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A B S T R A C T   

Faults vary in structural style, from simple planes to complex systems composed of fault cores and damage zones. 
Increased fault complexity results from the interaction of mechanical and chemical processes, including fracture 
growth, shear, and linkage, and mineral dissolution and precipitation. Although water-rock interaction is 
traditionally associated with fault rock weakening and shear localization, we investigate processes of fault core 
widening by water-rock interactions that resulted in quartz precipitation. We combine field and petrographic 
observations with prior mechanical characterization to assess the impact of alteration and cementation on fault 
architecture at the Dixie Comstock epithermal gold deposit, Nevada, USA. Mineralized portions of the fault 
contain strong, thick, silicified fault cores and wide, weak damage zones, with evidence for widening of the core 
through entrainment of damage zone material and repeated cycles of embrittlement, dilation, and cementation. 
We present a model of fault zone evolution in which the hydrothermal regimes favoring either alteration- 
weakening or precipitation-strengthening result in distinct fault zone architecture and mechanical and flow 
properties of fault systems. Alteration-weakening favors localization of the fault into thinner, clay-rich, low 
permeability fault cores. Precipitation-strengthening promotes thick, strong, and low permeability fault cores, 
with mineralization-embrittlement enhancing transient permeability following coseismic failure.   

1. Introduction 

Fault-fracture networks vary from single planes to complex core and 
damage zones. The term fault core describes the innermost high-strain 
part of fault zones that is structurally, texturally, mechanically, and 
frequently compositionally distinct from the outer and less deformed 
damage zone which transitions into the undeformed host formation. The 
fault core is commonly composed of variably cohesive fault rock, 
including gouge or cataclasite and breccia, and bound or cut by one or 
multiple slip surfaces (Sibson, 1977; Chester and Logan, 1986; Caine 
et al., 1996; Jefferies et al., 2006; Woodcock and Mort, 2008; McKay 
et al., 2019). Compared to the fault core, fault damage zones contain 
lesser amounts of fragmented, pulverized, or chemically altered rock 
but, compared to the host formation, an increased abundance of 
opening-mode and sheared fractures, veins, or deformation bands 
(Davatzes et al., 2003; Kim et al., 2004; Sutherland et al., 2012; Choi 
et al., 2016; Peacock et al., 2017; Ostermeijer et al., 2020). Caine et al. 
(1996) presented a classification of fault zone hydrology based on 
properties of the fault core and damage zones that included localized 

conduit, distributed conduit, localized barrier, and dual conduit-barrier 
endmembers. Building in part on this classification, the importance of 
relative thickness, geometric distribution, and physical properties of 
fault cores versus damage zones now has well-documented implications 
for the coupled hydrologic and mechanical behavior of faults (Evans 
et al., 1997; Rowland and Sibson, 2004; Cox, 2005; Wibberley et al., 
2008; Eichhubl et al., 2009; Caine et al., 2010; Faulkner et al., 2010; 
Gratier, 2011; Morton et al., 2012; Bense et al., 2013). Thus, charac-
terizing the processes that contribute to diverse fault zone architecture 
in the subsurface may improve our understanding of a variety of geo-
science topics of particular relevance to society, from the geometry of 
fault-controlled mineral and hydrothermal resources, to the quality of 
fault-traps in oil, gas, and CO2 sequestration reservoirs, and the seis-
mogenic behavior of active faults. 

Various mechanisms are employed to explain the development of 
fault zone architecture, with two primary conceptual models empha-
sizing 1) the evolutionary character of fault zones from precursor 
structures and 2) frictional-wear processes during fault slip. Linkage and 
the formation of subsidiary faults at segment boundaries exert a 
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principal control on fault zone thickness in precursor-type models (e.g. 
Childs et al. (1996); Crider and Peacock (2004); Davatzes et al. (2003); 
Myers and Aydin (2004)). In these models, fault formation and mega-
scopic geometry is influenced by inherited and precursor fabrics and 
structures, with the fault eventually becoming localized on favorable 
and/or newly formed features within a broader deformed region. 
Frictional-wear models emphasize the contribution of accumulated slip 
on fault zone thickness, which grows as asperities break, wear, and 
smooth (Scholz, 1987; Hull, 1988; Watterson et al., 1998; Brodsky et al., 
2011; Lyakhovsky et al., 2014). In addition, various authors have 
described the accumulation of fault zone damage and fault zone thick-
ening based on migrating or interacting process zones at fault tips 
(Shipton and Cowie, 2001; Mitchell and Faulkner, 2009; Savage and 
Brodsky, 2011). Multiple elements from both conceptual fault zone 
models, emphasizing either precursor structures or frictional-wear, 
likely contribute to the architectural evolution of fault zones (Childs 
et al., 2009). However, the conceptual framing of fault zone evolution 
frequently emphasizes one model or mechanism over another, which 
may confound subsequent interpretations (Scibek et al., 2016; Shipton 
et al., 2019). For instance, both models commonly assume quasi-static or 
monotonic changes in mechanical properties, without explicitly 
addressing localized and diverse changes in rock properties resulting 
from fault-controlled chemical fluid-rock interaction (Dewhurst and 
Jones, 2003). 

Increasingly, the role of fluids and fluid-rock interactions in fault 
zones, with resulting changes to hydrologic and mechanical properties, 
are considered contributing factors in fault zone behavior. Common 
fluid-rock interactions and resulting mineralogical and textural alter-
ation are associated with fault-rock weakening in laboratory tests (Sleep 
and Blanpied, 1992; Blanpied et al., 1995, 1998 Escartin et al., 2001; 
Collettini et al., 2009; Ikari et al., 2011; Lockner et al., 2011) and 
implicated in the localization of fault-zone deformation in 
field-structural investigations (Chester and Logan, 1986; Blenkinsop and 
Sibson, 1992; Chester et al., 1993; Bruhn et al., 1994; Schulz and Evans, 
1998; Jefferies et al., 2006; Solum et al., 2010; Bradbury et al., 2014; 
Niwa et al., 2015; Backeberg et al., 2016; Yang et al., 2018). These in-
vestigations show that progressive damage resulting in grain size 
reduction and alteration of primary minerals to weaker phyllosilicate 
minerals, such as serpentinite, chlorite, or clays, can result in reduced 
fault strength, and is referred to as alteration-weakening or 
reaction-softening. Alteration-weakening has garnered considerable 
attention as a possible factor influencing fault creep on segments of 
seismogenic faults (Blenkinsop and Sibson, 1992; Wintsch et al., 1995; 
Moore et al., 1996; Rutter et al., 2001; Lockner et al., 2011; Barth et al., 
2013; Moore and Lockner, 2013; Bradbury et al., 2014). 

