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Exhumed fault zones offer insights into deformation processes associated with earthquakes in unpar-
alleled spatial resolution; however it can be difficult to differentiate seismic slip from slow or aseismic
slip based on evidence in the rock record. Fifteen years ago, Cowan (1999) defined the attributes of
earthquake slip that might be preserved in the rock record, and he identified pseudotachylyte as the only
reliable indicator of past earthquakes found in ancient faults. This assertion was based on models of
frictional heat production (Sibson, 1975, 1986) providing evidence for fast slip. Significant progress in
fault rock studies has revealed a range of reaction products which can be used to detect frictional heating
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Pseudotachylyte now be recognized in the rock record, and are also uniquely seismic. Thus, pseudotachylyte is no longer
Earthquakes the only indicator of fossilized earthquake ruptures.
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We review the criteria for seismic slip defined by Cowan (1999), and we determine that they are too
narrow. Fault slip at rates in the range 10~—10' m/s is almost certainly dynamic. This implies that
features reproduced in experiments at rates as low as 10~ m/s may be indicators of seismic slip. We
conclude with a summary of the rock record of seismic slip, and lay out the current challenges in the field

of earthquake geology.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The structural record of fault deformation is available every-
where faults are exposed — from surface scarps of active faults to
exhumed shear zones extinct for millions of years. However,
structural geologists' ability to read and understand the record of
past deformation is incomplete. In order to interpret rheology or
strain rates of past deformation, we rely on qualitative and quan-
titative comparisons to observable deformation where material
properties and timescales are well-known. These are available from
laboratory deformation experiments, where trade-offs between
time, scale, temperature and material analogs allow for the
formulation of constitutive relationships for material rheology, and
the development of microstructures for qualitative comparison to
the real world (e.g. Brace and Kohlstedt, 1980; Kirby, 1983; Hirth
et al., 2001). Seismic and geodetic studies provide information
about slip rates and strain rates in actively deforming faults and
shear zones, but do not elucidate deformation mechanisms at the
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scales which control fault strength in laboratory experiments, or in
the lithosphere.

The dominant deformation mechanisms active at seismogenic
depths, especially cataclasis, frictional sliding, and solution creep,
still want for theoretical underpinnings. Although these have been
reproduced in the laboratory, their behavior is highly sensitive to
local conditions such as pore pressure, pore fluid chemistry, and
stress state — all of which are difficult or impossible to constrain in
ancient faults. How can we interpret past brittle deformation in the
rock record?

Structural field and micro-scale observations can bridge the gap
between the time-constrained models provided by experiments (at
the cm-scale) and active deformation (at the 100s—1000s
m-scale)(Sibson, 1977, 1989). Cowan (1999) approached this rela-
tionship by defining attributes that are characteristic of seismic slip.
He defined an earthquake based on seismological constraints as a
slip event that radiates seismic waves with periods of 10 s or less,
has a seismic moment on order ~10°—10%! Nm, slip rates ~0.1-1 m/
s, rise time <5 s, rupture velocity ~2.5—3 km/s, and rupture dura-
tions on order 30 s and scaling with earthquake size. Based on that
definition, Cowan (1999) challenged structural geologists to strictly
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determine which of these characteristics might contribute to
preservation of evidence of earthquakes in the rock record, and he
concluded that only the rapid frictional heating which results in the
formation of pseudotachylyte could be confidently identified as a
‘fossilized earthquake’.

Significant progress has been made by integrating laboratory
friction experiments with field observations in an attempt to re-
create structures observed in fault gouge or cataclasite, and then
relate these to the specific boundary conditions required to form
them in the laboratory (e.g. Boutareaud et al., 2008; French et al.,
2014; Rempe et al., 2014). Niemeijer et al. (2012) present a thor-
ough review of this approach. In this contribution, we first revisit
Cowan (1999)'s definition of an earthquake and argue for an
expansion of the range of slip rates which are recognized as
exclusively seismic. We review the progress made in pseudo-
tachylyte research in the last 15 years, and then we summarize
advances that have been made in defining other fault rock features
which are diagnostic of fast slip, particularly through the identifi-
cation of signatures of frictional heating. We explore preserved
evidence of stress transients associated with dynamic rupture, as
potential evidence of seismic slip. We conclude with a summary of
current consensus on the evidence for past seismic slip in the rock
record, and lay out the current challenges in the field of earthquake
geology.

2. Characteristics of earthquakes

Cowan (1999) defined earthquake rupture using a conceptual
model based in fracture mechanics, where slip nucleates at one
point and propagates along a two-dimensional discontinuity. The
rupture velocity is the rate at which the front of the rupture moves
along the fault, behind which particles adjacent to the fault accel-
erate such that the relative particle velocity (slip rate) across the

fault increases from zero to a local peak velocity and then decays to
zero at the tail end of the rupture (Fig. 1A). As a result, the slip rate
varies along the fault as a function of time and spatial position, but
the average cumulative slip and slip velocity can be determined
seismologically (Fig. 1B). Cowan (1999) defined aseismic slip as slip
which did not produce elastic waves detectible with short-period
seismometers (10 s or less). In practice, “aseismic slip” has come
to mean fault slip at rates slower than earthquake slip, down to
creep at tectonic plate rates; however, the exact cut-off may vary
with detection capabilities.

It is a common assertion that the characteristic earthquake slip
rate is on the order of 1 m/s (e.g. Sibson, 1986). Although initially
estimated by Brune (1976), this number is often attributed to
Heaton (1990) who showed that the average slip rates on several
large earthquakes was ~0.8 m/s and peak slip velocity at the rupture
front could be ~10-20 m/s. However, slip must persist at rates
below 1 m/s for significant periods of time after initial peak slip rate
(e.g. Dunham et al., 2011; Harris et al., 2011). Slip rate can also vary
spatially along a fault, even during a single earthquake rupture
(Beroza and Mikumo, 1996). Therefore, some areas of a rupture
surface experience much higher or much lower average slip rates,
and declining slip rate must follow peak slip rate at a point.

The traditional end-member models of seismic (~1 m/s) vs. plate
rate, aseismic (~1071° m/s) slip have been challenged by the recent
discoveries of slip events at intermediate slip velocities (Rogers and
Dragert, 2003; Obara et al., 2004; Wallace and Beavan, 2006; Ito
and Obara, 2006; Gomberg et al., 2008). These intermediate ‘slow
slip events’ (SSE) are characterized by durations of days to months,
and quasi-static slip which may be fast enough to emit low frequency
seismic waves (c. 1077—10~% m/s, Schwartz and Rokosky, 2007).
Recent studies in Cascadia have shown that rupture propagation rate,
not only slip rate, may be most important in controlling the gener-
ation of seismic tremor during slow slip events (Wech and Bartlow,

I B. C t:v=02c N
i y
D () /
E«-t, »>! time
y
. \ e
D) %S&\
~1m/s ¥ ﬁ\\\\\
i <t » fime X

Fig. 1. (a) Schematic illustration of a rupture propagating from hypocenter (filled circle) along a pre-existing fault contained within x-z plane. Rupture front shown at successive
times ty, t, t3, t4, and boxes drawn at t, and t3 rupture tip lines in x-y plane show locations of plots in c. Modified from Lay and Wallace (1995); Cowan (1999). (b) Idealized average
dislocation model, where vector D is the average slip and A is the area of the rupture. The plot of D(t) is the slip history at a point, and t, is the rise time. The plot of D(t) is the slip
rate, the time derivative of D(t). The shaded area under the boxcar curve is proportional to the seismic moment. Modified from Lay and Wallace (1995); Cowan (1999). (c) Schematic
g1 fields (normalized by the static far field principal stress a?) at the tips of the rupture at times t, and t3, respectively. Dashes show the directions of ¢;. The only difference between
the two plots is the rupture velocity, v, shown as a function of the shear wave speed, c;. Modified from Di Toro et al. (2005).
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Fig. 2. Slip rate and rupture propagation velocity for fast (seismic), intermediate (slow) and aseismic (creep) fault slip rates in active faults. Outside this plot, we show experi-
mentally reproduced deformation mechanisms and their textural signatures, with constraints in either slip rate OR rupture velocity.

Signatures of fast slip

2014). Thus, rupture tip processes, not slip rate, may sometimes slip. To facilitate comparison to field observations, we have replotted

control whether deformation is seismologically detectable. Ide et al.
(2007) and Peng and Gomberg (2010) used duration vs. moment
plots to distinguish slow slip events from earthquakes, but neither
duration nor moment is resolvable from the rock record of past fault

the events cataloged by Ide et al. (2007) in rupture velocity vs. slip
velocity space (Fig. 2). It is clear that slip rates on the order of 10~% m/s
are unique to earthquakes, as are rupture velocities greater than
~10° m/s. Traditional earthquakes are separated from slow slip events
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by over three orders of magnitude in rupture velocity and two to
three orders of magnitude in slip rate (Fig. 2). As earthquakes are
clearly distinguished, the geological effects of fast slip and fast
rupture constitute definitive evidence of past earthquakes. In our
view, the “1 m/s criterion” is narrower than the range of exclusively
seismic slip rates, and should no longer be used as a minimum bound
for describing earthquake slip.

