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a b s t r a c t

Outcrop mapping and fault-rock characterization of the Stillwater normal fault zone in Dixie Valley,
Nevada are used to document and interpret ancient hydrothermal fluid flow and its possible relationship
to seismic deformation. The fault zone is composed of distinct structural and hydrogeological compo-
nents. Previous work on the fault rocks is extended to the map scale where a distinctive fault core shows
a spectrum of different fault-related breccias. These include predominantly clast-supported breccias with
angular clasts that are cut by zones containing breccias with rounded clasts that are also clast supported.
These are further cut by breccias that are predominantly matrix supported with angular and rounded
clasts. The fault-core breccias are surrounded by a heterogeneously fractured damage zone. Breccias are
bounded between major, silicified slip surfaces, forming large pod-like structures, systematically
oriented with long axes parallel to slip. Matrix-supported breccias have multiply brecciated, angular and
rounded clasts revealing episodic deformation and fluid flow. These breccias have a quartz-rich matrix
with microcrystalline anhedral, equant, and pervasively conformable mosaic texture. The breccia pods
are interpreted to have formed by decompression boiling and rapid precipitation of hydrothermal fluids
whose flow was induced by coseismic, hybrid dilatant-shear deformation and hydraulic connection to
a geothermal reservoir. The addition of hydrothermal silica cement localized in the core at the map scale
causes fault-zone widening, local sealing, and mechanical heterogeneities that impact the evolution of
the fault zone throughout the seismic cycle.

Published by Elsevier Ltd.
1. Introduction

The presence and flow of fluids in the upper crust has a major
impact on the mechanics of faulting (Hubbert and Rubey, 1959; Nur
and Booker, 1972; Sibson, 1977, 1981, 1990, 1996; Power and Tullis,
1989; Bruhn et al., 1990, 1994; Parry and Bruhn, 1990; Scholz, 2002;
Chester et al., 1993; Rice, 1992; Byerlee, 1993; Keller and Loaiciga,
1993; Evans and Chester, 1995; Caine et al., 1996; Miller et al.,
1996; Seront et al., 1998; Tanaka et al., 2001; Wibberley,
2002;Faulkner et al., 2006; Lockner et al., 2009). Fluid flow and
its interactions with heterogeneous permeability structures in
a fault zone can control the magnitude of local principal stresses
(Nemcok et al., 2002). This, in turn, affects local fluid-pressure
gradients, mechanical failure, propagation of pressure transients,
Ltd.
fluid infiltration into and out of a fault zone via fault-valve mech-
anisms (e.g., Sibson, 1992), and fault-zone sealing and healing (e.g.,
Faulkner et al., 2008). Fluid flow in fault zones can control the
location, emplacement, and evolution of economic mineral
deposits and geothermal systems (e.g., Newhouse, 1942; Cox et al.,
2001; Sibson, 2001; Micklethwaite, 2009), and may also impact the
locations and magnitudes of foreshock, earthquake and aftershock
distributions (Miller et al., 2004). Yet fault zones are heterogeneous
geological and hydrological structures that commonly are not well
exposed. Even in well-exposed fault zones direct links between
internal structure, fault rocks, and mineral assemblages that
uniquely indicate a seismogenic origin are uncommon (cf. Sibson,
1986b; Cowan, 1999; Ujiie et al., 2007; Woodcock et al., 2007;
Smith et al., 2008). Thus, the study of exposed, seismogenic fault
zones that may record fluid flow-related processes associated with
earthquakes remains important for understanding the mechanics
of faulting.
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Fault zones are commonly composed of distinct, three-dimen-
sional, mappable components that include a fault core and damage
zone within relatively undeformed protolith (Chester and Logan,
1986; Smith et al., 1990; Forster et al., 1991; Caine et al., 1996).
Most of the strain is accommodated in a fault core indicated by
rocks such as fault-related breccias and clay-rich gouge. Fault zones
can also have multiple core zones interspersed with pods of
heterogeneously deformed host rock (cf. Faulkner et al., 2006). A
damage zone is the mappable network of subsidiary structures that
surrounds a fault core or fault-core zone and is related to the
nucleation, evolution, and growth of the fault zone (Chester and
Logan, 1986; Scholz, 2002; Caine et al., 1996; Knipe et al., 1998).
Damage-zone fracture networks commonly have orientations
mechanically related to the master fault and are of higher intensity
than found in the protolith (e.g., Caine and Forster, 1999). The fault
core and damage zone are surrounded by the protolith where fault-
related structures are generally absent.

The bulk permeability structure and strength of a fault zone are
controlled by preexisting and newly developed structures, the
regional and local stress state, fault-zone geometry, and changes
in lithology resulting from the coupling of mechanical, thermal,
fluid flow, and reactive geochemical processes. For example, the
creation of new hydraulically contrasting lithologies and struc-
tures, such as clay-rich cataclasites and complex fracture
networks, has been documented to result from as well as impact
fluid flow in diverse brittle fault-zone settings (Sibson, 1986a;
Chester and Logan, 1986; Scholz, 2002; Bruhn et al., 1994;
Antonellini and Aydin, 1994; Goddard and Evans, 1995; Caine
et al., 1996; Faulkner et al., 2006). These fault-related physical
attributes in the upper crust create hydraulic and mechanical
heterogeneity and anisotropy that have a significant impact on
rupture and the arrest of failure (Parry et al., 1991; Byerlee, 1993;
Miller et al., 1996; Seront et al., 1998) as well as growth and
widening of a fault zone.

Previous theoretical research in earthquake mechanics has
focused on the role of fluid circulation and hydrothermal alteration
associated with faulting processes (Sibson, 1981; Bruhn et al., 1994;
Parry et al., 1991; Rice, 1992; Byerlee, 1993; Scholz, 2002; Unsworth
et al., 1997). Although there have been studies of exhumed and
well-exposed seismogenic fault zones (e.g., Hancock and Barka,
1987; Ghisetti et al., 2001), details regarding the physical
Bo
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Fig. 1. Location map for the Stillwater Fault Zone in Dixie Valley, Nevada showing the p
pathways along which fluid flow occurs, and the characteristics of
structures and rock types that result from coupled deformation and
fluid flow remain sparsely documented.

This paper describes field observations from the Mirrors locality
of the Stillwater Fault Zone (SFZ) in Dixie Valley, Nevada (Fig. 1).
This is an area of geological interest due to exposures of exhumed
portions of the footwall of this normal fault with a record of historic
earthquakes and surface ruptures associated with the fault. There
are also epithermal gold deposits, and a productive geothermal
reservoir hydraulically connected to the fault zone. Outcrop
mapping, hand-sample and thin-section fault-rock studies are used
to extend previous work and (1) document the internal structure
and geometry of part of the fault zone, (2) infer the paleo-perme-
ability structure, (3) document the textural attributes, composition,
and spatial and temporal distribution of fault rocks, and (4) infer
deformation-related fluid flow processes associatedwith seismicity
and growth of the fault zone.