Similarly, fluid-rock interactions and mineral precipitation have long 
been recognized as essential processes in the generation of fault-hosted 
ore deposits (e.g. Lindgren (1913)). In many world-class systems, min-
eral precipitation is extensive. For instance, excavations in the Martha 
Hill gold-silver deposit in New Zealand revealed quartz veins that were 
>10 m thick (Spörli and Cargill, 2011), and the Mother Lode gold de-
posits in California contain arrays of mineralized veins that extend along 
strike for 10s of kilometers with ore grades extending down dip more 
than 2 km (Becker and Ransome, 1928; Sibson, 2020). Cycles of faulting, 
fracturing, fluid flow, and mineralization inferred from gold-quartz 
mineral deposits like the Mother Lode system contributed to the Sib-
son et al. (1988) “fault-valve” model. 

Well-cemented faults may be less common than faults with weak, 
clay-rich cores, but they are nevertheless important features in 
geothermal reservoirs and mineral deposits, are observed in a variety of 
tectonic settings, and are associated with measurable changes in fault 
zone structures. Moore and Saffer (2001) noted that quartz veins and 
quartz cementation become dominant features in subduction zone 
mélange at temperatures over 200 ◦C, and Moore and Byrne (1987) 
suggested that mélange may thicken due in part to this low-grade 
metamorphism and the resultant strengthening. Faulkner et al. (2008) 

speculated that cementation may contribute to wide faults in crystalline 
rocks where weakening would otherwise favor localization. And Lau-
bach et al. (2014), Williams et al. (2017), and Ferraro et al. (2019) 
describe the impact of differential diagenetic cementation on fault zone 
architecture and evolution in siliciclastic and carbonate rocks. These 
field-based observations of fault zone cements and fault properties are 
particularly compelling because experimental and numerical in-
vestigations have shown that inclusion of mineral precipitation or fault 
rock healing better replicates fault slip behavior in some settings (Karner 
et al., 1997; Cowie, 1998; Olsen et al., 1998; Muhuri et al., 2003; Ten-
thorey et al., 2003; Yasuhara, 2005; Chen et al., 2015). Yet the impact of 
mineral precipitation and fault rock strengthening on fault zone evolu-
tion tends to be overlooked in fault zone models that traditionally 
emphasize structural or mechanical aspects of fault zone evolution. 

In this study, we examine how fluid-rock interactions resulting in 
alteration and mineral precipitation impacted fault zone architecture 
and fault zone evolution in a well-exposed normal fault system at the 
Dixie Comstock epithermal deposit, Dixie Valley, Nevada, USA (Fig. 1). 
We hypothesize that hydrothermal alteration and precipitation result in 
fundamental changes in mechanical properties of fault rocks, and that 
these changes contribute to, not just arise from, wide fault cores 
commonly encountered in mineralizing epithermal and porphyry envi-
ronments (Simmons et al., 2005; Micklethwaite, 2009; Jensen et al., 
2019). We test this hypothesis by correlating spatial variations in fault 

Fig. 1. Regional map showing the location of Dixie Valley (black rectangle, 
inset) and the Dixie Comstock epithermal deposit (black box). The epithermal 
deposit is hosted in a north-striking, east-dipping segment of the Dixie Valley - 
Stillwater Fault Zone (DVSFZ), between fault segments with historic slip and 
active hydrothermal features. Fault orientation is partially controlled by the 
Miocene White Rock Canyon (WRC) Fault. Modern stress orientations (1; 
Hickman et al. (2007)) are consistent with SE-NW extension indicated by fault 
striations (2) and SE-NW to E-W extension associated with the 1954 Dixie 
Valley earthquake (3) (Caskey et al., 1996; Caine, 1999). 
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zone architecture and fault core elements with prior petrographic, 
mineralogic, and mechanical characterization (Callahan et al., 2019, 
2020). We document evidence for the growth of the fault core by silic-
ification, embrittlement, and dilation as well as through incorporation of 
previously altered and damaged footwall material. Based on our ob-
servations and using a space-for-time substitution, we present an 
expanded conceptual model of fault zone evolution that explicitly in-
cludes the impact of hydrothermal regime, and the tendency toward 
fault rock weakening or strengthening, on fault zone architecture. 

2. Geologic Setting 

2.1. Dixie Valley – Stillwater Fault Zone 

The Dixie Valley – Stillwater Fault Zone is a seismically active, 
segmented normal fault system located in northwestern Nevada, U.S.A., 
which juxtaposes Mesozoic sedimentary, metamorphic, and igneous 
units and Cenozoic volcanic units against Quaternary basin fill (Fig. 1). 
The fault zone is generally northeast trending, with significant changes 
in orientation associated with reactivation of north-south striking 
Miocene normal faults (Parry et al., 1991) and with changes in lithology 
(Caskey et al., 1996). Based on fault scarp orientations and displacement 

associated with the 1954 Fairview Peak-Dixie Valley earthquake 
sequence (M 7.2 and ~6.8), the modern extension direction in the 
southern Dixie Valley-Stillwater Fault Zone is estimated to be 94 ±15◦

(Whitten, 1957; Caskey et al., 1996) and 124–125◦ in central Dixie 
Valley (Thompson and Burke, 1973; Caskey et al., 1996). This is 
consistent with longer-term extension directions of 116–140◦ based on 
striations on exhumed portions of the fault (Thompson and Burke, 1973; 
Okaya and Thompson, 1985; Caine, 1999) and the orientation of mini-
mum horizontal principal stress in the Dixie Valley geothermal field, 
123–160◦ (Hickman et al., 1998, 2007). Normal, dip-slip displacement 
in northern Dixie Valley is roughly 3 km in the last 8 m.y. (Okaya and 
Thompson, 1985; Carena and Friedrich, 2018), with as much as 6 km of 
post-Oligocene displacement in southern Dixie Valley (Thompson et al., 
1967; Parry and Bruhn, 1990). 