3. Diagnostic criteria for fast slip

3.1. Clearly earthquake related: frictional heating

By most estimates, around 90% of the total energy budget of
earthquakes goes into work done overcoming frictional resistance,
dwarfing other sinks such as surface energy, seismic wave

Fig. 3. Pseudotachylyte vein geometries. A: Flow banding, injection, clast rotation and partial melting in a thick pseudotachylyte vein in a stepover zone between two simultaneous
rupture surfaces, Fort Foster, Maine. See Swanson (2006b) for details. B: Irregular bodies of clast-rich pseudotachylyte deformed by granular flow of wall rock mélange, Pasagshak
Point thrust, Alaska. Photo: Asuka Yamaguchi. See Brodsky et al. (2009); Meneghini et al. (2010) for details. C: Pseudotachylyte (purple) cutting across layered pseudotachylyte and
greenstone gouge, incorporating clasts along tortuous lower surface. Photographed in float from the Moonlight Fault (Alpine Fault Zone, New Zealand, on a tip from R. Sibson). D:
Hairline fault veins intersect and crosscut one another, with melt pooling in intersections, high angle tension fractures, and dilational sites created by shifting of wall rock blocks
between the multiple fault strands; Santa Rosa mylonite zone, California. E: Pseudotachylyte melt mixing and filling tensile cracks between adjacent fault veins, demonstrating

synchronous shearing on two sub-parallel faults; Sierra Nevada, California.
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Table 1

Frictional heating proxies for peak temperatures below melt temperature. Sources:! Schleicher et al. (accepted),’Kameda et al. (2011),2Evans et al. (2014),%shikawa et al.
(2008),°Mishima et al. (2006),5Collettini et al. (2013),’Grim and Bradley (1940),%Isambert et al. (2003),°McIntosh et al. (1990),'°Sheppard et al. (2015),!'Rabinowitz et al.
(2014). Most or all of these reactions are Ahrrenius relationships where reaction progression depends upon time-temperature path, so time path has been roughly esti-

mated based on heating rates on the order of 10s—100s °C/m.

Peak temp. Mineralogy Indicators

~250°C Smectite clay Expulsion of interlayer water; resistance to re-hydration’

~250°C Smectite/chlorite interlayers, corrensite Transformation of smectite to chlorite?

>300 °C Hematite fault veins Reduction iridescence of hematite to magnetite transition®

>200-350 °C Any fault gouge Trace element exchange (especially Li, Rb, Cs)*

~400 °C Fe-bearing smectite clay Breakdown of clay; formation of high magnetic susceptibility minerals
such as magnetite® and amorphous remnants®

~350-600 °C Illite Loss of water and lattice collapse’

~400—600 °C Sedimentary rocks organic biomarker maturity'%!?

>480 °C Siderite/ankerite decarbonation®

~500 °C Montmorillonite Loss of water and lattice collapse’

~600 °C Montmorillonite melting, loss of crystal lattice”

~700-800 °C Dolomite/dolostone decarbonation®

~800-850 °C Illite melting, loss of crystal lattice”

~800-900 °C Calcite/limestone decarbonation®

radiation, and elastic strain energy (e.g. Scholz, 2002, and refer-
ences therein). It stands to reason that such a significant portion of
the energy budget should leave a trace in the rock record. Pseu-
dotachylyte is linked to seismic slip when frictional heat production
outpaces conductive dissipation (Sibson, 1973, 1975) raising tem-
peratures on the fault surface to above the melting point of some or
all mineral constituents of the fault rock. Thus, psudotachylyte has
become a sort of holy grail for field geologists wishing to study
seismic processes in the field (Sibson, 1973, 1975). Cowan (1999)
cemented the paradigm that only pseudotachylyte provides
incontrovertible evidence of past seismic slip in the rock record.
Studies of pseudotachylyte-bearing faults have been increasingly
leveraged to elucidate the details of coseismic stresses and source
parameters. In addition, new methods have been developed for
detecting frictional temperature increases whose peak is below the
melting temperature of the fault rock, representing seismic fric-
tional heating to a lower temperature than that which results in
pseudotachylyte.

3.1.1. Advances in pseudotachylyte studies

Some authors prefer a field definition of “pseudotachylyte” to
describe any aphanitic, dark colored fault rock (e.g. Wenk, 1978; Lin,
1996, 2008). Others use it to describe amorphous material formed
during shear deformation (e.g. Pec et al., 2012b). Still others restrict
the use of the term to solidified frictional melt, regardless of its
appearance or subsequent overprinting (e.g. Kirkpatrick and Rowe,
2013). We take the latter position due to the utility of the energy
constraints afforded by evidence of melt reactions. Although these
various types of fault rocks might be difficult to distinguish, the
usefulness of identifying melt-origin pseudotachylytes justifies
retaining this name in its original sense.

Pseudotachylytes have a wide variety of habits and colors in the
field (Fig. 3). They are usually recognized by their sharp, intrusive
boundaries, dark color, aphanitic groundmass, and quench-related
textures (Fig. 3A; Sibson, 1975; Lin, 2008, Ch. 4; see Table 1 of
Kirkpatrick and Rowe (2013)) for detailed descriptions.) These
general field criteria do not describe some of the more diverse
examples of pseudotachylytes which have been recently discov-
ered. For example, pseudotachylyte in granular rock (e.g. within
fault gouge, or in some sedimentary rocks) may have tortuous
contacts deformed by granular flow (Fig. 3B,C), (Rowe et al., 2005;
Brodsky et al., 2009; Meneghini et al., 2010). Even mild degrees of
recrystallization or post-seismic deformation obscure the primary
fabrics (e.g. Allen and Shaw, 2011; Price et al.,, 2012). Thus, the

apparent rarity of pseudotachylytes in exhumed faults may be best
explained by the difficulties associated with preservation and field
identification (c.f. Sibson and Toy, 2006; Kirkpatrick et al., 2009;
Kirkpatrick and Rowe, 2013). The distinction between cataclasite
and pseudotachylyte may be clear in some environments (Pittarello
et al., 2008), but when the melt fraction is very low, and clast
fraction very high and fine grained (e.g. Lin, 1996; Otsuki et al.,
2005; Lin, 2008; Meneghini et al., 2010; Bjgrnerud, 2010), it is
clear that models relying on temperature alone (c.f. Sibson, 1975)
do not describe the formation of this fault rock. Indeed, Philpotts
(1964) used “pseudotachylyte” to describe a combination of cata-
clastic and melted fault rock.

Pseudotachylyte melting models usually use melting temper-
atures of dry, unaltered wall rock, and link heat production to the
coefficient of friction, which may change during slip (e.g. Sibson,
1975; Cardwell et al., 1978). These models involve very high
temperatures of fusion for feldspar (~1100—1500 °C) and quartz
(~1700 °C) (Spray, 2005, 2010). The growth of high temperature
(>1200 °C) microcrystallites during melt cooling (e.g. mullite,
Moecher and Steltenpohl (2009); Allen et al. (2002) and dmis-
teinbergite, Nestola et al. (2010)) support the inferences of tem-
perature spikes far in excess of equilibrium solidus temperatures
of the wall rock, consistent with superheating of pseudotachylyte
melt. Given heat diffusion constraints, and the short duration of
heating, peak temperatures near the solidus would result in
fractionation gradients. This is seen in the preferential inclusion of
hydrous minerals into pseudotachylyte melt (Maddock, 1992; Lin
and Shimamoto, 1998). Bulk melting, reported in many published
examples of pseudotachylyte, is consistent with superheated
conditions. Thus, identification criteria for pseudotachylytes
include any textural characteristic of extreme temperature gra-
dients, including quench textures, rapid growth of acicular and
skeletal microcrystallites during cooling, and extremely fine grain
size (Di Toro and Pennacchioni, 2004; Kirkpatrick and Rowe,
2013).

Compositional evidence suggests that many pseudotachylytes
form from a comminuted and/or altered cataclasite (formed dur-
ing a prior slip event, or earlier in the same slip event; Maddock,
1992; Magloughlin, 1992; Mittempergher et al., 2014). The ther-
mal work required to melt a wet gouge is substantially less than
that required to melt fresh wall rock, which is an important
consideration for extracting energy estimates for earthquakes
from pseudotachylyte-bearing faults. Until recently, pseudo-
tachylytes were thought to form only in strong dry rock, as it was
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argued that any appreciable presence of pore fluids would result
in thermal pressurization and reduce frictional heating (Rempel
and Rice, 2006; Rice, 2006). However, occurrences of pseudo-
tachylyte in wet, cool metasedimentary rocks in subduction
complexes are not well explained by this model (e.g. Fig. 3B;
Bjernerud, 2010; Rowe et al., 2005; Meneghini et al., 2010).
Bjornerud and Magloughlin (2004) suggested that coseismic
decompression in dilational jogs might trigger melting, which is
consistent with observations of discontinuous patches of pseu-
dotachylyte along continuous fault surfaces, indicating local
(meters-scale) stress conditions are important for controlling
frictional heating (Kirkpatrick and Shipton, 2009; Griffith et al.,
2010), (Fig. 3D).

When the identification of melt-related pseudotachylyte is clear,
field and micro-structural observations can provide constraints on
earthquake source parameters (Fig. 3), (Nielsen et al., 2008). For
example, pseudotachylyte vein geometries suggest co-seismic
stress orientations, preserving information about rupture energy
and directivity (Di Toro et al., 2005; Di Toro and Pennacchioni,
2005), and the stress magnitudes in the wall rock during rupture
(Rowe et al., 2012a; Griffith et al., 2012). When the slip in a single
event can be measured or inferred, it is possible to estimate
coseismic shear resistance (Di Toro et al., 2006a,b) and stress drop
(Ujiie et al., 2007; Kirkpatrick et al., 2012). Arrays of intersecting
and crosscutting pseudotachylytes can be used to determine
whether slip surfaces are re-used in multiple large earthquakes
(Fig. 3E; Allen, 2005) and show that deformation mechanisms can
vary along strike during a single rupture (Kirkpatrick and Shipton,
2009). Thick layers and accumulations of pseudotachylyte in fault
overlaps and intersections suggest that multiple fault surfaces may
slip during the same seismic event (Fig. 3A, B, E) (Sibson, 1975;
Swanson, 2005, 2006b).