2. Geologic setting and previous work

The SFZ is historically active and capable of generating magni-
tude (M) > 6 earthquakes. Ground surface rupture associated with
the 1954 M ¼ 6.8 earthquake was 30e40 km long (Caskey et al.,
1996). The SFZ, also called the Dixie Valley Fault, is the eastern
range-bounding fault between the Stillwater Mountains and Dixie
Valley graben (Fig. 1). Fault segments that range from several
kilometers to a few tens of kilometers in length form the SFZ. The
SFZ is one segment in a 300 km long belt of normal and normal-
oblique slip faults (Wallace and Whitney, 1984; Caskey et al., 1996).
The Stillwater Range is composed of Mesozoic metasedimentary,
plutonic, and volcanic rocks. Igneous rocks include the Jurassic
gabbroic Humboldt igneous complex, Cretaceous granites, a multi-
phase Oligocene graniteegranodioriteequartz monzonite complex,
and various extrusive rocks of Oligocene and Miocene age (Page,
1965; Speed and Armstrong, 1971; Wilden and Speed, 1974;
Speed, 1976).

The SFZ has been seismically active since Oligocene to early
Miocene times (Parry et al., 1991; Bruhn et al., 1994; Caskey et al.,
1996; Seront et al., 1998). The Holocene fault scarps that cut the
basin fill along the eastern base of the Stillwater Range are ground
surface ruptures probably formed duringmajor earthquakes within
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hanging wall.
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the last 12,000 years (Wallace and Whitney, 1984; Caskey et al.,
1996). The eastern slope of the Stillwater Range is the exhumed
footwall of the fault zone. An along-strike differential surface-uplift
history of the Stillwater Range is suggested by rocks exhumed from
aminimum depth of 6 km (Parry et al., 1991) in the southern part of
the range and as little as 2 km at temperatures less than 270 �C in
the central part of the range (Power and Tullis, 1989).

The rocks exposed along the SFZ and at the Mirrors locality in
the central part of the Stillwater Range have undergone varying
degrees of hydrothermal alteration that includes the following
mineral assemblages and paragenetic sequence: biotite þ K-feld-
spar, chlorite þ sphene þ epidote þ magnetite; mixed-layer
chloriteesmectite þ smectite þ goethite; quartz þ illite þ
calcite þ ferroan dolomite þ calcite þ barite; quartz þ kaolinite;
and quartz þ calcite (Parry et al., 1991; Lutz et al., 1997). The
assemblages in this paragenetic sequence were interpreted to
preserve a record of exhumation, with the earlier assemblages also
representing deeper crustal conditions. Power and Tullis (1989)
present a detailed analysis of slip surfaces at the Mirrors and
make estimates of deformation temperatures based on the ther-
modynamic stability of the quartz þ kaolinite mineral assemblage
in distinctive fault-related breccias and the tectonostratigraphic
position of this locality with respect to overlying volcanic rocks.
They observed crystallographic preferred orientation of quartz c-
axes in samples of the slickensided surfaces and their preferred
interpretation of this alignment involves pressure solution and
growth/dissolution rate anisotropy during continuous, low
temperature, low strain-rate deformation. Additionally, Power and
Tullis (1989) interpreted multiple generations of fault-related
brecciation and thus interpreted alternating periods of continuous
deformation during the interseismic phases of the earthquake cycle
followed by discontinuous deformation during coseismic phases of
the earthquake cycle.

Hydrothermal alteration in the Oligocene granitic complex
along the base of the Stillwater Range reflects the interplay of
faulting, fluid circulation, and exhumation associated with the SFZ
(Parry et al., 1991; Lutz et al., 1997). At some localities this alteration
may reflect fault-related fluid interactions with an ancient, and
1353

68

DZ

PL

76

64

PL Protolith Geologic Contact

DZ Damage Zone

FC Fault Core Topographic Contour

Qal Quaternary Alluvium

Strike and Dip of Contact
64

Qal

PL

FC

72
69

FC

Dashed where gradation
Bar and ball on hanging

FFIIIGGG

66AAA

FFIIIGGG...

44

Fig. 2. Simplified geologic map of the Stillwater Fault Zone at the Mirrors Locality. Note that
fault-core contact is abrupt (solid line). The approximate locations of Figs. 4 and 6A are sh
presently producing, geothermal reservoir as well as a number of
surficial expressions of the geothermal system such as hot springs,
sinter mounds, and fumaroles (e.g., Lutz et al., 2002). Barton et al.
(1997) and Hickman et al. (1997, 1998, 2000) studied borehole log
and in situ stress data near the Oxbow geothermal plant, several
kilometers northeast of the Mirrors locality (Fig. 1). They found that
the hydraulically conductive fractures in the geothermal reservoir
were also critically stressed for shear failure in the regional stress
field. Finally, structurally favorable sites and fault-related fracture
networks also create loci for hydrothermal fluid flow that produced
economic epithermal gold deposits (e.g., Vikre, 1994).

3. The Mirrors map area exposure, overview, and methods

Each fault-zone component is well exposed in the bedrock at the
Mirrors locality (Figs. 2e4). This footwall remnant of the SFZ
extends approximately 250 m vertically upward from the base of
the Stillwater Range. Although the hanging wall is composed of
Quaternary basin fill in depositional contact with the crystalline
footwall and no recent ground surface rupturing fault scarps were
observed directly against it, we have mapped this as a fault contact
to portray the crystalline fault rocks in juxtaposition with the fill
(Figs. 2 and 3). It is likely that recent fault scarps exist in the fill but
mapping these was beyond the scope of our work. There are no
exposures of the crystalline hanging wall at the Mirrors. The
exposed fault core is complex but ranges in thickness from w1 to
5 m. However, partial erosion of the core makes it difficult to
estimate the in situ thickness or geometry of the entire fault core.
Although previously mapped as hornblende gabbros and anor-
thosites of the Jurassic Humboldt igneous complex (Speed, 1976),
the protolith at the Mirrors locality is a fine to medium-grained
granodiorite with chloritization of biotite and hornblende in the
protolith and variable chloritic to argillic to silicic alteration in the
damage zone.

Semiquantitative X-ray diffraction (XRD) patterns were
obtained from representative, whole-rock samples of each fault
zone component (Table 1). The samples were X-rayed with a quartz
standard and Cu-Ka radiation from 5� to 90� two-theta. Spectra
DZ

68

FC

DZ

70

N

~ Contour Interval 37 meters

0 ~ Scale (meters) 305

Qal

PL

60

12
07

The Stillwater

Fault Zone

al.
wall.

...

the protolith/damage-zone contact is gradational (dashed line) and the damage-zone/
own for reference.



Protolith

Qal

0 ~ Scale (meters) 305

Qal

Damage Zone (DZ)

Protolith

Clast

Supported

Breccias

Pods of Matrix

Supported

Breccias

Core

DZ

I .