Exhumed portions of the Dixie Valley – Stillwater Fault Zone have 
been the loci of extensive research on fault zone architecture (Power and 
Tullis, 1989; Parry et al., 1991; Zhang et al., 1991, 1999; Bruhn et al., 
1994; Caine et al., 1996; Caine, 1999; Caine et al., 2010; Candela and 
Renard, 2012) as well as fault and fault rock mechanics (Power and 
Tullis, 1992; Seront et al., 1998; Hickman et al., 2007; Candela et al., 
2011; Callahan et al., 2019, 2020) in the context of hydrothermal pro-
cesses. Regional hydrothermal alteration in the footwall includes sodic 

Fig. 2. Geologic map of the Dixie Comstock epithermal deposit. Silicification and mineralization overprints a larger region of damaged and chlorite, calcite ±clay 
altered gabbro. Rose diagram shows fault lineations with a mean trend ~130◦, similar to the extension direction in Dixie Valley and Shmin (inset) measured in wells in 
the producing geothermal field approximately 15 km to the northeast (Hickman et al., 2007). Carbonate, barite, sulfide, oxide, and clay alteration is associated with 
Cretaceous plutons. Background alteration in the Jurassic Humboldt Igneous Complex (Jgb in later figures) is not differentiated but includes widespread chlorite, 
albite, and calcite alteration. Numbered boxes correspond to fault areas described in the text. Cross sections AA′ to EE′ are shown in Fig. 3. Modified in part from 
Vikre (1993). 
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and calcic metasomatism of Jurassic mafic rocks (Dilek and Moores, 
1995; Johnson and Barton, 2000) and potassic and sericitic alteration of 
Oligocene plutons (Parry et al., 1991; John, 1995). Localized, 
fault-controlled sericite, chlorite-carbonate-hematite, chlorite-talc, 
quartz-kaolinite, smectite, zeolite, and silicic assemblages are described 
in discrete segments of the fault system (Power and Tullis, 1989; Parry 
et al., 1991; Vikre, 1993; Bruhn et al., 1994; Hickman et al., 2000; 
Kennedy-Bowdoin et al., 2004; Caine et al., 2010; Schwering, 2013; 
Callahan et al., 2019). Modern hydrothermal features include the Dixie 
Valley geothermal field, which generates ~56 MWe from a ~248 ◦C 
fault and fracture reservoir at 2.5–3 km depth (Benoit, 1992; Blackwell 
et al., 2000, 2007), as well as fault-related fumaroles, hot springs, sinter, 
and travertine deposits (Fig. 1) (Lutz and Hulen, 2000; Lutz et al., 2002). 

2.2. Faulting, alteration, and mineralization at the Dixie Comstock 
epithermal gold deposit 

The Dixie Comstock epithermal gold deposit is located on a north- 
striking, east-dipping segment of the Dixie Valley – Stillwater Fault 
Zone. Fault orientation is partially controlled by interaction with the 
north-striking, Miocene-age White Rock Canyon Fault that transects the 
Stillwater Range and places Oligocene volcaniclastics against Jurassic 
mafic plutonic and volcanic rocks of the Humboldt Igneous Complex 
(Jgb) (Figs. 1 and 2). The deposit was discovered in 1934 and was mined 
intermittently from 1938 to 1970 (Vanderburg, 1940; Wilden and 
Speed, 1974; Vikre, 1993). Total yield was approximately 4600–5000 oz 
of gold from 10,000–17,000 tons of altered gabbro, quartz stockwork, 
silicified fault rocks, and low-grade hanging wall alluvium (Wilden and 
Speed, 1974; Vikre, 1993). Drilling between 1982 and 1984 defined an 
additional 1.8 million tons of ore at 0.058 oz/ton in a 5–30 m thick fault 
zone “mullion” (Vikre, 1993). 

The Jurassic Humboldt Igneous Complex is a tectonically imbricated 
mafic volcanic-arc complex composed of coeval intrusive units, from 
anorthosite to monzonite, basaltic to andesitic dikes, and volcanics units 
ranging from basalt to dacite (Wilden and Speed, 1974; Dilek and 
Moores, 1995). Hornblende K–Ar and 40Ar/39Ar ages are mid-Jurassic 
(170 ±2 Ma), with younger biotite ages reflecting Cretaceous and 
Cenozoic magmatism and exhumation (Kistler and Speed, 2000). Li-
thologies in the immediate vicinity of Dixie Comstock include fine to 
coarse grained plagioclase- and pyroxene-rich hornblende gabbro, 
anorthosite, and basalt (Wilden and Speed, 1974; Speed, 1976; Vikre, 
1993). Small bodies of pink, fine grained granite intrude the Humboldt 
Igneous Complex in the southern part of the map area (Figs. 2 and 3). 
K–Ar ages from albite associated with the granite intrusions are 93.2 
±7.8 Ma (Vikre, 1993). Unaltered, steeply east-dipping dikes in the 
northern part of the map area are tentatively correlated with regionally 
extensive 13–17 Ma basalt flows (Nosker, 1981; Gonsior and Dilles, 
2008). 

Early phases of normal faulting and fault-related alteration at Dixie 
Comstock, recorded by 15 ±0.5 to 11.1 ±0.3 Ma K–Ar sericite ages of 
sericitized fault rock (Vikre, 1993), correspond with Miocene volcanism 
and a regional shift in extension direction from E-W to NW-SE around 
13-10 Ma (Zoback et al., 1981; Hudson and Geissman, 1991; Parry et al., 
1991). Continued fault activity into the Quaternary is represented by 
2.0–2.5 ka scarps with 3–5 m of throw that cut Quaternary colluvial, 
alluvial, and lacustrine deposits in the southern part of the map area and 
Quaternary and Oligocene units north of the mine (Fig. 2) (Thompson 
and Burke, 1973; Wallace and Whitney, 1984; Bell et al., 2004; Caskey 
and Ramelli, 2004). Faults in colluvium exposed by mine workings 
reveal down-to-the-east dip slip, however Quaternary scarps through the 
middle of the field site are obscured by past mining activity. 

Regional sodic and calcic alteration of the Jurassic Humboldt 
Igneous Complex (Dilek and Moores, 1995; Johnson and Barton, 2000) 
manifests as chlorite, calcite, and albite ±epidote replacing plagioclase 
and mafic minerals, and calcite-hematite ±quartz and cataclasite veins 
(Table 1, Fig. 4). Background alteration in the southern part of the map 

Fig. 3. Serial cross sections from south to north, AA′ to EE′, from Fig. 2. 
Increased hydrothermal alteration and economic mineralization, widening of 
the fault zone and associated damage, and a thicker cemented fault core occur 
in sections BB′ to DD’. Well bore trajectories, and lithologic and fault contact 
interpretations for 37–14 and 35–14 provided by Robin Zuza, Ormat Technol-
ogies, Inc. Legend after Fig. 2. 
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area is overprinted by large masses (>10 m) of barite, calcite, and pyrite 
as well as regions of quartz, albite, sericite, kaolinite, and iron oxide 
alteration around and possibly above small bodies Cretaceous granite 
(Vikre, 1993) (Figs. 2 and 3). Within the mine area, sodic and calcic 
alteration is cut by quartz stockwork veins and overprinted and 
entrained in silicified fault breccia (Table 1, Fig. 5). Late calcite 
mineralization occurs as massive calcite-supported breccia, as rhombic 
crystals in quartz-lined fractures, and as blades in vugs in cockade 
breccia. The occurrence of bladed calcite (Callahan et al., 2019) and 
liquid- and vapor-rich inclusions in quartz veins with homogenization 
temperatures between 160 and 180 ◦C (Vikre, 1993) are consistent with 
mineralization in a shallow, boiling, epithermal environment. Vikre 
(1993) proposed a mid-Pleistocene age for epithermal mineralization 
based on minor silicification of Pleistocene Lake Dixie gravels and U–Pb 
calcite ages >0.35 Ma. MacNamee et al. (2015) reported 0.3 ±0.2 Ma 
and 0.9 ±0.4 Ma apatite (U–Th)/He cooling ages north of Dixie Com-
stock, in reasonable agreement with Vikre’s (1993) suggested age. 