Studies of pseudotachylytes overprinted by, and mutually
crosscutting with, mylonites and ultramylonites dominated by
crystal plastic deformation, have made clear that frictional melting
occurs at the base of the seismogenic zone, and into the transitional
zone. Here, strain-rate fluctuation due to down-dip propagation of
rupture may result in fast slip even where rocks are plastic at tec-
tonic strain rates (e.g. Lin et al., 2005; Allen, 2005; Allen and Shaw,
2011; Moecher and Steltenpohl, 2009; Price et al., 2012; Shaw and
Allen, 2007). In quartzofeldspathic rocks, this transition zone ap-
pears to correspond to deformation at temperatures around
300-450 °C (Shaw and Allen, 2007), or around the greenschist to
greenschist-amphibolite facies transition. Field observations of
brittle deformation at higher temperatures (Swanson, 2006b; Price
et al., 2012) confirm that ancient faults contain records of this
localized, rate-dependent behavior. Pseudotachylytes have been
reported from locations deeper and hotter than the typical seis-
mogenic zone, where rocks were actively creeping by crystal plastic
deformation when localized slip occurred (Lin et al., 2003;
Austrheim and Andersen, 2004; Lin et al., 2005; Behr and Platt,
2011; White, 2012, and summary therein).

This wealth of field studies of pseudotachylyte, and integration
with experiments and geochemical analyses, have enabled the
study of earthquake source parameters at the source. The
continuing discoveries of new field sites in diverse lithologic and
tectonic environments hold continuing promise for future
insights.

3.1.2. Frictional devolatilization

Frictional heating during seismic slip may be recorded, even
when peak temperature does not exceed the local fault rock solidus. In
particular, hydrous and carbonate minerals have been shown to
thermally dissociate during fast slip. Dissociation leaves volatiles
and amorphous or nano crystalline materials that are potentially

reactive with fluids and surrounding minerals, and unstable over
geologic time (e.g. Ca0, Han et al., 2007b). The recrystallization of
these products may occur immediately post-seismically, or after
the fault has cooled. In the former case, the new minerals may
record higher than ambient temperatures, or in the latter, the pre-
seismic mineralogy may be reproduced by back-reaction of the
dissociation products. Friction experiments on rocks with high
volatile content have shown that considerable energy is consumed
in the devolatilization reactions associated with the breakdown of
some minerals (Sulem and Famin, 2009; Brantut et al., 2010, 2011),
as predicted by Billi and Di Toro (2008). Vaporization of the
released volatiles consumes frictional heat, buffering the temper-
ature rise on slip surfaces during seismic slip. This effect may be
important only in minerals that lose a significant proportion of
their mass to volatilization, including carbonates and sulfates,
which comprise a tiny fraction of earth's crust but may be locally
abundant in some fault zones. Below we describe some case
studies, from natural faults and from shearing experiments, which
suggest that a structural record of frictional devolatilization may be
formed under common conditions in appropriate lithologies in the
seismogenic zone.

3.1.2.1. Carbonates. Carbonate minerals (predominantly dolomite
and calcite) can be broken down by fast heating to release CaO,
MgO, FeO, and CO,. Dolostone is formed by the diagenetic or
metamorphic alteration of limestone (Baker and Kastner, 1981), so
they are often found in association, but the rheologic properties are
significantly different. Dolostone displays a higher friction coeffi-
cient and yield strength than limestone (Austin et al., 2005; Billi
and Di Toro, 2008; Di Toro et al., 2011). Iron-carbonates (siderite
and ankerite) have a similar crystal structure to dolomite, but they
are rarely dominant rock-forming minerals. The carbonate minerals
break down at temperatures of ~600—800 °C to release CO,, leaving
nano particles of calcium, iron and magnesium oxides, and hy-
drated equivalents (De Paola et al., 2011b). The conditions of
dissociation, and the nature of the reaction products vary with the
mineralogy of the carbonate rock, time-temperature path, water
activity and presence of organic and inorganic impurities (Bhatty,
1991).

Han et al. (2007a; 2007b) showed that frictional decarbonation
(calcining) in high speed friction experiments on siderite and
calcite produced oxide nanoparticles that lubricated experimental
faults. The resulting drop in shear strength could be influenced by
the unique superplastic rheology of nano particle aggregates (De
Paola et al., 2011b; Han et al., 2011; Verberne et al., 2014), and
also potentially by pore pressurization due to release of COo,
although this effect was weaker in the unconfined experiments.
The experiments showed that the remaining nanoparticles could
crystallize almost instantaneously to form oxide minerals in the
gouge (e.g. magnetite; Han et al., 2007b).

Characteristic textures indicative of thermal dissociation have
been identified in friction experiments and correlated to observa-
tions in a number of faults (e.g. the Naukluft Thrust, Fig. 4A, B; Rowe
et al. (2012a)). De Paola et al. (2011a) demonstrated that dolomite
dissociation due to fault slip could produce 6'3C and 6'80 decreases
in residual the fault rock and CO; concentration increases in ground
water. Skeletal, decomposed carbonate grains were reported in the
wallrock of the experimental faults, showing that heat produced on
the slip surface was sufficient to raise the temperature of the
wallrock above the dissociation threshold (Han et al., 2010). How-
ever, a clumped isotope study designed to detect high temperatures
on a carbonate-hosted fault found temperatures of carbonate
crystallization only slightly above ambient temperature (Swanson
et al, 2012). Thus, if carbonate dissociation occurred,
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Fig. 4. Features of natural fault gouges. A: Fragmentation of dolostone wall rock (top of photo) associated with decarbonation and flow in massive gouge layer, with incorporation of
wall rock fragments into gouge. Naukluft Thrust, Namibia (Rowe et al., 2012a). B: Fluidized dolomite gouge shows grain size lamination folded (open arrows) and injected into
cracks in wallrock (filled arrows). Naukluft Thrust, Namibia (Sherry, 2014) C: Cohesive cataclasite layer with concoidal fracture within gougey fault core, Muddy Mountain Thrust,
Nevada. D. Fluidized flow in 15 m-thick cataclasite layer in Pasagshak Point Thrust. Clasts of partially consolidated sandstone grow tails through internal granular flow (Rowe et al.,
2011). E: Mirror surface of Corona Fault, San Francisco, California. F: Cortex-clasts in cataclasite, Corona Fault, California. Cortexes on quartz grains are made of silica and iron oxides.
CCAs are found within mirror surface of cryptocrystalline to amorphous silica (Kirkpatrick et al., 2013).

recrystallization followed after the fault had cooled back to ambient
conditions.

Field observations of carbonate-hosted faults show evidence for
coseismic decarbonation, even though some of the features pro-
duced in the laboratory, such as reactive nano particles, are
extremely short-lived in the geological environment. Diagnostic
microstructures include direct effects of fast heating, such as

skeletal porosity in surviving crystals (Collettini et al., 2013;
Mitchell et al., 2015). Spherules of carbonate, including grain
coatings, may reflect adhesion of nano particulate decarbonation
products (Beutner and Gerbi, 2005; Craddock et al., 2012; Rowe
et al., 2012a; Mitchell et al., 2015), but distributed coated clasts
may be produced by different mechanisms at different slip rates
(Smith et al., 2011; Rempe et al., 2014, and section 3.2.3 below). Co-
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seismic fluidization of carbonate fault rock has been attributed to
pore pressure transients caused by decarbonation (Smith et al.,
2008; Rowe et al., 2012a; Craddock et al., 2012) (Fig. 4A). Further
evidence for CO, liberation during earthquakes includes the
observation of post-seismic CO, emissions in carbonate terrains
(Bonfanti et al., 2012).

Even when peak temperature is insufficient to destroy carbonate
minerals, the effects of transient heating may be recorded by the
stretching of crystals, resulting in increase in volume of fluid in-
clusions (Ujiie et al., 2008). Carbonates may also preserve records of
sudden chemical changes during faulting, either by fluid mixing or
by pH changes driven by fluid interactions with fresh broken
mineral surface area (Yamaguchi et al., 2011a). Ankerite precipita-
tion is preferred in these reduced conditions. Either of these
mechanisms provides a clear link between carbonate vein chem-
istry and fault slip, although the interpretation of rate dependence
is not as tightly constrained as for some of the other fault rock
records.

3.1.2.2. Hydrous silicates. Hydrous silicate minerals such as clays
and micas are vulnerable to damage or dissociation due to coseis-
mic frictional heating (Table 1). These reactions drive off water from
interlayer sites in expandable clays at low temperature, release
bound water in the crystal lattice of hydrous minerals at moderate
temperatures, and, at high temperature, destroy crystalline struc-
ture (Grim and Bradley, 1940; Tschegg and Grasemann, 2009;
Mizoguchi et al., 2009). The freed water may contribute to ther-
mal pressurization, and the remnant material may be released into
solution in pore water, remain as crystalline or amorphous nano-
particles, or form new minerals upon cooling. Laboratory experi-
ments demonstrate the rapidity of these reactions. Hirose and
Bystricky (2007) showed that heterogeneous heating on a slip
surface in an experimental fault allowed for dehydration of
serpentine (at ~500 °C) even when the average fault temperature
was only ~200 °C. Silica and alkalis from broken-down clays may
recombine to form new clay minerals after the event, or may form
amorphous patches (Collettini et al., 2013) or cements of quartz,
feldspar, or zeolite (Rowe et al., 2012b).