~N

Fig. 3. Schematic block diagram showing breccia pods, clast and matrix-supported
breccias in the fault core. Note the abrupt contact between the fault core and damage
zone and the gradational contact between the damage zone and the protolith. The
approximate location of Fig. 6A is shown for reference. Qal ¼ Quaternary alluvium.

J.S. Caine et al. / Journal of Structural Geology 32 (2010) 1576e1589 1579
weremanuallymatched to library peak intensity data for individual
mineral determination and the estimated error for each reported
mineral is �10 weight percent.

The contacts between, and physical properties of, the fault core,
damage zone, and protolith were mapped using standard tape and
compass techniques using a 1:24,000 topographic base map blown
up to a scale of approximately 1:6,000 (Figs. 2 and 3). Detailed
fracture and vein data (e.g., orientation, intensity, and failure mode
interpretation, i.e., shear or extension fracture) were also collected
and used to help define each architectural component. Fracture
data were collected using standard scanline and grid counting
methods (e.g., Priest, 1993) in three perpendicular directions
related to strike, dip, and slip direction of the fault zone (e.g., Seront
et al., 1998; Caine and Forster, 1999) at a variety of representative
outcrops. Data were integrated across a number of scales of
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Fig. 4. Photograph of the footwall, fault-zone components and contacts. Diagonally
from left to right in the photograph are Quaternary alluvium, the brecciated and
silicified fault core, the highly fractured damage zone, and the gradational contact
between the damage zone and the relatively less fractured protolith.
observation with centimeter-scale petrographic analyses, meter-
scale outcrop mapping, and at tens to hundreds of meters-scales
using low-elevation aerial photographs.

4. Fault zone structure and fault rocks

4.1. Fault zone orientation, component contact relationships,
and mineralogy

The SFZ strikes northeast to east-northeast and dips from 32� to
70� southeast (Figs. 1e5). The broad range in orientation of major
slip surfaces shown in Fig. 5 reflects significant map to outcrop-
scale variation in the topography of multiple slip surfaces (cf. Power
and Tullis, 1989; Sagy et al., 2007). Slickenlines indicate that the
fault is dominantly normal dipeslip with minor components of left
and right lateral strikeeslip (Fig. 5).

Figs. 2 and 3 show that the fault core and damage zone are
tabular to curvitabular bodies. The contact between the fault core
and damage zone is marked by an abrupt transition between the
cataclastic rocks and distinct breccia bodies of the core and highly
fractured and veined granodiorite of the damage zone (Figs. 2e4).
Portions of this contact are marked by a single curviplanar, pol-
ished and striated slip surface, whereas at other locations the
fault rocks at the contact are breccias. Some polished slip surfaces
are on the order of 100 m2, exposed over a strike distance of
about 100 m (Fig. 6A). Additionally, distinct and overlapping slip
surface sheets of polished and striated quartz within the core
show different lineation directions. In some locations several,
anastomosing primary slip surfaces exist at the contact and it is
unclear if only one or all of these were active during deformation.
The fault-core and damage-zone contact is both a structural and
a lithologic contact, as the fault-core rocks are highly silicified
and the damage-zone rocks generally are not. In contrast to the
distinct fault-core/damage-zone contact, the contact between the
damage zone and protolith is gradational and marked by
decreasing fracture intensity, silicification, and argillic alteration
(Figs. 2e4).

Whole-rock XRD analysis of representative samples from each
fault-zone component shows spatially systematic changes in
composition from the fault core to the protolith at the map to
outcrop scale. Quartz is the dominant mineral in the fault core
whereas plagioclase feldspar is dominant in the damage zone and
protolith (Table 1). Kaolinite, carbonates, barite, hematite, chlorite,
biotite, and titanium oxides are also present in the fault core and
damage zone. The damage zone shows mineralogical evidence of
argillic alteration compared with the protolith.

4.2. Protolith and damage-zone fracture networks

Several macroscopic fracture types were interpreted from the
orientations and morphology of distinctive fracture sets relative to
the average orientation of the master fault zone, assuming an
Andersonian stress regime typical for normal dipeslip faults (Fig. 5;
cf. Caine and Forster, 1999). Fractures that strike subparallel to the
fault zone but are subvertical and planar are interpreted to be
extension fractures. Curviplanar fractures oriented parallel to the
fault zone that have normal dipeslip slickenlines, and (or) minor
normal offsets and those that strike parallel to the fault zone but
have antithetic dips, are interpreted to be shear fractures. A set of
subhorizontal fractures are termed step fractures as they result in
‘stepped’ shaped outcrops. They are generally rough but planar to
curviplanar, and are oriented at high angles to the average orien-
tation of the master fault zone. Step fractures have an uncertain
origin but may be similar to linking fractures and small faults found
in compound fault zones of the Sierra Nevada of central California



Table 1
Mirrors locality X-ray diffraction data averaged for each fault zone component. Major rock forming mineral concentrations reported in weight percent, �10 percent error.
Feldspars are predominantly plagioclase and accessory minerals include chlorite, biotite, and hornblende.

Sample type (n ¼ number of samples) Quartz Plagioclase þ K-feldspar Kaolinite Carbonate FE and TI oxides Amorphous or accessory

Fault-core rocks
Pink slip surface/rounded clast breccia (n ¼ 1) 88 0 3 1 0 8
Clast-supported breccias (n ¼ 3) 63 0 25 4 5 3
Matrix-supported breccia whole rock (n ¼ 3) 79 0 10 3 3 5
Matrix supported breccia matrix only (n ¼ 1) 74 0 22 2 0 2

Damage zone (n ¼ 4) 24 45 9 15 5 2
Protolith (n ¼ 6) 10 71 6 2 3 6
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(Martel, 1990). Mixed-mode fracturing is suggested locally by the
presence of horsetail-like or feather-like splay fractures (Fig. 6, cf.
Micklethwaite, 2009). There are three sets of fractures that appear
to have no systematic orientation with the master fault zone but
cross all but the shear fracture sets and thus are termed cross
fractures (Fig. 5). They are typically steeply to moderately dipping,
are often smooth walled, and planar. Interestingly, the critically
stressed and hydraulically conductive fractures associated with the
geothermal reservoir observed by Barton et al. (1997) and Hickman
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Fig. 6. A) Exposure of the main ‘Mirrors’ slip surfaces (SS) and large breccias pods (BP)
outlined in dashed yellow. Approximate contacts between Quaternary alluvium (Qal),
fault core (FC), damage zone (DZ), and protolith (PL) are shown with black lines. The
large corrugated pod is composed of all breccia types, bounded by polished and stri-
ated curviplanar slip surfaces, and is elongated parallel to the average slip vector
indicated by the red arrows. B) Outcrop photograph of a small (compass for scale)
breccia pod with matrix-supported breccias. The long axis of the pod is subparallel to
the average orientation of the master fault zone shown by the red arrow. A possible
feeder vein (FV) connected to a network of very long and wide veins can be seen at the
bottom central portion of the pod. C) Breccia pod veins with jigsaw puzzle breccia.
Note the en échelon clasts and closing taper of the veins away from a larger breccia
pod to the right of the photograph. Each photograph is a northward to northwest-
erward-looking view along the strike of the Stillwater Fault Zone.
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cut by fault-related shear fractures, the cross fractures may have
formed prior to faulting. Additionally, some cross fractures are filled
with a distinctive beige quartz þ kaolinite mineral assemblage that
emanates from the fault core, through the damage zone and into
the protolith suggesting they were possibly hydraulically
conductive during faulting. Extension, shear, and step fractures do
not generally occur in the protolith, suggesting that they are
mechanically related to faulting as their presence is largely
restricted to the damage zone (Fig. 5).

