
in Japan will be highlighted.

B. Field investigation and characterization technology

Collect and organize information regarding actual examples of a sequence of field
investigation, modeling and analysis of fault zone hydrology including the technology
used. Contrast the differences and similarities with those in Japan. Identify the
applicability and the limitations of them to be used at the preliminary investigation stage.

Investigation of characterization technology

A. Development of investigation and characterization flow and planning

Examine the most optimum investigation, modeling and analysis methodology for a
given fault type classified in Task-1 at the scale of the preliminary investigation stage.
Conduct modeling analysis of the most advantageous borehole configurations and testing
approach when multiple fault types coexist. Summarize the findings and construct a
systematized flow of testing and characterization procedure. In addition, plan and design
a field investigation to verify the approach including the siting of a filed demonstration
site.

B. Review of results

Conduct critical review of the results obtained in Task1 and deliberate on the verification
plan by soliciting participations of experts from domestic universities and research
organizations.

EY2008~FY?2009

1.

Field Investigation

Conduct field investigations at the site according to the plan laid out in the previous year.
Analyze available information and conduct surface geologic investigation and geophysical
surveys to locate the position of the fault and develop comprehensive understanding of the
surrounding geology. Predict the hydrologic properties of the fault zone, followed by the
planning of detailed borehole investigations. Conduct field tests, modeling and analysis to
develop understanding of the hydrologic properties of the fault.

2. Summary Report
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Evaluate the effectiveness of the testing and characterization approach based on the results
obtained from the field investigations, and summarize the systematized approach. Make
recommendations for testing and characterization methodology to be employed at the detailed
investigation stage. Conduct comprehensive evaluation of the results and discuss issues for
the next phase by soliciting participations of experts in hydrology from domestic universities
and research organizations.

3. Responsibilities

Activities in each task will be conducted by LBNL. Planning and evaluation of results will be
jointly conducted by NUMO and LBNL.

4. Schedule and deliverables.

The three-year schedule is shown in Table 1. A progress report summarizing the results of
FY2007 activities will be submitted to NUMO by the end of February 2008. FY2008 and
FY2009 deliverables will be defined in separate planning documents.

Table 1

FY2007 FY2008 FY2009
Literature Survey —_—*
Efficient testing and Workshop

characterization technology

Geologic and geophysical survey j\/orkshoo Borehqle testing R

Field investigation

Reporting Workslzn
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