In shallow faults where ambient temperatures are <150 °C,
smectite clays (e.g. montmorillonite, saponite) are important con-
stituents of fault gouge (e.g. Rutter et al., 1986; Lockner et al., 2011;
Tesei et al., 2012; Chester et al., 2013). The instability of these
minerals at higher temperatures means that frictional heating can
be recorded in clay reactions. Observations of ancient faults have
suggested that the transition of smectite to illite may be accelerated
in seismic slip surfaces (Yamaguchi et al., 2011b); however, the
kinetics of this reaction at high heating rates are not well under-
stood. At temperatures <250 °C and short duration (minutes), or if
potassium is limited, smectite may not transform to illite. Instead,
the interlayer water will be driven off, collapsing the smectite
structure, reducing the crystals' ability to rehydrate (Schleicher
et al.,, accepted), and altering the frictional properties (Ikari et al.,
2007). Although not detectable by most routine analyses, this
permanent heat-damage may be detected by X-ray diffraction un-
der humidity-controlled conditions (Schleicher et al., accepted).
Metamorphosis of smectite to chlorite has been reported in cata-
clasite from a subduction thrust and may be combined with chlo-
rite geothermometry to estimate coseismic temperature rise
(Kameda et al., 2011). Both these reactions appear to record tem-
perature rise of AT = 100—200 °C at depths from near surface down
to a few km.

At higher temperatures, clays may melt or decompose, resulting
in silica cementation and facilitating new mineral growth upon
cooling. Clay mineral collapse and/or partial decomposition and
resultant sintering likely contribute to forming sharp layers of

durable cataclasite commonly found in otherwise incohesive,
gougey fault cores (Fig. 4C). Clay firing experiments suggest
decomposition and reaction is most vigorous at ~650—800 °C
(Tschegg and Grasemann, 2009), but further work is required to
determine whether these experiments performed under fully
oxidizing conditions are relevant to clay gouge in the earth. Iron
oxides formed from breakdown of smectite may impart magnetic
properties to fault gouge (Hirono et al., 2006; Mishima et al., 2006)
at estimated peak temperatures of >400 °C. Layers of black fault
gouge recovered from the Chelungpu fault showed evidence of
selective clay breakdown, with different temperature ranges in
different slip zones recorded by differential survival of different
types of clays (Kuo et al., 2009). These reactions can be roughly
calibrated to temperature/time through comparison to the prod-
ucts of laboratory heating experiments (e.g. estimated peak
temperature = 350—1000 °C for three slip surfaces in the Che-
lungpu Fault, Kuo et al., 2011).

Clay minerals are sensitive to both transient and long-term
temperature changes (Table 1). Although accurate identification
of individual clay species, and detection of thermal damage or
amorphization, are time-consuming and laborious, the studies of
clays in faults are extremely promising for determining thermal
history of fault zones.

3.1.3. Maturation of organic material

The thermally-mediated maturation of organic material in
sedimentary rock has long been used for assessing the thermal
maturity and temperature-burial history of reservoir rocks (Barker
and Pawlewicz, 1986; Burnham and Sweeney, 1989; Sweeney and
Burnham, 1990). These techniques have been recently adapted for
measuring fault heating. The most common of the organic materials
to be analyzed in this way is vitrinite, a maceral derived from the
burial of woody material (Teichmiiller and Teichmiiller, 1979). Vit-
rinite particles become more reflective with increasing temperature
(reported as the percentage of light reflected from particles
immersed in oil, Ro%). This reaction is relatively insensitive to
heating duration at long timescales (e.g. on the order of burial rates,
Barker and Pawlewicz, 1986). Elevated vitrinite reflectance along
faults cutting the vitrinite source rock were initially attributed to
differential frictional heating of the fault surfaces (e.g. Bustin, 1983;
Suchy et al., 1997; O'Hara, 2004), but mounting evidence suggests
that deformation, not just temperature, plays a role in vitrinite
reflectance (Dalla Torre et al., 1997; Carr, 2000), probably due to
shear strain producing increased order in the basic structural units
and straightening of layers within the molecular structure (Ross
et al,, 1991; Wilks et al., 1993). Most importantly for fault studies,
increases in vitrinite reflectance during shearing experiments at low
velocities have demonstrated that shear alone, even without tem-
perature rise, can increase vitrinite reflectance by polishing. This
effect is demonstrated in anomalously high temperatures calculated
from vitrinite reflectance in fault rocks compared to other temper-
ature proxies (Hirono et al., 2009; Sakaguchi et al., 2011) which are
not well explained by fault heating alone (Fulton and Harris, 2012).

Organic molecules, abundant in most sedimentary rocks, also
mature with time-temperature path and do not appear to be
vulnerable to the stress and strain effects observed in particles of
vitrinite. Initial studies on fault rock showed that thermal maturity
indices increased in a pseudotachylyte-bearing fault (Savage et al.,
2014), but not in an extinct, exhumed strand of the San Andreas
(Polissar et al., 2011). These results show that frictional temperature
rise on short timescales is recorded by sedimentary organic mole-
cules. Experimental calibration of the reaction rates on time-
temperature paths similar to those expected on fault surfaces dur-
ing seismic slip may enable precise determination of peak temper-
ature in the future (Rabinowitz et al., 2013; Sheppard et al., 2015).
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Faults in coal-rich rocks may show evidence for thermal
reduction, such as the formation of graphitic layers in anthracite
fault gouge around the rupture surface of the 2008 Wenchuan
earthquake (Kuo et al., 2014). Laboratory shearing experiments on
carbonaceous materials are most effective at producing graphite at
elevated normal stress, (O'Hara et al., 2006; Oohashi et al., 2011;
Kuo et al., 2014), suggesting that thermal reduction/decomposi-
tion of organic matter is the likely source for graphite in the gouge.
Oohashi et al. (2011) showed dramatic weakening when amor-
phous organic carbon was transformed to graphite at slip rates of a
few cm/s. Conversely, ductile shearing may reduce the crystallinity
or even amorphize graphite in fault rocks, so the frictional strength
of carbonaceous rocks may be highly variable during deformation
(Nakamura et al., 2015).

3.14. Trace element mobility

The partitioning of trace elements between pore fluids and min-
erals is strongly temperature dependent. At finer grain sizes,
increased surface area enables rapid diffusion and equilibration be-
tween fluids and fault gouge. The temperature dependence has been
used by Ishikawa et al. (2008) and subsequent workers to estimate
paleoseismic peak frictional heating from trace element concentra-
tions in fault rock. The method works by comparing trace element
ratios in fault rock to trace element ratios in neighboring rock away
from the slip surface, which is assumed to have similar initial chem-
istry but different thermal history. It is also assumed that the fault
rocks and wall rocks were in contact with the same pore fluids. Any
differences in trace element distribution can be attributed to equili-
bration at different temperatures, which can be constrained through
diffusion modeling. Rates of diffusion increase exponentially with
temperature, thus, equilibration is most efficient at peak heating, and
slower diffusion during cooling is incapable of overprinting the peak
effect. This proxy for frictional heating has now been successfully
applied in several active and ancient faults, revealing temperature
spikes up to ~350° in faults from only a few km depth (Hirono et al.,
2009; Honda et al., 2011; Hamada et al., 2011; Yamaguchi et al., 2014).

3.2. Potentially earthquake-related

In this section, we describe deformation mechanisms and
resulting structures thought to be associated with seismic slip, but
around which some ambiguity remains. Some of these phenomena
certainly occur at high slip rates, but the minimum bounds on slip
rates are poorly defined or are specific to local conditions, and they
may also record sub-seismic slip rates. Others have not been re-
ported in enough environments or studied in enough detail to
make generalizations about the slip conditions of formation.

3.2.1. Fluidized granular flow

Granular fault rocks such as breccia and gouge (Figs. 4 and 5A)
may be mobilized during fault slip. Fluidized grains may move
along- or off-fault following pressure gradients, injecting into wall
rock fractures and pooling in dilational sites on fault surfaces (e.g.
Kirkpatrick and Shipton, 2009; Rowe et al.,, 2012a; Fagereng et al.,
2014). Mobilized granular rock is well documented in fault planes
and landslide slip surfaces (Beutner and Gerbi, 2005; Smith et al.,
2008; Rowe et al., 2012b) (Fig. 5B). Fluidization may also occur in
unconsolidated sediments (e.g. Sherry et al., 2012; Quigley et al,,
2013; Loope et al., 2013), and these can sometimes be distin-
guished from sediment mobilization by other triggering mecha-
nisms (Owen et al., 2011; Rowe, 2013) to create a regional record of
paleoseismicity. Such features are often called paleoseismites, but
as this paper is focused toward on-fault phenomena, we will not
explore them further.

Granular flows may be divided into cataclastic and fluidized
flows (e.g. Borradaile, 1981). This distinction may be relevant for
interpreting past flow velocity, although different styles can prob-
ably occur in the same fault, possibly during the same slip event
(Fig. 4A). Cataclastic flow occurs when particles in contact with
each other roll, slide, and crack to achieve distributed shearing
through a layer of grains (Rutter, 1986) (Figs. 4A and 5B). Stress-
dependent trade-offs between fracturing and dilation during cat-
aclasis result in grain size reduction and the development of fractal
grain size distributions, with predominantly angular grains (An and
Sammis, 1994). This process does not appear to be rate-dependent,
and may produce similar fault rock textures during creep as during
seismic slip (Stiinitz et al., 2010). Such shearing may be well-
described by laboratory-derived friction laws (Marone, 1998), as
this is the deformation mechanism typical of unconfined gouge
with negligible pore pressure.