The damage zone consists of intensely fractured and veined
granodiorite (Figs. 2e7). Themedian fracture intensity inclusive of all
fracture types observed from 16 localities in the damage zone is 50
fractures per meter with a minimum of 32 and maximum of 99 per
meter. Althoughno suitable outcropswere foundwheremacroscopic
fracture intensity changes could be continuously measured from the
damage zone into the protolith, the change did not appear to be
systematic from one location to another where partial observation
could be made. Alteration and microfracture intensity also increase
toward the fault core and silicification in thedamage zone is generally
restricted to veins (Fig. 7; Table 1). Damage-zone veins at all sites are
filled with the same quartz þ kaolinite mineral assemblage found in
the fault core and many commonly have angular fragments of wall
rock suspended in the matrix (Fig. 7). The veins range in width,
perpendicular to their walls, from a few millimeters up to about
10 cm and have trace lengths of just under ameter up to nearly 10m.
They occur at intensities of approximately 1 vein per meter to
stockworks with many tens of veins per meter. Veins are planar to
curviplanar but when they occur as stockworks they can have quite
irregular and jagged shapes.

4.3. Fault rocks

A representative sample from the fault core is described from
hand-sample to thin-section scales (Figs. 8 and 9). This sample
contains a major silicified slip surface similar to those found
bounding some of the breccia pods as well as the range of different
types of fault-related breccias with important cross-cutting rela-
tionships representative of theMirrors locality. Sections cut parallel
and perpendicular to slip were cut to document variations in
textures, microstructures, and fault-rock compositions.

The fault core at the Mirrors locality comprises several struc-
turally and texturally distinct fault-rock types described using
elements of classifications by Sibson (1977, 1986a), Sillitoe (1985),
Jébrak (1997), and Mort and Woodcock (2008) including: breccias
with rounded clasts; clast-supported breccias with highly angular
and interlocking clasts; matrix-supported breccias with angular
clasts that could be pieced back together if the matrix was
removed; breccias with open spaces between the clasts; and fault
gouge described in detail below.

4.3.1. Breccias with rounded clasts
Breccias with rounded clasts are predominantly matrix sup-

ported but are also locally clast supported. They are poorly sorted
with respect to size, composed of well-rounded clasts and sub-
angular clasts, and are typically associated with cross-cutting slip
surfaces. These textures are observed in the fault rocks at both the
hand-sample and thin-section scales (Figs. 8 and 9). The uppermost
millimeter of the hand sample shown in Fig. 8 is a polished and
striated, silicified slip surface representative of those described
above. In the first centimeter of the sample, from the slip surface
toward the base of the polished face (Figs. 8 and 9), the sample
exhibits an ultra-fine-grained, highly indurated, whiteepink
colored breccia matrix. Most of the clasts in this matrix show
distinct clasts within clasts textures. This part of the sample is
nearly identical to samples studied by Power and Tullis (1989).

In thin section, quartz is the primary mineral with minor
amounts of kaolinite within about a centimeter of the slip surface
(Fig. 9A and D). In Fig. 9D the section is oriented perpendicular to
the strike of the fault and parallel to the slip direction. The silicified
hanging wall material shows crystallographic preferred orientation



Fig. 8. A) Photograph of a polished hand-sample from the fault core. The top of the
sample is a slip surface and the polished face is parallel to the slip direction. The three
major breccia types are exhibited. Note that the breccia with rounded clasts grades into
the clast-supported breccia. In contrast, the contact between the clast-supported
breccia and the matrix-supported breccia is relatively abrupt indicating the cross-
cutting of the former by the latter. B) Example of breccia with vuggy open space. Each
iron oxide stained clast is coated with a rind of carbonate with euhedral crystals. Note
the 10� hand lens for scale.

Fig. 7. Photomicrographs of representative rock samples from the protolith and
damage zone. A) Polarized light image of protolith granodiorite. Equigranular
quartz þ plagioclase þ potassium feldspar þ biotite, which is altered to chlorite. Note
the absence of microfracturing. B) Polarized light image of damage-zone micro-
fractures in granodiorite w10 m from the fault core. C) Polarized light image of
damage-zone granodiorite w5 m from the fault core shows extensive microfracturing,
horsetail fractures, and silicified veins with cataclastic particles.
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(CPO) of quartz, indicated by linear domains of common extinction
in synthetic and antithetic microfaults as described in detail by
Power and Tullis (1989) and is typical of breccia pod bounding slip
surfaces. Scanning electron microscopy shows quartz occurs as
microcrystalline prisms on the order of 10 mm long with approxi-
mate alignment with the synthetic microfaults (Fig. 9E). Quartz
with CPO also occurs as micron-scale coatings surrounding many of
the clasts, with common extinction at average angles of about
60e120� from the slip surface (Fig. 9A). There are also numerous,
discrete rounded clasts and areas of matrix with internal domains
of CPO of quartz that do not make regular angles with the slip
surface consistent with observations by Power and Tullis (1989).
Many of the silicified clasts have varying degrees of optical contrast
with the matrix suggestive of varying degrees of silicification and



Fig. 9. Polarized light and scanning electron microscope (SEM) micrographs of the three breccias found in Fig. 8. A) Silicified breccia with rounded clasts that formed directly under
a polished and striated slip surface shown by a white arrow. Note the rounded and angular clasts, completely silicified relict clasts (RRC), partially clast-supported texture, and
crystallographic preferred orientation (CPO) of quartz. B) Moderately silicified predominantly clast-supported breccia showing subangular clasts and poor sorting. C) Highly silicified
matrix-supported breccia characterized by angular and rounded clasts sitting in an undeformed microcrystalline, quartz-rich matrix. D) Oriented section of the sharp juxtaposition
of two different breccias with rounded clasts (BRC) separated by a polished and striated silicified slip surface (the section separated along the thick dark irregular line with the white
arrow in it). E) SEM, secondary electron image of the predominantly quartz (Q) matrix with minor kaolinite (K) from the hanging wall of the sample shown in D (mineralogy
determined by energy dispersive spectroscopy). The image is roughly oriented as image D. F) Cathodoluminescence image of a clast within the microcrystalline quartz matrix (black
background). The triangular clast is interpreted as deformed quartz and the background quartz is interpreted as undeformed quartz. Note that the clast is laced with several
generations of healed microfractures (black and gray stringers of quartz).
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clay mineral content that result in translucent gray to brown,
layered to clotted, felt-like masses. Little to no carbonate is
observed in these breccias which grades into clast-supported
breccias as the polished face of the representative hand sample is
traversed further down, where the carbonate content increases
(Fig. 8). In other samples and exposures the breccias with rounded
clasts abruptly cut clast-supported breccias or are themselves cut
by discrete slip surfaces (e.g., Fig. 9D).