3. Field observations of fault zones at Dixie Comstock 

Megascopic fault zone geometry, fault zone architecture, and hy-
drothermal alteration vary along strike north and south of the Dixie 
Comstock deposit. Mineralization is located in a right-stepping, hard- 
linked extensional fault relay between subparallel fault segments with 
normal-oblique, right-lateral displacement across a 10–30◦ change in 
fault strike (Figs. 2 and 3). North of the mine, polished and partially 
cemented slicken surfaces strike ~000◦ and dip 43–55◦ east. In the 
southern part of the mine area prominent triangular facets armored by 
silicified fault breccia strike ~025◦ and dip 28–52◦ southeast. The range 
front south of the mine again strikes ~ N–S, but the fault is poorly 
exposed due to erosion of altered rock and onlap of lacustrine shoreline 
deposits. Extension direction across the field area based on striations on 
silicified fault rocks, on mineralized fracture surfaces, and in unminer-
alized gouge is 133 ±7◦ (see Supplemental Table S1). 

The observation that exhumed fault cores, the volume of rock that 
records a discrete increase in shear strain reflected in the accumulation 
of gouge, cataclasite, and chaotic breccia, varies in thickness and degree 
of preservation in different segments of the fault prompted our exami-
nation of the relationship between the type and intensity of alteration 
and fault zone architecture. Below we describe differences in fault zone 
elements, particularly the thickness of the fault core as well as fractures 
and veins in the core and damage zone, and the type of alteration and 
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Fig. 4. Products of regional sodic and calcic alteration as well as preexisting 
fractures and cements in the Jurassic Humboldt Igneous Complex (Jgb) in the 
footwall at Dixie Comstock. All original photographs are archived in the sup-
plemental data. 
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mineralization, at four distinct field areas, 1–4 in Fig. 2. From least to 
most structurally evolved, these are 1) small uncemented faults in sodic 
and calcic metasomatized and damaged gabbro in Area 1, 2) a body of 
moderately quartz-cemented breccia along the White Rock Canyon fault 
in Area 2, 3) the silicified and mineralized portion of the range front 
fault system in Area 3, and 4) disaggregated cemented fault breccia in 
Area 4. Georeferenced Map S1, with figure, sample, and scanline loca-
tions (Supplemental Table S2), is available as a .kmz file in the supple-
mental material. 

3.1. Uncemented faults in Area 1 

Area 1 is located 500 m north of the Dixie Comstock mine and 
200–300 m west of the range front fault. This site exposes small, N- to 
NW-striking, moderately east-dipping normal faults (Fig. 2). These faults 
are traceable for tens of meters and, where they offset compositional 
variation in the gabbro, show less then ~5 m of normal displacement. 
Fault cores in this area consist of uncemented fault breccia and foliated 
fault gouge that is ~10 cm thick and bound by abrupt transitions into 

intact gabbro (Fig. 6). Striations within the fault gouge and decimeter- 
scale undulation at the core-wall rock transition indicate oblique 
normal right-lateral slip (Fig. 6, inset). Alteration in the wall rock 
adjacent to the fault core is consistent with regional sodic and calcic 
metasomatism. Fault-related damage is mostly limited to steeply- 
dipping uncemented opening-mode fractures in the hanging wall of 
some faults (Fig. 6, inset). The orientations of these faults and fractures 
are consistent with range front normal faulting in the stress state 
measured by Hickman et al. (2007). 

3.2. Faults with minor quartz cement in Area 2 

Area 2 is located 500 m north of the Dixie Comstock mine and 
100–200 m west of the Quaternary range front fault, and exposes parts 
of the reactivated White Rock Canyon Fault (Fig. 2). The fault is broadly 
corrugated with a wavelength of hundreds of meters, and dips between 
29 and 55◦ east. The fault core in the northern part of this area is poorly 
preserved, but where erosional relicts remain it contains meter-thick 
bodies of coarse, partially quartz-cemented breccia of gabbro clasts 
structurally above partially mineralized and oxidized slip surfaces on 
thin (10–50 cm) intervals of incohesive to cemented gouge and mini-
mally altered plagioclase-rich gabbro (Fig. 7a and b). The southern 
White Rock Canyon Fault segment contains a 1–2 m thick fault core 
composed of a cohesive, partially quartz-cemented breccia of chloritized 
gabbro with multiple anastomosing slip surfaces, bound by less cohesive 
gouge and breccia at the base and well-developed slicken surfaces at the 
top (Fig. 7c). Basal slip is accommodated in a thin (<10 cm) interval of 
breccia and foliated gouge that separates the fault core from low angle 
quartz veins and mosaic breccia (after Woodcock and Mort (2008)) in 
the proximal fault damage zone (Fig. 7d, Table 1). Alteration mineralogy 
in the footwall gabbro resembles regional sodic and calcic assemblages 
(Table 1). Slickensides exposed on a >10 m wide exposure record 
oblique dextral normal slip and a late veneer of calcite-cemented clasts 
(Fig. 7e). 25–30 Ma Oligocene volcaniclastic units above the White Rock 
Canyon Fault segment are fractured and sheared, with rare antithetic, 
steeply NW dipping veins of hydrothermal quartz breccia, but hanging 
wall structures are not well-exposed. Based on the occurrence of these 
volcaniclastics in outcrop, which comprise a 1 km thick sequence in the 
interior of the Stillwater Range (Hudson and Geissman, 1991), total 
post-Oligocene vertical displacement is believed to be <1 km. 

3.3. Silicified faults in Area 3 

Area 3 includes the region adjacent to the Dixie Comstock mine, 
extending approximately 600 m along the range front and 200 m into 

Fig. 5. Matrix-supported, quartz-cemented, and silicified fault breccia, Dixie Comstock epithermal deposit, including clasts of previously altered and damaged 
footwall gabbro (Jgb) as well as reworked quartz and chalcedony clasts. Quartz veins are cut by foliated gouge at the base of the silicified interval and offset by 
centimeter-scale slip within the footwall damage zone. Location shown in Fig. 8. Hammer for scale is 28 cm. Legend applies to Figs. 5–13. 