Fluidized granular flow may be laminar (continuous) or “grain-
inertial” (turbulent, discontinuous). Fluidized granular flow oper-
ates with direct transfer of momentum from one grain to another,
but the flowing grains (+pore fluid) may be treated in bulk as single
phase flow. The interparticle stresses are lower than in cataclastic
flow, and grain breakage is less pervasive (Rawling and Goodwin,
2003; Mair and Abe, 2011). When grains do fracture, the frag-
ments are rapidly rotated or bounced away from one another, so
that matching them in thin section is rarely possible (Monzawa and
Otsuki, 2003). Describing fluidized granular flow this way is similar
to the method employed for debris flows, lahars, and some types of
landslides where inertial forces are significant (Okura et al., 2002).

In ancient faults, evidence for past fluidization of gouge is often
inferred from the granular texture. Indicative features include:
sharp (sometimes cuspate-lobate) boundaries crosscutting adja-
cent layers, plucking and sorting of clasts of wall rock and older
gouge or cataclasite, and injection of gouge into off-fault cracks (e.g.
Monzawa and Otsuki, 2003; Otsuki et al., 2003; Boullier et al., 2009;
Brodsky et al., 2009; Fondriest et al., 2012; Rowe et al., 2012b).
Gouge or cataclasite with microstructure indicative of past granular
flow has been found in geometric relationships with pseudo-
tachylyte that suggest coseismic formation of both fault rocks
(Otsuki et al., 2003, 2005; Kirkpatrick and Shipton, 2009;
Meneghini et al., 2010). The effect of shaking likely also contrib-
utes to granular fluidization (Monzawa and Otsuki, 2003; Owen
and Moretti, 2011), as experiments show that shaking separates
grain contacts, reducing intergranular friction and causing the
initiation of flow (Rodrigues et al., 2009; van der Elst et al., 2012;
Yasuda and Sumita, 2014). The similarity of injection vein
morphology and orientation between granular injections and
pseudotachylyte injections led Rowe et al. (2012a) to conclude that
similar coseismic wall rock stresses could be interpreted from both
types of features.

Laminar flow tends to sort grains across flow velocity gradients
and align non-equant grains sub-parallel to flow lines (Fig. 5C).
Thus, granular layers which are grain-size and/or density segre-
gated in planar layers, often parallel to the fault walls, and show
grain preferred orientation parallel to the layering, must be pro-
duced by laminar grain flow (Cladouhos, 1999; Ujiie et al., 2011;
[smat, 2013). This texture is characteristic of shallow fault gouges
collected from many recently active faults (e.g. Cowan et al., 2003;
Smith et al., 2008; Bradbury et al., 2011; Boulton et al., 2012) and
granular fault injections (Lin, 1996; Boullier et al., 2009; Rowe et al.,
2012b) (Fig. 4B,C).

Grain-inertial flow (“gas-phase” of Campbell, 1990) occurs when
particle paths are independent of one another and of the motion on
the fault (Fig. 5D). Momentum transfer occurs by grain collisions.
The granular rock is internally pressurized, with reduced effective
normal stress on the fault (Melosh, 1979; Sulem et al., 2007). If a
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Rotation, sliding and fracture

Dilation, sliding and
parallel flow with sorting
and alignment

Increasing slip rate, increasing dilation, decreasing shear resistance

Quartz
B Plagioclase
1 Alkali feldspar
M Biotite
M Oxides
M Clay

Collision-dominated momentum
transfer, increased dilation,
particle paths random,
size and alignment well-mixed

Fig. 5. (a) Natural gouge in granite consists of different size fractions of host rock minerals as well as alteration minerals, such as clays, which are not found in the host rock. Multiple
flow mechanisms may act in the gouge layer during the same slip event. (b) Cataclastic flow (c) Laminar flow (d) Grain-inertial flow.

granular flow collapses directly from an inertial state to a locked/
compacted state, fault rock textures may preserve evidence of in-
ertial fluidization, including well-mixed grains (by size and den-
sity), massive texture lacking foliation, and random grain
orientation (Rowe et al., 2011). Numerous examples of massive
textured, unsorted gouges and cataclasites (e.g. Fig. 4A) have been
attributed to coseismic fluidization, particularly by thermal pres-
surization (Rowe et al.,, 2005; Ujiie et al., 2010, 2011; Lin, 2011),
although it is not proven with certainty that these features are
uniquely associated with this type of flow.

The evidence suggests that both inertial and laminar grain flow
occur in gouge during seismic slip, but the mode depends on vis-
cosity of the aggregate, which depends on pressurization, so has an
indirect dependence on slip rate. While inertial granular flow is
necessarily fast (on order cm/s — m/s; Sherry et al., 2012; Ross et al.,

2014) the precise dependence on fault slip rate has not been
established. The identification of diagnostic features in fault out-
crops is poorly constrained, and detailed structural context is
essential to interpret the style and geometry of granular flow in
fault gouges and breccias.

3.2.2. Mirror fault surfaces

“Mirror” faults are exposed slip surfaces that are smooth on the
scale of visible light so they are remarkably shiny (Fig. 4E). They are
characterized by thin layers of very fine grained fault rock coating
sharp, planar to wavy slip surfaces, which often crosscut clastic
fault rocks. Mirror faults have been reported in rocks of varied
mineralogy, and their formation has been attributed to either slip-
polishing, or to the development of an ultrafine-grained layer of
fault rock along the principal slip surface.
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The first detailed study of a mirror fault surface at “The Mirrors”
locality in Dixie Valley, NV, revealed a vitreous, nearly pure quartz
layer with sub-micron grain size, with a self-affine surface (Power
and Tullis, 1989, 1991). Micro-to nano-scale observations show
irregular grain boundaries in a very high energy state configuration
with no shape-preferred orientation, crosscut by thin bands of
preferred crystallographic orientation (Power and Tullis, 1989).
Similar microstructures were observed in a thin reflective layer on
the surface of the Corona Heights Fault, California (Kirkpatrick et al.,
2013), and a quartz fault vein in carbonate/shales in Namibia (Faber
et al.,, 2014). While Power and Tullis (1989) interpreted the thin
layer as a hydrothermal vein modified by inter-granular pressure
solution formed during slow creep, Kirkpatrick et al. (2013) and
Faber et al. (2014) both identified relict silica colloids and (for
Corona Fault) amorphous patches within the layer, and inferred
solidification and partial crystallization of a silica gel formed by
seismic slip along the fault (also see Section 3.2.5).

Mirror surfaces have also been reported in carbonates (Fondriest
et al,, 2013; Siman-Tov et al., 2013; Collettini et al., 2014). Fondriest
et al. (2013) showed that formation of mirror surfaces is related to
frictional power density (sensu Di Toro et al., 2011). Siman-Tov et al.
(2013) showed that the extremely smooth surfaces are formed by a
thin layer of sub-spherical carbonate nanoparticles filling in the
micron-scale roughness of the fault gouge or rock surface beneath.

A recent report of iridescent slip surfaces in the Wasatch Fault,
Utah, suggests that preexisting hematite in faults may react to
produce iridescent, shiny reduced Fe fault veins during frictional
heating (Evans et al., 2014). Clay-smeared faults in shales may
attain mirror-like smoothness (Lindsay et al., 1993). The common
feature of mirror faults in different lithologies is their micron-scale
smoothness, but the mechanisms by which they form are not
necessarily similar.

Micro-to nano-granular shiny surfaces were generated in ex-
periments on diorite and quartzite (Goldsby and Tullis, 2002; Di
Toro et al., 2004; Hirose et al., 2012) and on carbonates (Han
et al,, 2011; Tisato et al., 2012; Chen et al., 2013; Fondriest et al.,
2013; Smith et al., 2013b; Verberne et al., 2013) at a range of slip
velocities. With the establishment of the shiny surface, frictional
wear rate is much reduced (Hirose et al., 2012). The available data
generally suggest that mirror faults do not form without elevated
temperature on the slip surface (with thermal breakdown of calcite
and the appearance of periclase and calcite in dolomite, Fondriest
et al,, 2013; Smith et al., 2013b). Extremely smooth localized slip
surfaces are commonly noted in rotary shear experiments which
display velocity-weakening behavior, often associated with mineral
transformations (e.g. Oohashi et al., 2011; Smith et al., 2013b;
Lamothe et al., 2014). Thus, it is clear that mirror surfaces can be
formed by extreme localization during high-velocity slip. To our
knowledge, no similar surfaces have been formed during slip ex-
periments at sub-seismic slip velocities. However, as the mecha-
nisms of formation may vary by lithology and normal stress, it may
be important to test a wide range of materials and conditions in
order to place reliable constraints on the formation of fault mirrors.

3.2.3. Clast-cortex aggregates

Warr and Cox (2001) first described “snowballed” smectite rims
around rotated quartz grains in gouge from the Alpine Fault and
inferred formation of these coated grains during granular flow
under high pore pressure conditions. Clay-clast aggregates or clast-
cortex aggregates (CCA) were subsequently described from gouge
layers interpreted to represent seismic slip surfaces of the 1999 Chi
Chi earthquake (Boutareaud et al., 2008; Boullier et al., 2009;
Boutareaud et al., 2010). These clasts consist of core grains (often
quartz, feldspar, lithic clasts or clasts of older cemented gouge) with
concentric coatings of smaller particles. The coatings are about

5—10 um thick and approach a spherical shape with increasing
thickness, regardless of the shape of the core clast. CCA are not
always ubiquitous in the gouges that contain them; coated grains
are mixed among grains with no coatings (Boutareaud et al., 2008;
Boullier et al., 2009). The CCA were reproduced in both wet and dry
rotary shear experiments at ~1 m/s (Boutareaud et al., 2008, 2010).
Ferri et al. (2010) produced similar structures adjacent to the
principal slip zone in gouge from a landslide slip surface. In all these
cases, liquid-vapor transition in pore water was interpreted to
cause the formation of CCA, in association with fluidized granular
flow under thermally pressurized conditions.