4.3.2. Clast-supported breccias
In outcrop and hand samples the most common fault-related

breccias are the predominantly clast-supported breccias with local
matrix-supported textures. These breccias have an average matrix-
to-clast ratio of w30:70. The clasts are poorly sorted, angular to
subangular, show interclast veining, and are predominantly
composed of silicified granodiorite protolith (Figs. 8 and 9B). These
breccias show little evidence for cataclastic transport of rock, such
as relative movement or rounding of clasts. This rock type is the
‘background’ fault rock that is cut by slip surfaces, breccias with
rounded clasts, matrix-supported breccias, and breccias with open
space. In some samples, clasts of brecciated protolith in the clast-
supported breccias are recognized in thin section and appear
brecciatedmultiple times. These types of textures are the exception
and are found where the breccias are locally more matrix sup-
ported. Some clasts are locally incorporated into a fine-grained,
quartz-rich breccia but nonewere observedwith domains of quartz
CPO. The clasts and silicic matrix are both cut by carbonate veins,
which are also cut by fine-grained quartz þ kaolinite veins. The
latter assemblage is cut again by a set of young calcite veins. The
veins commonly include clasts of the protolith, preexisting vein
materials, breccias, and other fault-related rocks that show
multiple brecciation events.

4.3.3. Matrix-supported breccias
Matrix-supported breccias are found in distinctive pod-like

bodies and in veins that emanate from and (or) connect to other
breccia bodies. These breccias are also characterized by angular
breccia clasts of local wall rock that could be pieced back together
if the matrix that separates them was removed. Yet, locally they
have subrounded clasts of the other breccia types discussed
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above, some with exotic compositions from the wall rock. In
either case the clasts are generally widely separated from one
another (Figs. 6, 8 and 9C). Breccias with angular clasts that can be
pieced back together have been previously referred as “jigsaw
puzzle” breccias and implosion or explosion breccias (cf. Sibson,
1986a; Jébrak, 1997; Power and Tullis, 1989; Mort and
Woodcock, 2008). At the Mirrors, these breccias are matrix sup-
ported and the matrix has a distinctive beige color. They are
poorly sorted, highly silicified, lack veins or fractures, and exhibit
no open, macroscopic pore space. The breccia pods in which the
matrix-supported breccias occur abruptly and irregularly cut the
other breccia types (Fig. 8).

The clasts in the matrix-supported breccias range from 1 mm to
3 cm in size, contain multiple clasts of varying composition with
cross cutting internal brecciation but are compositionally distinct
from the beige matrix (Fig. 8). Clast size distribution is variable but
most clasts are orders of magnitude larger than the matrix (Figs. 8
and 9C). Clasts generally contain deformed angular quartz grains
visible in thin section. Cathodoluminescence analysis of thematrix-
supported breccia samples shows extensive fracturing andmultiple
vein-filling events isolated within the clasts with no such defor-
mation or veining in the matrix (Fig. 9F). Clast lithologies include
adjacent wall rock breccias in the jigsaw puzzle breccias. Other clast
lithologies include protolith granodiorite, porphyritic volcanic
rocks, iron-stained and zoned dolomite vein crystals, relicts of
highly silicified breccia clasts in contact with their matrix material,
polished and striated fault surface materials, and possible meta-
sedimentary rock fragments. Calcite occurs as intraclast vein fillings
in association with ferroan dolomite and as a late-stage precipitate
that fills some isolated void spaces, small stringer-like veins, and as
dismembered vein fragments.

The clasts are encased in a distinctive ultra-fine-grained
(w0.1e10 mm), beige colored, microcrystalline quartz-rich matrix
with minor amounts of intergrown kaolinite, trace amounts of
carbonate and amorphous material (Table 1). The matrix shows
rather uniformly sized anhedral to subhedral interlocking quartz
crystals with salt and pepper or mosaic-like microtexture (Fig. 9C).
Sub-equant, poorly developed quartz prisms with anhedral quartz
intergrowths are occasionally observed with somewhat reticulate
texture. All quartz grains are completely intergrown and conform
to every surface they are in contact with, showing no evidence for
preferred crystallographic orientation, spherulitic, or feathering
textures. Quartz crystals have uniform to domainal extinction
within individual grains and within masses of grains. The matrix
shows no evidence of brecciation, layering, overgrowths, cross-
cutting veins, or crack-seal textures. Carbonate appears to fill minor
void space as late-stage precipitate.

Maximum syndeformational porosity in the breccia pods was
estimated from representative hand samples of the matrix-sup-
ported breccias. Syndeformation porosity was estimated by digital
imaging of ‘serial’ sections from several slabbed and polished
samples ranging in size from about 20 by 10 cm to about 3 by 5 cm
(e.g., the lower part of Fig. 8). The samples were scanned and a gray-
scale histogram was captured for each image where the dark
histogram signal was assumed to represent the clasts and the light
histogram signal assumed to represent the matrix. The measure-
ments also assume that the matrix of these breccias represent the
pore space formed during a single deformation event, consistent
with it cross-cutting other main breccias types. This is also
reasonable because the matrix itself is compositionally homoge-
nous, unlike the clasts, and shows no evidence for subsequent
deformation. The average, maximum syndeformation porosity
from this analysis is 54 percent and the analysis confirms the
largely matrix-supported texture using this pseudo three-dimen-
sional approach.
4.3.4. Breccias with open space
At several locations in exposures of the fault core there are

breccias that exhibit significant open space and vugs (Fig. 8B).
These breccias include generally angular, iron oxide stained clasts
of other breccia types and are clast-supported fault rocks. The
volume of the interclast open space is on the order of microns to
several tens of cubic centimeters. Many of the spaces are coated
with banded and multilayered carbonate rinds that consist of
euhedral calcite crystals that conformably overlay previous layers
and the clasts. There also are euhedral carbonate veins that cut
through the clasts and in some cases connect to the euhedral rinds.

4.3.5. Fault gouge
The final fault-rock category found at the Mirrors is unconsoli-

dated fault gouge (cf. Sibson, 1977). Only one thin seam, less than
10 cm in thickness, of this material was found. The gouge is fine to
medium grained and contains silicified clasts of the breccia types
described above. The gouge is not clay-rich as is commonly found in
some shallowly formed, brittle faults (cf. Morrow et al., 1984;
Foxford et al., 1998; Heynekamp et al., 1999; Vrolijk and van der
Pluijm, 1999; Aydin and Eyal, 2002). Although the exposure of
gouge cuts the clast-supported breccias its temporal relationships
to the other breccias types were not observed.