Fig. 6. Unmineralized fault in footwall gabbro from Area 1. Slip is localized in 
minor (~10 cm thick) foliated fault gouge and minor fault breccia. Undulations 
are enhanced by the oblique view. Stereonet shows orientations of small faults 
(solid), slickenlines (dots), and associated open fractures (dashed) in the 
northern part of the map area. See Fig. 5 for line and symbol explanations. 
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the footwall (Fig. 2). In this area, the dominant mineralized range front 
fault changes orientation: the northern part of the fault strikes north and 
dips moderately east at 40–55◦, in the south, the fault strikes north- 
northeast with shallower 28–50◦ dips. Slicken fibers and striations 
document normal, dextral slip directed to 110–155◦. Post-Oligocene 
vertical displacement, based on the occurrence of volcaniclastics in 
exploration wells (Fig. 3), is likely <1.5 km. Intense silicification of the 
range front fault (Table 1) produced prominent triangular facets 
extending ~300 m north and south of the mine, but these facets are not 
preserved in the footwall immediately adjacent to the mine (Area 4). 
The fault core exceeds 5 m in thickness in parts of the southern facets 
(Figs. 8 and 9), and is comprised of subparallel sheets of silicified fault 
breccias (see stereonets in Figs. 8 and 9), inverse graded breccia, 
cockade breccia, massive silica, and matrix supported blocks (<0.5 m 
wide) of variably altered gabbro clasts (Figs. 5 and 10). Repeated cycles 
of brecciation and cementation within the fault core are evident in 

outcrop and thin section (Figs. 10 and 11). The transition from the 
silicified fault core to altered damage zone is generally abrupt (Fig. 10a, 
f). However, 1–20 cm wide, quartz-cemented fractures extend from the 
fault core into and around blocks of altered and sheared footwall, 
completely surrounding this material in some areas (Figs. 1, 8 and 9b, d). 
These fractures include long (>10 m), steep, 1–20 cm wide, partially 
quartz, chalcedony, ±calcite-filled, east-west striking fractures as well as 
open, unmineralized fractures that strike subparallel to the range front 
and curve into a sheared interval at the base of the silicified blocks 
(Figs. 1, 8 and 9d, e, f). The interval below the silicified portion 
commonly contains several centimeters of foliated cataclasite and 
grades into course, oxidized, chlorite-calcite altered gabbro with mul-
tiple generations of cataclastic, quartz, and chalcedony veins (Fig. 10f). 
Locally intense areas of open, prismatic quartz-lined veins, graded 
quartz-supported breccias, chalcedony, quartz stockwork, and shearing 
associated with subsidiary faults extend >30 m into the footwall damage 

Fig. 7. Faults in Area 2 juxtaposing 
Oligocene volcanics against Humboldt 
Igneous Complex rocks (Jgb). Weak to 
moderate quartz cementation of 
cobble-sized gabbro clasts above in-
tervals of incohesive breccia and gouge 
(a), as well as well-developed slicken-
sides on thin, cemented intervals (b). 
Fault elements in the southern part of 
Area 2 (c, d, e). The fault core is 
composed of cohesive, partially quartz- 
cemented breccia of gabbro and Ter-
tiary volcanics (?) with multiple anas-
tomosing slip surfaces, bound by less 
cohesive gouge and breccia at the base 
and well-developed slicken surfaces at 
the top (e). Jgb in the footwall contains 
increased low angle, quartz-filled veins 
and mosaic breccia (c, d). Minor quartz 
veins, brecciation, and normal faulting 
is observed in the hanging wall volca-
nics (Tv) but are not well preserved. 
Yellow squares show locations of 7d 
and 7e. Symbols after Fig. 5. Stereonets 
show local faults (black lines), quartz 
veins (red lines), calcite veins (blue 
lines), basalt dikes (green lines), and 
fractures (dashed lines). (For interpre-
tation of the references to color in this 
figure legend, the reader is referred to 
the Web version of this article.)   
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zone (Fig. 9). North of the mine, silicified triangular facets contain 
repeated layers of 10–50 cm thick, >5 m wide sheets of silicified fault 
breccia and chalcedony, and pods of graded breccia and chalcedony in 
cemented dilatant pinnate fractures (Fig. 12a), which also occur within 
the footwall damage zone (Fig. 12b). Clasts of silicified fault core with 
preserved slickensides within calcite supported breccia suggest insta-
bility and migration of the principal slip surface through time (Fig. 12c). 

3.4. Disaggregated silicified fault core in Area 4 

Area 4 is structurally most evolved and is located in the footwall of 
the range front fault in the immediate vicinity of the Dixie Comstock 
mine proper (Figs. 2 and 13a). For ~200 m along strike, the range front 
fault juxtaposes Quaternary deposits against a >10 m thick interval of 
clay-rich fault gouge and breccia containing large (>1 m) blocks of 
silicified fault breccia representing disaggregated portions of the former 
fault core and recording post-mineralization fault slip (Fig. 13b). Mul-
tiple oxide-coated slickensides occur throughout the clay-rich interval 
but deformation is most pronounced in clay-rich fault gouge in the main 
mine fault (Fig. 13a) suggesting renewed slip localization. Fault gouge is 
composed of montmorillonite, sericite, kaolinite, feldspar, and quartz 
(Vikre, 1993). Alteration minerals in the adjacent footwall include 

chlorite, calcite, hematite, sulfide, and clay in sheared gabbro (Table 1). 
The topography of the range front in this interval steps into the footwall, 
reflecting increased clay alteration in the footwall and degradation of 
the silicified facet. 

4. Rock Mechanical Properties at Dixie Comstock 

We previously reported results of rock and fracture mechanical 
testing of altered and damaged rock from Dixie Valley, including sam-
ples from Dixie Comstock (Callahan et al., 2019, 2020). Silicified fault 
core from Dixie Comstock exhibits a six-fold increase in unconfined 
compressive strength and fracture toughness, a tripling of Young’s 
modulus, a two- to three-fold increase in shear modulus, and a halving of 
Poisson’s ratio compared to footwall rocks with minor chloritization and 
calcification of plagioclase feldspar (Table 2). Mechanical testing was 
limited to samples that could be prepared as plugs and wafers, resulting 
in an underrepresentation of the weakest, clay-rich intervals, but reveals 
healed, silicified fault breccia is similar in strength and other mechanical 

Fig. 8. Range front fault exposure in Area 3, south of the mine. Individual 
silicified fault breccias in this area exceed 3 m in thickness and the fault core is 
~5 m thick. Extensive damage and quartz cementation extend >30 m into the 
footwall behind the range front fault. Blocks of fractured, moderately altered, 
quartz-cemented gabbro with complex fracture networks are located between 
and incorporated into matrix-supported, graded breccia, silicified fault breccia, 
and quartz stockwork veins. Heavy black lines in the stereonet show fault ori-
entations; red lines show quartz vein orientations. We interpret interaction 
among multiple fault orientations, illustrated with structural measures on the 
principal slip surfaces, in this fault interval (Fig. 3, sections BB′ and CC′). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 9. Southern end of the silicified fault interval in Area 3 (looking south 
from Fig. 8). Thick (>3 m) section of silicified fault breccia incorporating blocks 
of altered footwall gabbro with undulatory basal shear zone (Fig. 10f) above 
weakly altered Jgb with multiple generations of quartz and cataclasite veins. 
The silicified interval contains open fractures that sole into the sheared interval, 
and steep ~ E-W striking quartz-filled fractures that cut into the basal shear 
zone. Black lines in the stereonet show fault orientations, red lines show quartz 
veins, blue lines are calcite veins, and dashed grey lines depict open fractures. 
See Fig. 5 for legend. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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responses to those of a minimally altered granodiorite. The strength 
contrast between fault core and the adjacent wall rock, as well as 
structural and mineralogical descriptions of the fault core in each area, 
are summarized in Table 3. 