Subsequent experiments have shown that CCA in clay-rich
gouge can be produced at a range of slip conditions. Ujiie et al.
(2011) produced CCA during dry faulting, but wet faulting under
the same shearing conditions formed sorted, foliated gouge
without CCA. Han and Hirose (2012) were able to produce CCA in
dry gouge at slip rates down to 500 um/s. They also produced cortex
grains in silica nanoparticle samples, showing that clay dehydration
is not essential for producing cortex clasts. The experimental ex-
amples strongly mimic natural examples from a chert-hosted fault
(Fig. 4F; Kirkpatrick et al., 2013).

Similar grain morphologies have been reported in carbonate-
hosted faults and landslides (Beutner and Gerbi, 2005; Smith
et al, 2011; Rowe et al., 2012b). Fine-grained calcite cortices
adhered to calcite fragments in the principal slip zone. They asso-
ciated these grains with fluidization of gouge. Rempe et al. (2014)
carried out calcite gouge shearing experiments at a range of slip
rates and displacements (10~4—10° m/s). Similar to the clay-clast
aggregates, the carbonate CCA formed in room-dry gouges but
not when pore water was added.

Thus, it appears cortex grains can be formed in dry clay or car-
bonate gouge at slip rates associated with earthquakes
(10~4—10° m/s) at low effective normal stresses (Ujiie et al., 2011;
Han and Hirose, 2012; Rempe et al., 2014). Where such informa-
tion is available, it appears that the cortex grains may not form
directly in the principal slip surface, but adjacent to it in a fluidized
gouge layer. This slip partitioning in the experiments indicates that
both temperature and strain patterns within the shearing layer
(including, but not limited to, the principal slip surface) are het-
erogeneous. At present, the deformation and temperature de-
pendency of the formation of cortexes is under-constrained. In all
cases, the concentric, spherical structure of the cortices imply grain
rolling during aggregation. The mechanism of adhering fine parti-
cles to the larger grains has been suggested to be “electrostatic”
(Boutareaud et al., 2010; Han and Hirose, 2012). If so, the role of
water in inhibiting cortex formation may be related to reduced
inter-particle friction and triboelectric effect (Rempe et al., 2014).
This effect would be expected to vary with mineralogy, tempera-
ture, moisture content, and most importantly, strain rate and de-
gree of localization.

3.2.4. Coseismic crystal plastic deformation

Pseudotachylytes are commonly associated with mylonitized
wall rock, but they are most often reported in crosscutting geom-
etries which suggest the overprinting of one by the other during
different intervals of deformation (e.g. Passchier, 1982; Price et al.,
2012). However, a few field examples of coeval frictional melting
and crystal plastic deformation of wall rock suggest that high
temperatures adjacent to seismically slipping faults may persist
long enough for co-to post-seismic ductile strain to reach detectible
magnitudes (e.g. John et al., 2009). Bestmann et al. (2012) show an
example of ductiley distorted foliation around pseudotachylyte
faults, apparently developed by subgrain rotation and dislocation
creep. Microshears associated with this ductile deformation
contain newly developed strain-free quartz grains, potentially
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related to destruction and regrowth of the crystalline structure in
quartz (see Section 3.2.5).

High temperatures associated with experimental frictional
heating have caused solid state recrystallization of gouge and wall
rock in halite (Kim et al., 2010) and calcite (Smith et al., 2013b). The
halite experiments show thin (100—200 wm) bands with ribbon-
shaped halite crystals extended coaxially with the slip on the
adjacent pseudotachylyte layer. The close association of crystal
plastic and cataclastic fabrics may correspond to a strain rate
gradient away from the slip zone (c.f. Niemeijer and Spiers, 2006).
Both field and experimental examples demonstrate the feasibility
of co- to post-seismic crystal plastic flow facilitated by frictional
heating, confined to a narrow layer around extremely localized slip
surfaces.

3.2.5. Amorphous material

Several of the co-seismic processes described above may pro-
duce amorphous material, by a wide variety of mechanisms. Fric-
tional melt, if quenched quickly enough, may solidify to an
amorphous glass, although this is almost never observed in ancient
samples (exceptions include: Philpotts, 1964; Lin, 1994). Evidence
of solid-state crystallization from glass in the post-seismic period
may be preserved in some pseudotachylytes (Kirkpatrick and Rowe,
2013).

Thermal breakdown of clays can leave amorphous residue (e.g.
the amorphous orange-brown silicate material of Collettini et al.,
2013). Amorphous materials with similar composition to clays
have been found in clay gouges, often containing tiny crystals of
clay minerals with the same composition (Kuo et al., 2009; Janssen
et al., 2010, 2013). These crystals may grow directly out of the
amorphous material, or may be remnant, or included. Traces of
amorphous material are produced in shearing experiments on clay
gouges (e.g. Brantut et al., 2008). Amorphous materials develop
during clay growth in soils, at conditions similar to the upper few
km of continental faults, forming shapeless blobs out of which clay
crystals grow, and coating detrital grains (Istok and Harward, 1982;
Saccone et al., 2007). As the amorphous materials found in fault
gouges may strongly resemble pedogenic amorphous silicates and
oxides associated with wetting and drying in soils, extreme care
must be taken to understand the structural context of amorphous
material in fault gouges to understand its relationship to slip. When
associated with corroborating evidence of thermal decomposition,
as with the skeletal calcite described by Collettini et al. (2013),
amorphous material of clay composition may be inferred to have
been produced by coseismic frictional heating.

Amorphous material is routinely produced in relatively slow
bulk deformation experiments on crushed granite at room tem-
perature up to high temperature (Yund et al., 1990; Pec et al,,
2012b; White et al., 2009, 2013; Hadizadeh et al., 2015). The
mechanism of amorphization is not well known, but it appears to
affect quartz, feldspar and mica without significant selection by
mineralogy (distinct from melting) (Pec et al., 2012b). “Gel”-like
coatings of amorphous material develop on sheared bare rock
surfaces (White et al., 2013), while patches in crushed granite link
up with increasing slip (Pec et al., 2012b). These observations
suggest very little slip is required to initiate amorphization. It has
been suggested that the amorphization is related to loss of struc-
ture if stress on grains remains high while grain size reduction
approaches the theoretical grinding limit defined by Keulen et al.
(2007). Natural examples of amorphous material potentially pro-
duced in this way have been reported (Ozawa and Takizawa, 2007),
but there are insufficient reports to determine how wide-spread
mechanically-formed amorphous material may be, or whether
there are any useful limits on the environments where it forms.
Amorphous materials in faults may also result from hydrothermal

alteration or cementation. Thus, field geometric relationships
demonstrating that amorphous layers are exclusive to the principal
slip surface of a fault are required for certain identification (Faber
et al., 2014; Schulz and Evans, 1998; Ozawa and Takizawa, 2007).

Shear experiments in quartz rocks have produced amorphous
hydrous silica (“silica gel”) on slip surfaces at moderate to high slip
rates, at temperatures far below quartz melting threshold (e.g.
Goldsby and Tullis, 2002; Di Toro et al.,, 2004). Dramatic shear
weakening occurs when this material is produced, but the exact
mechanism of loss of crystallinity in quartz is not well understood,
nor is the rheology well-characterized. Natural examples of silica
layers containing amorphous silica or preserved colloids suggesting
an amorphous precursor have now been reported on principal slip
surfaces in two exhumed faults (Kirkpatrick et al., 2013; Faber et al.,
2014).

In summary, other mechanisms besides melting may produce
amorphous material in fault rock. Some of these mechanisms can
be clearly linked to seismic slip, while others may not be related to
deformation. As little is known about the characteristics of amor-
phous silicates in geologic environments, it may be impossible to
tell these materials apart. The reports of amorphous material are
rare, because it typically comprises a very small fraction of the rock,
and is only detectible by specific and careful X-ray diffraction an-
alyses using internal standards, or by transmission electron mi-
croscopy (TEM), neither of which is routine in fault rock studies. In
addition, the production of amorphous and cryptocrystalline ma-
terial from thermal breakdown of other minerals during seismic
slip poses serious problems for preservation in the rock record. As
has been long recognized in pseudotachylyte studies, silicate
amorphous material is not stable and will tend to crystallize at
temperatures above ~100 °C. Therefore, the crystallized remnants
may be the only record of coseismic amorphization or melting
(Wenk, 1978; Allen, 1979; Kuo et al., 2009; Kirkpatrick and Rowe,
2013).

4. Diagnostic criteria for fast rupture velocity

The stress fields around crack tips have been a constant topic of
study for over a century (Inglis, 1913; Griffith, 1921). The near-tip
stress field controls crack propagation and the formation of sec-
ondary structures around faults (Pollard and Segall, 1987). For
geological applications, crack-tip stresses, strains, and displace-
ments may be evaluated quantitatively in a quasi-static framework,
in which the stress and displacement fields around a crack are
derived by solving the static equations of motion (subject to
appropriate constitutive, compatibility, and boundary conditions,
e.g. Pollard and Segall, 1987; Crider et al., 1996). This approach can
be used to predict where stresses will exceed rock strength, leading
to failure. The assumption of quasi-static conditions during defor-
mation implies that inertial forces are negligible, and as such, are
omitted from the equations of motion. However, as crack propa-
gation velocity increases, particle accelerations and related inertial
effects become significant, requiring evaluation of the dynamic
problem (Freund, 1998).