4.4. Internal structure of the fault core

A characteristic feature of the fault core is the occurrence of
matrix-supported breccias and other fault rocks that form pod-like
bodies (Figs. 3 and 6). The pods are generally lenticular with their
long axes subparallel to the average orientation of the slip vector for
the master fault zone. The short axes of the breccia pods are typi-
cally orthogonal to slip in the plane of the fault. Large slip surfaces
have elongated scoop-like depressions and associated ridges
parallel to the slip direction. The walls of the breccia pods that are
not bounded by slip surfaces are irregular and where exposed, they
are enveloped in fractured protolith. One pod-shaped structure
shows an along-strike dimension of several meters, a down-dip
dimension ofw35m, and a thickness of less thanw5m (Fig. 6). The
bulk of the pod is predominantly composed of silicified clast-sup-
ported breccias with interior meter-scale pods of the beige matrix-
supported breccias. This podwas one of the largest in outcrop; pods
on the order of w2 m or less in length are more typical.

The dimensions of exposed curviplanar or corrugated slip
surfaces that bound breccia bodies were characterized using
wavelength and amplitude measurements made with a tape
measure in the plane of the fault orthogonal to the slip direction.
The dimensions range from a maximum of approximately 35 m in
length to 3 m in amplitude at the map scale and 4 m in length to
0.5 m in amplitude at the outcrop scale. There is insufficient
exposure to make full measurements of anisotropy parallel to slip
at the map scale; however, at the outcrop scale on average the pods
vary in length from roughly 2 m to 15 m, with length to amplitude
ratios between 7:1 and 20:1. There is a difference in the wavelength
to amplitude ratio of breccia body corrugations in a direction
perpendicular to slip versus parallel to slip. At the outcrop scale,
corrugations parallel to slip may be up to three times as long as
those perpendicular to slip. In spite of the crude nature of these
estimates, they are consistent with other more sophisticated
measurements of fault surface roughness for the Mirrors and other
localities over a number of scales (cf. Lee and Bruhn, 1996; Sagy
et al., 2007).

En échelon, highly angular beige matrix-supported breccia
clasts in veinlets that extend from the breccia pods, indicate wall
rock fracture, shear, and subsequent fluid flow within the breccia
pod interiors prior to mineral precipitation and sealing (Fig. 6).
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Breccia-filled veins at the margins of the pods taper away from the
pods and terminate. Some of these veins, similar to that seen in
Fig. 6, are connected to an extensive network of veins that are
irregularly shaped, show variable thickness, and extend into the
damage zone.

5. Discussion

The SFZ at the Mirrors locality comprises a complex set of
structures and rock types that include multiple slip surfaces,
distinct fault rocks and breccia bodies, fault and non-fault-related
fracture networks. We infer that several processes acted together
during the formation of the fault zone and that some of the rocks
may record coseismic deformation and associated fluid flow. In the
following discussion we present key observations and a conceptual
model that links deformation and fluid flow to architecture,
permeability structure, and fault-zone growth.

5.1. Origin of the breccias and breccia pods

The key observations and interpretations that bear on the origin
of the different breccia types and breccia pods as recording
coseismic processes, and the growth of the SFZ include the
following. The breccia pods are discontinuous, elongate, and
tapered bodies aligned subparallel to the slip direction of the
master fault zone. These pods are primarily composed of clast-
supported breccias with local matrix-supported breccias. Silicified
slip surfaces and associated breccias with rounded clasts cut the
clast-supported breccias but are also locally brecciated. The matrix-
supported breccias are emplaced into the surrounding clast-sup-
ported breccias, slip surfaces, and breccias with rounded clasts
within the pods. Pod morphology, spatial restriction to the fault
core, kinematic compatibility with normal faulting, and large esti-
mated syndeformational porosity of the matrix-supported breccias
suggest that there was a component of dilatational strain during
deformation and pod formation. Slip surfaces and some matrix-
supported breccias with en échelon clasts also record a component
of shear deformation.

The topography of many of the large slip surfaces that bound the
pods includes elongated scoop-like depressions that may have
formed along local extensional fault jogs. These relatively small-
scale depressions may also record local dilatational strain and
permeability enhancement during coseismic deformation (e.g.,
Power and Tullis, 1989). Sibson (1986a) inferred that brecciation
could be caused by pore fluid-pressure differentials between the
wall rock and an incipient, dilatant opening within a fault zone. If
the effective stress acting on a fault zone exceeds the tensile
strength of the wall rock, catastrophic failure can cause ‘implosion’
of the wall rock into openings. Many of the breccia pods, however,
do not occur near slip surfaces and are larger than openings due to
different topography along adjacent slip surfaces. This, and the
fault-slip parallel morphology of the larger breccia pods, suggests
that some pods may have originated by processes other than
dilatational strain in jogs caused by variations in slip-surface
topography. These larger breccia pods may have formed along
mechanically weak sites within the fault core such as preexisting
polished and striated slip surfaces, macroscopic fractures that were
partially mineral-filled, microfractured regions, or zones of
compositional variation.

The clast-within-clast textures found in the breccias provide
a record of multiple faulting or slip events localized in the core. The
matrix-supported jigsaw puzzle breccias have clasts that are
composed of the adjacent wall rock and these are generally angular
suggesting little transport. However, locally in the breccia pods,
where there are widely separated clasts in the same matrix as the
jigsaw puzzle breccias, the clasts are composed of exotic parent
lithologies and are subangular to subrounded indicating significant
transport. The rounded clasts may also indicate mechanical attri-
tion from grain-size reduction given their proximity to slip surfaces.
Clast rounding may also have occurred during hydrothermal fluid
flow and associated abrasional wear of clasts against one another in
saturated, silica-rich rock flour (cf. Sillitoe, 1985; Jébrak, 1997).

The matrix of breccia pods with matrix-supported clasts is
composed of distinctive beige colored, homogenous, fine-grained,
quartz with minor kaolinite and carbonate. The quartz has a mosaic
texture with uniformly sized (w0.1e10 mm) anhedral to subhedral
interlocking crystals that form domains of variable optical extinc-
tion and that completely infill and conform to all available space.
Lovering (1972), Fournier (1985), Saunders (1994), and Dong et al.
(1995) provide evidence that this mosaic texture forms by recrys-
tallization of amorphous silica that precipitated from the boiling of
hydrothermal fluids and associated processes at temperatures
<180 �C. At the temperatures of the modern geothermal reservoir,
a rapid pressure drop could result in such decompressional (iso-
enthalpic) boiling, phase separation, cooling, and rapid precipita-
tion of amorphous silica (Hedenquist and Henley, 1985; Saunders,
1994; Rimstidt, 1997). Such pressure drops could have occurred
in seismically induced dilatant openings localized in the fault zone
(e.g., Sibson, 1986a) and that could have also hydraulically con-
nected the reservoir to the surface. Decompressional boiling is
consistent with the minor kaolinite and carbonate minerals found
in small interstices of the mosaic quartz matrix. These phases are
also found in fault rocks elsewhere along the SFZ (Parry et al., 1991).
Loss of CO2 to the vapor phase during boiling, with attendant
increase in pH, will cause clay and carbonate to precipitate (e.g.,
Fournier, 1985). Such decompression coupled with rapid amor-
phous silica deposition required rapid flow of fluid and vapor up
through, and laterally within, the fault zone. Surficial expression of
this type of fluid movement is evident as sinter mounds and
terraces, hot springs, and fumaroles such as those found at the
ground surface in association with the fault zone (cf. Caine and
Forster, 1999; Lutz et al., 2002).