5. Discussion 

5.1. Mechanisms of fault core widening at Dixie Comstock 

Based on characteristic breccia textures and footwall features we 
observe in outcrop and thin section, we infer two mechanisms of fault 
core widening: 1) cycles of cementation, embrittlement, deformation, 
and dilation of the fault core, and 2) stepping of the fault core into the 
footwall by plucking and entrainment of adjacent damage zone material. 
Silicification resulted in increased strength, stiffness, and brittleness 
(Table 2), thus promoting dilatancy upon failure. Evidence for dilation 
includes re-brecciation of previously cemented breccia components, 

cockade breccia, and multiple generations of mutually crosscutting 
veins cutting previously cemented clasts (Figs. 5, 10c and 11). Repeated 
stages of dilation and cementation indicate that locally the fault core 
widened concomitant with mineralization. Widening of the fault core by 
widespread plucking and cementation of footwall material and apparent 
roughening of the basal fault rather than through incremental wear, 
grain size reduction, and smoothing is indicated by incorporation of 
centimeter- to meter-scale blocks of altered footwall into the silicified 
breccia (Figs. 5 and 10a, b, c). Various geometries of cemented footwall 
fractures and damage zone blocks are observed at Dixie Comstock, 
including ripout clasts (Fig. 10b and c) and lozenges bound by footwall 
fractures (Fig. 12a). Similar features may form in the hanging wall, but 
direct evidence is lacking at Dixie Comstock, where the hanging wall is 
either poorly preserved or missing from surface exposures of the main 
fault and is composed of finer grained tuff and locally derived alluvium 
that is difficult to distinguish in the silicified fault core. Footwall ripout 
clasts share geometry with ripout features described in strike slip faults 

Fig. 10. Fault zone elements from Area 
3 showing deformation in and around 
the silicified fault core. Widening of 
silicified fault breccia through incorpo-
ration of previously altered and 
damaged footwall (a–c). Steep, ~E-W 
striking, quartz, chalcedony, and unce-
mented fractures cut the silicified 
breccia and penetrate into the altered 
footwall rocks (d, e). Open fractures 
cutting thick silicified fault breccia sol-
ing into the basal shear zone, suggest-
ing some slip localization following 
silicification at this mechanical contrast 
(f).   
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(Swanson, 1989, 2005), with fragmented wall rock in other mineralizing 
systems (Micklethwaite, 2009), and with millimeter-scale injection 
features in the footwall at the Dixie Valley Mirrors normal fault exposure 
(Candela and Renard, 2012). However, in the epithermal environment, 
ripout clasts appear displaced into the silicified fault core through 
dilation and cementation of the basal fracture, rather than through 
sliding alone (cf. Swanson, 1989, 2005). Cementation of wide, deeply 
penetrating, sub-vertical, fault-perpendicular cross-fractures like those 
described at fault step-overs by Kattenhorn et al. (2000) and asymptotic, 
curving-upward, dilatant pinnate fractures bound by subparallel slip 
surface described in other fault systems by Bruhn et al. (1994) and 
Micklethwaite (2009) help to isolate and encapsulated lozenges of 

variably weakened footwall material (Fig. 12a and b). Cementation of or 
around fault asperities may have contributed to instability of the prin-
cipal slip surface (Fig. 12c). 

5.2. Strengthened or weakened fault cores as endmembers in diverse 
hydrothermal regimes 

Fluid-assisted chemical alteration resulting in the generation of 
phyllosilicates is commonly attributed with fault rock weakening and 
strain localization (Chester and Logan, 1986; Chester et al., 1993; Bruhn 
et al., 1994; Chester and Chester, 1998; Jefferies et al., 2006; Lockner 
et al., 2009; Solum et al., 2010; Sutherland et al., 2012; Barth et al., 
2013; Toy et al., 2015) and may contribute to aseismic slip (Blenkinsop 
and Sibson, 1992; Lockner et al., 2011; Barth et al., 2013; Moore and 
Lockner, 2013; Bradbury et al., 2014). Fault-rock weakening is thought 
to contribute to strain localization onto discrete slip surfaces or intervals 
through focused deformation, alteration, and increase ductility. 
Fault-core widening in these environments is thought to occur through 
the gradual wear and incorporation of fault zone asperities as faults 
accumulate slip (Chester and Chester, 1998; Wilson et al., 2003; Sagy 
and Brodsky, 2009; Brodsky et al., 2011). Conversely, the wide fault 
core, mineralized breccia, and distributed veins and stockwork we 
describe at Dixie Comstock are commonly observed in other fault-hosted 
epithermal and porphyry deposits (Simmons et al., 2005; Micklethwaite, 
2009; Jensen et al., 2019). In these environments, mineralization and 
cementation with common gangue minerals such as quartz or calcite, 
may help roughen, widen, or strengthen faults (Woodcock et al., 2007; 
Nortje et al., 2011). In this regard, fluid-rock interactions that either 
weaken or strengthen fault rocks may be considered end member hy-
drothermal environments that help govern the mechanical and struc-
tural evolution of fault zones. 

Precipitation-strengthening and alteration-weakening may occur at 
the same time in different parts of the same fault system, or at different 
times in the same part of the fault system (Solum et al., 2010). For 
instance, in southern Dixie Valley conditions that favored the generation 
of phyllosilicates promoted alteration-weakening of the fault core 
(Bruhn et al., 1994; Callahan et al., 2019), whereas 

Fig. 11. Thin section showing multiple episodes of deformation, dilation, and 
cementation recorded in silicified fault breccia from the southern part of Area 
3 (Fig. 9). 