As an example, Fig. 6 shows several different normalized stress
quantities (radial (¢,+), hoop (g¢s); shear (gr9) and Coulomb (o)
stresses) plotted in a polar coordinate system centered at the
propagating tip of a right-lateral mode II semi-infinite crack mov-
ing at different rupture velocities (v,) expressed as a percentage of
the shear wave speed (c) (Freund, 1998). For all cases, the stress
amplitudes increase significantly above the static case (v; = 0)
when v, > 0.6¢;, with the peak value of ¢1/¢] exceeding the static
case by a factor of 5 at v, = 0.85¢; (Fig. 1C).

At v, = 0, the hoop stress reaches a minimum (compression) and
maximum (tension) at +70.5° respectively, the classic quasi-static
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Fig. 6. Normalized asymptotic crack tip stress fields (Freund, 1990; Broberg, 1999; Poliakov et al., 2002) for 4 different rupture velocities (V,) from 0 (the quasi-static case) to 85% of
the shear wave speed (C;). All stress fields are normalized, where K|l is the mode II stress intensity factor. a) Radial stress, b) Hoop or Circumferential stress, c) Shear stress, and d)
Coulomb stress (g = g, + p*agy) for p = 0.75. Note that there is a slight shift in orientation and major increase in magnitude of the hoop stress with V;. approaching C;. The shear
stress and coulomb stress have two maxima for values of V; approching C; as opposed to a single maximum for lower rupture velocities.

explanation for the formation of solution seams and wing cracks
(Rispoli, 1981) (Fig. 6). At v, = 0.85cs, however, the inclinations and
magnitude of the maxima and minima of the hoop stress increase
dramatically (to ~100°) compared to the static case (~70°, Figs. 1C
and 6). This near-tip field moves with the rupture, causing tran-
sient deformation in the vicinity of the rupture tip.

Because the magnitude and distributions of dynamic stress
maxima and minima are fundamentally different than around the
quasi-static crack, the permanent deformation associated with fast
shear rupture has the potential to be distinguished from slow
moving ruptures based on the geometry and distribution of sec-
ondary structures along exhumed faults. In other words, by
considering transient stress, strain, and strain rate fields associated
with dynamically propagating shear ruptures, fault structures
previously elusive within the context of quasi-static fault me-
chanics can be used to identify earthquakes in the rock record and
unlock additional information about the rupture process.

4.1. Clearly earthquake-related

4.1.1. Injection veins

Experimental and theoretical studies have explored the gener-
ation of off-fault brittle deformation related to propagating earth-
quake ruptures. In general, these studies predict extensive failure
both adjacent to, and far from, propagating rupture tips. For
example, tensile cracks were observed to grow from rupture tips in
experiments on cohesive faults in Homalite-100; the orientation of
these cracks is controlled by the rupture velocity v, (Samudrala
et al., 2002). Models testing the combined influence of the pre-
rupture stress state and velocity of shear ruptures show that

extensive off-fault compressive and tensile failure is possible under
some conditions (Poliakov et al., 2002; Rice et al., 2005). Surface
cracking in regions around earthquake epicenters may even be
explained by the off-fault stressing caused by transient stress fields
associated with dynamic rupture (Bhat et al., 2007; Xu et al., 2006;
Loveless et al., 2011).

Field evidence of off-fault tensile fractures similar to those
produced in experiments (Samudrala et al.,, 2002; Griffth et al,,
2009) has been reported in several faults, notably the Gole Larghe
Fault Zone in the Italian Alps (Di Toro et al., 2005). Evenly-spaced
tensile cracks filled with pseudotachylyte (injection veins)
demonstrate that the cracks opened coseismically (e.g. Fig. 7A), and
these have been described in isotropic and foliated host rocks
(Rowe et al., 2012b; Swanson, 2005). These injection veins are
typically oriented at a high angle to the fault surface (>70°), and
occur preferentially on one side of the fault (e.g. Fig. 7A,B). The
tendency of the tensile fractures to concentrate on one side of the
fault is readily explained by the asymmetry of the normal stress
components around a propagating dynamic rupture tip (Fig. 1C; 6).
Using a velocity-weakening mode II model of earthquake rupture,
Ngo et al. (2012) showed for a prestress state typical of large, strike
slip earthquakes, that injection veins associated with this mecha-
nism should form exclusively at large inclination angles (>70°) to
the main fault plane. At depths of >5 km, tensile stresses can
overcome confining stresses only at rupture velocities approaching
¢s (Ngo et al., 2012).

“Splay” or “wing” cracks form as mode I fractures or veins due to
static stress perturbations at the tips of faults (Rispoli, 1981; Segall
and Pollard, 1983; Willemse and Pollard, 1998; Mutlu and Pollard,
2008). Their angle to the fault can vary depending on the
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Fig. 7. A: Detail of a pseudotachylyte fault vein with evenly spaced injection veins, Norumbega System, Fort Foster, Maine. See Swanson (2006a) for details. B: Eroded surface of a
pseudotachylyte fault vein (purple patches) showing the footprint of injection veins extending down into the greenstone wallrock, showing regular length and spacing in the slip
direction. Photographed in float near the Moonlight Fault, Wanaka, New Zealand. C: Pulverized granite from the southern San Andreas fault (locality described by Wechsler et al.
(2011), photomicrograph provided by Tom M. Mitchell.) D: Brecciated zone between two pseudotachylyte veins is partially filled with pseudotachylyte, indicating brecciation of the

wallrock was coseismic. Norumbega Shear Zone, central Maine.

distribution of tractions near the fault tip (predicted by the quasi-
static formulation described above), and they are usually identi-
fied around bends or tips of faults. Injection veins formed due to the
dynamic stressing described above have several characteristics
which distinguish them from wing cracks, including: (1) the con-
centration in arrays on one side of the fault, (2) forming angles of
>70° to the fault surface, (3) planar geometry with consistent
orientation, and (4) occurrence in spaced sets, not obviously linked
to a local irregularity in the fault surface, nor concentrated at the
fault terminations (Fig. 7A,B Di Toro et al., 2005; Ngo et al., 2012).
While pseudotachylyte injection veins are clearly a product of
seismic rupture, the formation mechanism described above would
imply that other types of off-fault veins and/or fractures may also
form in a similar fashion in the absence of pseudotachylyte. For
example, two types of arrays of high-angle tensile fractures
distributed along faults (feather fractures, Cloos (1932); and T
Group fractures, Petit (1987)), have been interpreted as sense-of-
shear indicators on the main fault, although the growth mecha-
nisms are undefined.

4.1.2. Pulverization
Pulverized rock, or “powdered rock” formed without grinding or
milling, was described in the San Andreas fault (Brune, 2001), and

in induced earthquakes and rock bursts in South African mines
(Stewart et al., 2001). Pulverized rock is clearly distinct from fault
gouge, as the mineral fragments are not sheared relative to one
another, suggesting that the rock has been fragmented without any
shear strain (Fig. 7C). Particle size distribution (PSD) of suspected
pulverized rock shows patterns distinct from typical fault gouge
(Chester et al., 2005; Wilson et al., 2005). The width of the pul-
verized damage zone may be extended to several meters from the
fault due to high strain rates along mach fronts of supershear
ruptures (Doan and Billi, 2011; Yuan et al., 2011) or by the presence
of pre-existing damage that allows pulverization at lower peak
stress during subsequent high strain rate loading (Doan and dHour,
2012). Reches and Dewers (2005) related the pulverization process
to rapid volume changes caused by stress and strain-rate spikes at
the tip of propagating dynamic ruptures (e.g. Fig. 1C). Their models
predict pulverization in a thin (millimetric) zone around the sliding
surface, but field observations have reported pulverized zones 100s
of meters wide in asymmetric corridors along active faults (Dor
et al., 2006a; Mitchell et al., 2011; Rempe et al., 2013). The wide
zones of pulverized rock occur in stiff plutonic rocks (granitoids)
where they are juxtaposed against weaker rocks on the other side
of the fault (Dor et al, 2006b). This pattern, and the extreme
thickness of the pulverized zone, may be an effect of supershear
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rupture (v, > ¢;) which under certain conditions produces wide
“mach fronts” of extreme transient stress around the dynamic
rupture tip (Ben-Zion and Andrews, 1998; Ampuero and Ben-Zion,
2008; Passeleegue et al., 2013).

A series of experimental investigations of the pulverization
process in rocks have utilized the Split Hopkinson Pressure Bar to
achieve the necessary bulk strain rates to mimic co-seismic rupture
conditions (Xia et al., 2008; Doan and Gary, 2009; Doan and Billi,
2011; Doan and dHour, 2012). These experiments revealed that
dynamic pulverization is characterized by small strain after which
original rock fabrics are still recognizable through fracture net-
works, an observation consistent with micro structural observa-
tions of pulverized damage zone rocks (Mitchell et al., 2011).
Pulverization, at least in granitoid rocks, occurs above a critical
strain rate threshold, and this threshold increases with increasing
confining pressure (Yuan et al., 2011). At high strain rates, the
transition from discrete fracture to pulverization is governed by the
rate sensitivity of fracture toughness, adding evidence that rock
pulverization is a true signature of high strain rate deformation that
can only be achieved during earthquake rupture or extraterrestrial
impacts (Bhat et al., 2012).