Breccia-filled veins, with the same quartzekaolinite matrix as
the breccia pods emanate from and taper outward from the pod
margins and terminate. This may indicate that fluid flow and the
pressure gradient were directed outward from the pod interior. The
pods then likely became permeability heterogeneities within the
fault core leading to a heterogeneous spatial distribution of
‘cemented’ or sealed portions of the fault zone. This, in turn, may
have lead to heterogeneities in fault-zone strength as the fault zone
evolved.

Observations of the juxtaposition of polished slip surfaces
against breccias with rounded clasts, cutting across clast-supported
breccias with angular clasts, then cut by matrix-supported breccias
with jigsaw puzzle and rounded clasts, open space breccias, the
irregular character of some of the larger breccia-filled veins, and
a seam of clay-rich gouge indicate that different mechanisms of
failuremay have been operative in the fault zone over time. Some of
these mechanisms may be attributed to a non-static stress field
changing dynamically during deformation or attributed to varia-
tions in fluid pressures within the fault zone at different times (cf.
Caskey and Wesnousky, 1997; Micklethwaite, 2009). Multiple,
anastomosing, layered slip surfaces with curviplanar geometry and
different lineation directions indicate some portion of slip during
any deformation event was distributed along any number of pre-
existing surfaces from previous events. However, no evidence was
found to evaluate the nature of the actual slip distribution on an
event-by-event basis.

If breccia pod formationwas seismogenic, it is unclear if they are
related to hypocentral earthquake nucleation sites or possibly
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record rupturing in more distal and shallower parts of the fault
zone. The breccia pods and associated rocks may be unique
remnants of the deformation products linked to the distribution of
earthquake foreshocks, aftershocks, and microseismicity as
rupturing initiated and ceased, and pore pressure adjusted to
structural changes throughout the fault zone (cf. Nur and Booker,
1972; Byerlee, 1993; Miller et al., 1996, 2004). Episodic deforma-
tion and resulting fault rocks evolved into a hydraulically hetero-
geneous fault zone with local permeability contrasts great enough
to possibly have trapped fluids under varying pressures. Byerlee
(1993) proposed a ‘fluid-pressure compartment’ model for fault
zones associated with earthquakes where fluid sealed under high
pressure in hydraulically isolated compartments partially drains
into adjacent compartments of initially lower fluid pressure during
a deformation event. Although not a direct comparison, Parry and
Bruhn (1990) and Parry et al. (1991) showed evidence for tran-
sient variations in fluid pressure from fluid inclusion data from the
SFZ about 40 km south of the Mirrors locality. The breccia pods are
not likely remnants of Byerlee-like pressure compartments per se,
however, the locations, sizes, shapes, and breaching of the breccia
pods were likely influenced by variations in permeability, pore fluid
pressure, and mechanical heterogeneities; features that may also
help to explain the variable fluid pressures observed by Parry and
Bruhn (1990).

5.2. Heterogeneity and anisotropy within the fault zone

Several types of structural heterogeneities and anisotropies may
act together to impact fluid flow, mechanics, and growth of the SFZ.
Fault-related permeability anisotropy in crystalline rock is
controlled by fracture networks and heterogeneously distributed
fault-rock types, such as the breccia bodies, with varying perme-
abilities (e.g., Seront et al., 1998; Caine and Forster, 1999). The
corrugated topography of the major slip surfaces that bound the
fault core and minor slip surfaces within the fault core may have
had a role in controlling the shapes and limited the growth of
breccia bodies. The elongation of these bodies parallel to the slip
direction should also contribute to permeability heterogeneity.
Anisotropic slip-surface topography may also be an important
cause of changes in local stress fields (Ferrill et al., 1999). The
distribution of slip surface and slip vector orientation data suggests
that most of the oblique slip is related to the accommodation of
deformation along the corrugated slip surfaces consistent with
attendant localized changes in the local stress field (Fig. 5).

Outcrop-scale fracture network heterogeneities, such variations
in total fracture intensity between the damage zone and protolith,
the apparent unsystematic manner in which fracture intensity
changes with distance from the fault core, or internal heterogeneity
of the number of shear fractures and minor slip surfaces in any
given location, suggest that deformation and slip for any given
deformation event were heterogeneously distributed. Thus, fault
properties such as strain, strength, and permeability depend on the
range of scales over which fault-rock and damage-related hetero-
geneities exist. For example, the elongate nature of the bodies of
fault-core breccias, the contrast of fracture network intensity
between the fault core and damage zone, and the variable degree of
silica cementation in the fracture networks are evidence of signif-
icant hydrogeologic and mechanical heterogeneities and anisot-
ropies, implying there is significant heterogeneity of fault-zone
strength and permeability from at least the outcrop scale to the
map scale.

Seront et al. (1998) measured permeability values on repre-
sentative core-plug samples that ranged from as high as 10�8 m2 in
the damage zone to as low as 10�20 m2 in the fault-core matrix.
Given the map-scale to micro-scale change in fracture intensity is
higher in the damage zone than in the fault core and that the core is
the locus of silicification, a heterogeneous combined conduit-
barrier permeability structure is suggested for the fault zone during
interseismic periods (cf. Caine and Forster, 1999). Although specu-
lative, this permeability heterogeneity could also lead to pore-
pressure heterogeneity and consequently strength heterogeneity
throughout the seismic cycle.

Seront et al. (1998) also found no appreciable difference in
mechanical strength of small laboratory samples of each fault-zone
component at the Mirrors. Their experimental results highlight the
importance of scale when considering the relative mechanical
strength within a fault zone composed of discrete components. For
example, uncemented, smooth-walled and discontinuous shear
fractures observed along the fault-core/damage-zone contact, and
within the damage zone, would provide favorably oriented failure
surfaces for later deformation and fluid flow events (e.g., Barton
et al., 1997). The mechanical strength of these macro-scale frac-
tures would depend on frictional properties of the fractures rather
than grain-scale cohesion or microfracture properties that control
strength at the core-plug scale.