Fig. 12. Footwall detail from northern 
silicified facet, Area 3. Curved, mixed- 
mode and dilatant pinnate fractures 
with chalcedony and quartz-cemented 
graded breccia forming between slip 
surfaces in sheared, calcite-chlorite 
+quartz altered gabbro (a, b). Altered 
footwall material between these frac-
tures may become incorporated into 
the silicified fault core if deformation 
and cementation extend deeper into 
the fault damage zone. Large block of 
silicified fault breccia with relict slip 
surface in massive, calcite-supported 
breccia (c). Incorporation of this 
block suggests instability of principal 
slip surface through time. Calcite 
breccia is also incorporated into some 
silicified breccias, consistent with 
repeated cycles of deformation and 
cementation under varying chemical 
conditions.   
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precipitation-dominated hydrothermal regimes at the Mirrors (Caine 
et al., 2010; Callahan et al., 2019) and at Dixie Comstock (Callahan et al. 
(2019); this study) promoted and preserved strong, thick fault cores. 
Because hydrothermal flow can be focused and ephemeral, the impacts 
of fluid-rock interaction and precipitation-strengthening or 
alteration-weakening impart additional spatial and temporal heteroge-
neity to fault rock properties and fault zone evolution (e.g. Davatzes and 
Hickman (2010); Williams et al. (2017)). A record of diverse chemical 

environments and water-rock interactions may be reflected in fault zone 
architecture, even if hydrothermal fluid flow does not persist, as we see 
exemplified in the relict fault breccias in Area 4 (Fig. 13). 

5.3. A model of fault zone evolution in different alteration regimes 

Based on our field observations of fault zone features at Dixie 
Comstock, we expand upon prior published conceptual models of fault 
initiation (Crider and Peacock, 2004; Myers and Aydin, 2004; Crider, 
2015) and models of fault architectural evolution governed by ante-
cedent structures or frictional-wear described above to explicitly 
consider the variable influence and degree of localized water-rock in-
teractions, be they weakening or strengthening, on mechanical and fault 
architectural elements resolved into the following five stages (Fig. 14):  

1. Inheritance influences the early development of faults (Crider 
and Peacock, 2004; Crider, 2015), and may include the distri-
bution of discontinuities (faults, opening mode and sheared 
fractures, veins, or other fabrics) and mechanical contrast arising 
from variations in lithology or prior alteration.  

2. Reactivation involves the shear reactivation and linkage of 
optimally oriented inherited structures and the formation and 
growth of new fractures with increasing deformation (Moir et al., 
2010), similar to the early and intermediate shear stage of Myers 
and Aydin (2004).  

3. Fault formation ultimately results from coalescence and the 
development of through-going, discrete slip surfaces, which may 
include intervals of mechanical fault breccia, cataclasite, or 
gouge bounded by inherited and early fault structures (Fig. 6).  

4a. Alteration-weakening and slip localization may occur when or 
where fault-enhanced, fluid-rock interactions producing fault 
cores rich in phyllosilicates or other weak minerals facilitate fault 
localization and potentially reducing overall fault strength 
(Fig. 14, inset). Alteration products may form in any stage of fault 
development but is enhanced by grain-size reduction and higher 
water-rock ratios as faults accumulate slip.  

4b. Precipitation-strengthening and fault core widening may occur 
when or where fault-enhanced, fluid-rock interactions result in 
mineral precipitation and fault rock strengthening. The tendency 
for faults to experience alteration-weakening or precipitation- 
strengthening is controlled by the specific mineral reactions 
occurring within a given rock in a given hydrothermal regime, 
and may be influenced by predictable and mappable trends in 
water-rock ratios, temperature (depth), and fluid or rock chem-
istry (Fig. 14, inset). Repeated cycles of deformation and 
cementation in the precipitation-strengthening regime promote 
fault core widening through mineralization-embrittlement, dila-
tion, and healing (Fig. 11), migration of slip into the damage zone 
below the cemented core (e. g. basal faults in Figs. 7 and 10) 

Fig. 13. Range front fault exposed in the immediate vicinity of the mine, Area 
4. The topographic range front steps into chlorite, calcite, and clay-rich gabbro 
in the footwall, behind a former silicified facet (a). Relict, mature fault core 
exposed in mine workings as meter-scale blocks of silicified fault breccia con-
tained in clay-rich fault gouge and breccia (b). Modern primary slip surface is 
exposed in the mine workings (a) east of inset (b). 

Table 2 
Rock and fracture mechanical properties in different fault settings (Callahan et al., 2019, 2020).  

Fault Setting Area Alteration Minerals Samplea UCSb (MPa) Ec (GPa) νd Ge (GPa) n KIC
f (MPa √m) 

mean ±std mean ±std mean ±std mean ±std mean ±std n 

footwall gabbro 2 minor chl, alb 083114-2A – – – – – – – – – 0.68 0.20 14 
damage zone 3, 4 chl, min cal, alb 052815-3B 50.7 – 22.8 – 0.20 – 9.5 – 1 0.56 0.13 8 
damage zone 3, 4 chl, cal, alb 052815-3A 148.0 – 48.2 – 0.22 – 19.7 – 1 2.12 0.23 7 
silicified fault core 3 silicified 090114-5B 301.3 38.4 58.1 0.8 0.18 0.01 24.7 0.4 3 2.40 0.16 16 
silicified fault core 3 silicified 061114-4B 187.8 – 51.1 – 0.13 – 22.6 – 1 2.67 0.44 10 
silicified fault core 3 silicified 052815–2 286.5 12.7 62.8 1.6 0.11 0.02 28.3 0.3 2 3.20 0.33 10  

a Sample locations are shown on supplemental Map S1. 
b Unconfined compressive strength. 
c Young’s modulus. 
d Poisson’s ratio. 
e Shear modulus. 
f Fracture toughness. 
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(Goodwin and Tikoff, 2002), and the incorporation of damage 
zone material through plucking, entrainment, and cementation 
(Figs. 5, 10b and 12a, b). Dilation and enhanced permeability 
may occur within the mineralized and embrittled fault core 
during coseismic failure when deformation outpaces 
precipitation.  

5. Fault core disaggregation may occur as continued deformation 
distributes blocks of the remnant fault core through a wide matrix 
of fault rock and gouge (Fig. 13). Slip may localize in the weak-
ened material but evidence for prior precipitation-strengthening 
and wide fault cores may be preserved as entrained clasts of 
cemented fault breccia. 

5.4. Implications of precipitation-strengthening on models of fault 
evolution and behavior 

In the most cemented state, precipitation-strengthened fault cores 
may be stronger and less hydraulically conductive than incipient faults, 
early faults, and mature, alteration-weakened fault systems. However, 
we also demonstrated that mineralization may embrittle the fault core, 
thus promoting slip dilatancy and facilitating transient upwelling of 
hydrothermal fluids following coseismic deformation. In this way, 
precipitation-strengthening may provide an additional positive feed-
back mechanism where previously cemented, embrittled, and dilatant 
fault segments remain local, episodic conduits along structurally active 
faults (e.g. Sibson (1987); Grare et al. (2018)). In the model we propose, 
fault cores experiencing precipitation-strengthening also become wider 
than faults influenced by alteration-weakening and slip localization. 
Thus, complex fault zone architecture is not only a control on fluid flow 
(e.g. Caine et al. (1996)), but may also be a consequence of fluid flow and 
fluid-rock interactions (e.g. Sosio De Rosa et al. (2018); Menezes et al. 
(2019)). 