5.3. Model for deformation induced fluid flow

We propose the following conceptual model that relates defor-
mation, growth, fault-related fluid flow, and stress cycling to
architecture and permeability structure (Fig. 10). The proposed
model is built on the work of Power and Tullis (1989), Parry and
Bruhn (1990), Parry et al. (1991), Muir-Wood (1994), Seront et al.
(1998), and Sibson (2001) and assumes a constant maximum and
decreasing minimum principal stress in an Andersonian normal
fault regime.

During interseismic periods, fluids were stored in an ancient
equivalent of the modern geothermal reservoir, in primary pore
space, and secondary macroscopic fracture networks in and
surrounding the fault zone (Fig. 10). The hydrothermal silica
cements in the fault core were likely precipitated from fluids that
initially equilibrated with rocks in this reservoir. Aseismic defor-
mation along slip surfaces may have occurred as hypothesized by
Power and Tullis (1989). As differential stress increased, preexist-
ing fractures primarily in the damage zone, could have opened due
to decreasing minimum compressive stress. New fractures may
also have formed which mobilized fluids and possibly dissolved
silica from comminuted by-products formed in preexisting frac-
tures in the surrounding host rock.

During coseismic brittle failure events new hydraulic connec-
tions to the geothermal reservoir were formed as ruptures propa-
gated likely releasing seismic energy. Quartz-supersaturated fluid
and vapor infiltration, flow, boiling and (or) phase separation
occurred in these new, highly permeable pathways (cf. Miller et al.,
2004). This resulted in rapid quartz matrix precipitation and
suspension of clasts forming the matrix-supported breccias in
hybrid dilatant and shear related openings localized in the fault
core. The effective minimum compressive stress also increased,
closing optimally oriented damage-zone fractures further mobi-
lizing fluids into the fault core with accompanying shear along both
preexisting and newly formed discrete fractures and fracture
networks (cf. Muir-Wood and King, 1993; Seront et al., 1998;
Fig. 10). Comminution and the development of breccias with
rounded clasts were localized along constrictions between discrete
slip surfaces. Adjacent to slip surfaces and in the wall rock, in situ
distributed failure, possibly crushing, resulted in predominantly
clast-supported breccias. Some of the clast-supported breccias with
localized areas of matrix-supported textures may be older equiva-
lents of breccias similar to the beige matrix-supported breccias.
This process appears to have been repeated numerous times and
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may have resulted in an increase in width of the fault zone as well
as heterogeneous sealing of the fault core. Dilatancy hardeningmay
also have resulted in associationwith fluid-pressure drops (cf. Parry
et al., 1991).

Alternatively, the formation of the matrix-supported breccias
in discrete pods and some of the clast-supported breccias may
have formed by the fault-valve mechanism (Sibson, 1990) where
failure was driven by pore fluid pressure rather than tectonic
stress. The present geothermal reservoir near the Mirrors locality
appears to be in a heterogeneous pressure regime largely at or
near hydrostatic pressure but with areas of enhanced pressure
(Hickman et al., 2000). Whereas, deep wells drilled outside of the
productive geothermal reservoir have artesian pressures (Dick
Benoit, personal communication, 2009). It may have been possible
that there were volumes of the ancient reservoir with localized
areas of overpressure connected to the fault zone or zones within
the fault with anomalous fluid pressures possibly due to perme-
ability heterogeneity as suggested above. In either case, the
various breccia textures do not provide unique evidence for
a tectonic stress versus pore fluid-pressure mechanism for their
origin.

Exhumation of the Mirrors portion of the fault zone brought the
fault zone into progressively different temperature, pressure, and
fluid chemical conditions. The breccias with open space may have
originated from low pH ascending fluids and yet clasts coated with
euhedral carbonate rinds are consistent with downwelling, silica
undersaturated fluids both possible processes during interseismic
periods. Cross-cutting seams of fault gouge like represent yet
another phase of deformation largely lacking significant localized
fluid flow and associated hydraulic connection.
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6. Conclusions

Field mapping along the Stillwater Fault Zone provides
a detailed view of the internal structure of the footwall of a seis-
mogenic normal fault zone. Distinct mechanical and hydraulic
components include a fault core, damage zone, and protolith (cf.
Seront et al., 1998). The different components are distinguished by
distinctive variations in lithology, amount and type of hydro-
thermal alteration, fracture intensity, matrix-scale hydraulic prop-
erties, and structure. The fault core shows evidence for localized
deformation along silicified slip surfaces near large dilatant breccia
pods indicative of distributed deformation (cf. Power and Tullis,
1989). The core is surrounded by damage-zone fracture networks
also indicative of distributed deformation. The juxtaposition of
these distinct deformational styles leads us to characterize the
architecture of the fault zone at the Mirrors locality as a composite
deformation zone (Caine and Forster, 1999) where different fault-
related breccias and other fault rocks are indicative of multiple
deformation events possibly under different stress and (or) fluid-
pressure conditions as the fault zone evolved.

Laboratory-derived permeability values indicate up to approxi-
mately four orders of magnitude difference in permeability
between the fault rock, damage zone, and protolith samples at the
core-plug scale. This and fracture network modeling (Caine and
Forster, 1999) in combination with the mapped fault-zone
components lead us to infer that the bulk permeability structure of
the present day fault zone is a heterogeneous and anisotropic
combined conduit-barrier flow system (e.g., Caine et al., 1996).
During seismic events, much of the fault zone behaves as a complex
and heterogeneous conduit where flow paths are likely controlled
to a large degree by mechanical heterogeneities, and the local
stresses they may induce (e.g., Faulkner et al., 2006). These
heterogeneous features are formed during progressive deformation
and associated sealing events. The source of fluids, fluid tempera-
tures, and component chemical constituents also play a large role in
the distribution of permeability and mechanical heterogeneity
from one seismic cycle to another.

The breccia pods contain remnants of likely coseismic, outcrop
to map-scale openings with components of hybrid dilatant and
shear deformation. Distinctive matrix-supported and jigsaw puzzle
breccias within these pods have microcrystalline, quartz-rich
mosaic textures that may record rapid, hydrothermal fluid flow and
mineral precipitation induced by the coseismic dilatancy and
hydraulic connection to an ancient geothermal reservoir. Alterna-
tively, thematrix-supported breccias and associated podsmay have
formed from fluid overpressures either in connection with the
geothermal reservoir or locally within the core of the fault. In either
case, the various breccia textures do not provide unique evidence
for a tectonic stress versus pore fluid-pressure mechanism for their
origin. Yet, if either hypothesis is correct, these distinctive fault
rocks are formed during high enough strain rates to qualify as being
coseismic, and thus the breccias represent seismogenic rock
textures (cf. Cowan, 1999). Although, the fault rocks at the Mirrors
localitymay be coincidental and unique to the Stillwater Fault Zone,
the textures and associated inferences regarding their formation
may be underappreciated where similar combinations of rocks,
structures, and geothermal fluid reservoirs occur.
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