Mineral precipitation, cementation, and fault core strengthening 
likely contributed to the development and preservation of fault zone 
elements in some exceptional exposures described in impactful field 
investigations of faults and fluids (Power and Tullis, 1989, 1992; Eich-
hubl and Boles, 2000a; Eichhubl and Boles, 2000b; Boles et al., 2004; 
Benedicto et al., 2008; Sagy and Brodsky, 2009; Caine et al., 2010; 
Candela and Renard, 2012; Kirkpatrick et al., 2013; Collettini et al., 
2014; Ferraro et al., 2019). Outcrops in these studies are exceptional in 
part because fault textures and changes in the composition of 
fault-hosted fluids are preserved in cements, providing a more robust 

record of deformation and paleo-flow conditions than fault systems 
dominated by comminution alone. However, if faults in the 
precipitation-strengthening regime demonstrate different mechanical 
and hydrological behavior than faults in the alteration-weakening 
regime (Fig. 14, inset), it follows that inferences about fault zone 
properties and processes based on well-cemented faults may not apply to 
weak, clay-rich portions of fault systems, and vice versa. Therefore, we 
suggest that identifying the physiochemical environment and specific 
alteration products in models of subsurface fault zone architecture and 
behavior may help reduce bias and improve assessment of 
fault-controlled mineral and hydrothermal resources, oil, gas, and CO2 
sequestration reservoirs, and seismic hazard associated with active 
faults (Scibek et al., 2016; Shipton et al., 2019). 

6. Conclusions 

Economic gold concentrations at the Dixie Comstock epithermal 
deposit are a result of localized advection of mineralizing fluids. Within 
and adjacent to this deposit, we observed variation in fault core width, 
cementation, and deformation mechanisms. Minor background faults in 
regionally metasomatized gabbro contain thin cores of foliated fault 
gouge. With increasing silicification we observe increased fault core 
width, resulting from embrittlement, brecciation, dilation, and cemen-
tation, as well as the incorporation and encapsulation of footwall 
damage zone material. Post-silicification deformation of the fault core 
ultimately resulted in disaggregation of previously cemented breccia 
into a wide matrix of fault gouge. Mechanical testing of altered footwall 
and fault core breccia reveal significant increases in strength as a result 
of silicification. Based on these observations, we present a broader 
conceptual model of fault zone evolution that includes paths through 
alteration-weakening or precipitation-strengthening regimes, with 
observable differences in mature fault zone architecture. Implicit in this 
model is that interactions between deformation, alteration, minerali-
zation, and fluid flow in different hydrothermal regimes not only arise 
from but contributed to the development of along strike variations in 
fault zone architecture and hydromechanical behavior. In the epi-
thermal environment, interactions between focused advection, boiling, 
and cooling of silica-rich fluids results in mineral precipitation, 
strengthening, and widening of the fault core. Mineralization- 
embrittlement and resulting dilatancy may have enhanced transient, 
coseismic permeability within the fault core and helped to further 
localize shallow mineralization. Conceptual models of fault zone 

Table 3 
Summary of structural, mineralogical, and mechanical properties of fault core, dixie comstock, NV.  

Area Nature of Fault 
Core 

Features in Fault Core Alteration and Mineralizationa Relative Fault 
Rock Strength†

1 Uncemented ~10 cm of fault breccia and foliated gouge. phyllosilicates in gouge fault core ≪ 
damage zone 

2 Weakly 
Cemented 

1–2 m thick coarse, partially quartz-cemented chaotic breccia of 
gabbro clasts ± multiple anastomosing slip surfaces on thin intervals 
of less cohesive gouge and breccia and well-developed slicken surfaces 
at the top. 

minor quartz cement in fault breccia of ±chloritized gabbro 
clasts and late calcite veneer 

fault core ≅
damage zone 

3 Silicified >5 m thick sheets and pods of silicified fault breccias, quartz veins, 
and blocks of altered gabbro clasts. 
Slicken lines on exposed top surface and abrupt basal fault with 
foliated cataclasite ±ripouts. 
Cut by long, steep, fault-perpendicular fractures filled or lined with 
quartz ±calcite that commonly extend into the footwall, and open, 
fault-parallel fractures that truncate at or curve into a basal fault. 

Massive silicification. 
Quartz and ±calcite cement in cockade and graded breccia 
with chalcedony and chlorite, calcite, albite, ±epidote, 
±sericite altered gabbro clasts. 
Quartz, ±sulfide and late calcite veins and areas of late, 
calcite supported breccia. 

fault core ≫ 
damage zone 

4 Disaggregated >10 m thick interval of fault gouge and breccia with large (>1 m) 
blocks of silicified fault breccia and multiple internal slip surfaces 

Montmorillonite, sericite, kaolinite, feldspar, quartz and 
relict blocks of silicified core 

fault core ≤
damage zone  

a From field observations, Callahan et al. (2019), and Vikre (1993). †From field observations and Table 2. 
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evolution that include divergent paths based on subsurface chemical 
conditions and reactions may help improve predictions of the hydro-
mechanical and seismogenic behavior of faults. 
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Fig. 14. Conceptual model of fault zone 
evolution in alteration-weakening and 
precipitation-strengthening regimes 
based on field observations of the foot-
wall at Dixie Comstock epithermal de-
posit. 1 to 3) Early fault formation and 
localization in previously altered and 
damaged host rock. 4a) Enhanced fluid- 
rock interaction in the fault zone 
resulting in alteration-weakening. 4b) 
Precipitation-strengthening in mineral-
izing, precipitation-dominated environ-
ment, resulting in fault core widening 
and fault rock strengthening through 
repeated cycles of deformation, fault 
core dilation, and cementation as well 
as incorporation of adjacent footwall 
blocks. 5) Disaggregation of the silici-
fied fault core as deformation outpaces 
cementation. Deformation within the 
hanging wall is not constrained in 
outcrop. Tendency toward weakening 
or strengthening of the fault core and 
associated differences in fault zone ar-
chitecture reflect differences in the hy-
drothermal regime during deformation 
(inset): a) Hypothetical temperature- 
depth distributions and dominant 
alteration (color shading) under typical 
geothermal gradients (solid line) and in 
epithermal environments (dashed line) 
in the shallow crust. Occurrence of fault 
evolutionary stages 4a vs 4b, and 5, 
shown. b) Extrapolated depth-fault core 
strength distributions based on (a) 
(modified from Callahan et al., 2019). 
(For interpretation of the references to 
color in this figure legend, the reader is 
referred to the Web version of this 
article.)   
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