4.2. Potentially-earthquake related

Near an earthquake rupture tip, rocks experience extreme
fluctuations in stress, strain rate, and, in at least some cases, tem-
perature. Similar transient, extreme conditions are also associated
with extraterrestrial impact events (French, 1998; Sagy et al., 2002);
therefore impact structures are useful natural analogs for transient
earthquake deformation in rocks. Several structures commonly
observed at impact sites and associated with shock deformation
have been proposed as diagnostic of earthquake-like deformation
conditions, although it is not clear that stress, strain rate, or tem-
perature conditions achieved during earthquakes are sufficient to
replicate such features. The challenge of interpreting the dynamic
stresses and strains, or scaling between impact conditions and
seismic conditions, warrants future work.

4.2.1. Branching fractures

Shatter cones are semi-conical groups of hierarchical, branching
striated fractures which have been associated with dynamic tensile
fracture propagation at the trailing edge of shock waves (Dietz,
1959). The inferred mechanism for shatter cone formation is frac-
ture tip instability as mode I rupture velocity approaches the Ray-
leigh wave speed (Gash, 1971; Sagy et al., 2002). This has led some
to suggest that branching fractures may present evidence of dy-
namic loading conditions vis a vis seismic deformation on nearby
faults (e.g. Fig. 7D, Melosh et al., 2014). While branching during
mode I fracture growth likely implies dynamic crack propagation, it
can also be induced by quasi-static loading (Sagy et al., 2001).
Therefore, branching mode I fractures may be suggestive of
earthquake deformation, but not definitive.

4.2.2. Planar deformation features

Planar deformation features (PDFs) in quartz, also known as
shock lamellae, are thin zones of quartz with low dislocation
density, separated by thin amorphous domains (e.g., Carter et al.,
1990). Single or multiple sets of PDFs are common features asso-
ciated with meteorite impact sites, and have been shown experi-
mentally to be associated with shock deformation conditions
(transient stresses exceeding ~10 GPa) (Carter, 1965; Carter et al.,
1990; French, 1998). While these are larger stresses than typically
expected during earthquakes (Reches and Dewers, 2005), experi-
ments have suggested that PDFs can form at smaller stresses at
elevated temperatures (Reimold et al, 1988). Based on these

observations, Carter et al. (1990) suggested that PDFs may form
during explosive volcanic events. Subsequent experiments
designed to test whether shock-induced PDFs are identical to those
formed during tectonic deformation show that they are distin-
guishable, because tectonic features are slightly curved along sub-
grain boundaries formed by dislocation glide and climb, while
shock-induced PDFs are perfectly planar and have much sharper
edges (Vernooij and Langenhorst, 2005; Hamers and Drury, 2011).

Mechanical Dauphiné twinning in quartz is well-documented in
rocks recovered from impact structures (Trepmann and Spray,
2005; Wenk et al., 2005) and has been reported in association
with seismic pseudotachylytes (Wenk et al., 2011). The formation of
Dauphiné twins is associated with large differential stress (Tullis,
1970), but they are also common in natural samples deformed at
elevated temperatures (Trepmann and Stockhert, 2003). They
probably record high stress magnitudes, but similar to PDFs, the
exact magnitude of the stress required to form them is probably
much lower at higher temperatures. So although Dauphiné twins
likely form during earthquakes, the association may not be
exclusive.

4.2.3. Feather features

Some quartz grains deformed during impacts also display
intriguing structures growing from planar shear fractures which
resemble the tensile microcracks described in Section 4.1.1, on a
smaller scale. These “feather features” (French et al., 2004,
Poelchau and Kenkmann, 2011) have been inferred to form dur-
ing relatively low pressure shock deformation and have been pro-
posed as a criterion for recognizing impact-related deformation in
rocks which are distal from the impact site. Feather features have
lengths on the order of 10—100 um with spacings on the order of
15 um and form at systematic angles along some preferred planes of
the quartz lattice (Poelchau and Kenkmann, 2011). Based on sub-
parallelism with maximum principal stress during shock recovery
experiments, Poelchau and Kenkmann (2011) inferred that feather
features are controlled by the direction of the remote principal
stresses; however, examination of their data also shows that the
spatial distribution and inclination of feather features are consis-
tent with growth at the tips of micro-shear ruptures along the
planar fractures from which the feather features emanate. To the
best of our knowledge, feather features have not been reported in
fault rocks; however, given the fact that PDFs have been recognized
in fault gouge, it is not unlikely that feather features should form if
they are indeed controlled by fast strain rate and large peak stress
conditions.

While the “extreme” stress magnitudes expected at earthquake
rupture tips (on order 5 GPa, Reches and Dewers, 2005) are on the
low end of transient stresses associated with impact structures,
there is enough overlap, and enough preliminary observations in
the literature, to motivate the exploration of near-tip microstruc-
tures for impact-like features.

5. Discussion
5.1. Interaction between weakening mechanisms

The confident association of pseudotachylyte with seismic slip
has enabled the use of pseudotachylytes to understand seismic
rupture parameters, particularly in the 15 years since Cowan (1999)
(e.g. Allen, 2005; Di Toro et al., 2005; Swanson, 2006a; Nielsen
et al., 2010). These efforts coincided with, and benefited from, the
emergence of specialized experimental apparatus capable of
simulating the stress and slip rate conditions of earthquakes.
Textural, microstructural, and chemical signatures of earthquakes
can now be assessed by comparison to experimental products
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where stress, slip rate, and chemical conditions are known (for a
review, see Niemeijer et al., 2012, and references therein). Discov-
ery of subtle chemical signatures of heating in natural faults, and
calibration through laboratory heating experiments and constraints
on kinetics of reactions at high heating rates, has provided other
lines of evidence for past seismic slip (O'Hara, 2004; Ishikawa et al.,
2008; Polissar et al., 2011). In Table 1, we summarize the temper-
ature sensitivity of the variety of thermal indicators that have been
recently developed to measure fault heating associated with
earthquake slip. In some lithologies, and with detailed under-
standing of the structural context, it is now possible to identify
evidence of coseismic shear heating of almost any magnitude. Thus,
we are no longer reliant on pseudotachylyte as the only indicator of
earthquakes in the rock record.

Of course, the temperature rise in deforming rock is related to
the thickness of the deforming zone. Frictional heating proxies are
effective at detecting localized fast slip at high rates of shear strain
in a narrow slip surface. They are not effective at detecting
distributed fast slip at low shear strain rates in a wide slipping zone.
Likewise, models for transient high stresses associated with dy-
namic ruptures also assume negligibly thin slipping surfaces. Thus,
the possibility of seismic slip across thick faults, as suggested by
occasional reports of thick fluidized gouge zones (Viola et al., 2006;
Rowe et al., 2011, 2012a), cannot be confirmed by comparison to
currently available temperature proxies or dynamic rupture
models.

As the study of field indicators of fast rupture is relatively new
compared to studies of fast slip, this area has a high potential for
future advances. The characteristic features which record fast
rupture propagation and associated extreme stress transients are
likely to occur in combination with each other, or alongside fea-
tures recording fast slip. For example, coseismic rock bursts in a
South African gold mine produced pulverized “rock flour”as well
as fracture patterns characteristic of dynamic fracturing (Stewart
et al., 2001), and possible planar deformation features (Olgaard
and Brace, 1983), showing that multiple lines of evidence for
earthquakes may be found together in the absence of evidence for
fast slip. The effects of rupture tip damage may also be important
for the understanding of fault rock evolution. Fault gouge is
traditionally thought to form by fracturing and rounding of larger
particles during grinding and comminution (Engelder, 1974;
Sammis et al., 1986), but successful pulverization experiments
suggest that dynamic fracturing may play an important role
(Mitchell et al., 2013). Experiments on the initiation and then slip
of fractures in dacite showed that the finest (<10 um) “gouge”
particles are produced during the initial fracture-forming rupture,
and do not increase in number during continued sliding, even
while additional coarse gouge is produced from wear of the wall
rock (Kennedy and Russell, 2012). Interestingly, the number of
very fine (<10 wm) particles produced during fracturing scaled
with stress drop.

We have discussed earthquake signatures in isolation, but it is
important to acknowledge that multiple frictional weakening
mechanisms act in concert, and develop feedbacks with one
another, during seismic rupture. As field geologists, we observe
fault rocks which are the final product of multiple processes acting
during one or more slip events. During the nucleation stage, in
which slip is too small to result in broad temperature rise, initial
weakening in most fault materials is thought to be controlled by
flash heating of asperity contacts (e.g. Rice, 2006; Beeler et al,,
2008; Goldsby and Tullis, 2011; Chang et al., 2012). However, the
duration of flash heating corresponds to the time it takes for a fault
to slip only a few microns. Thus, modification of pulverized rock
during acceleration, slip, and deceleration likely overprints any
signatures of flash heating in natural or experimental fault rocks.

Pulverization dramatically increases rock surface area, which fa-
cilitates the activity of frictional weakening mechanisms (e.g.
fluidization, melting, decarbonation or devolatilization, etc.). The
final deformed rock may show features indicative of one or more of
these mechanisms, but the evidence of one process may overprint
earlier materials. Therefore, the identification of one weakening
mechanism in the rock record does not preclude the importance of
others, nor does it demonstrate that the identified mechanism was
the primary process leading to earthquake instability.

5.2. Comparing experiments to natural faults

Many of the features described above have been reproduced in
the laboratory, in high-velocity rotary shear experiments or in
other high strain rate configurations. Scaling of parameters such as
slip rate, acceleration, and normal stress, from nature to the labo-
ratory, is not a trivial endeavor. For example, pronounced weak-
ening is observed in all rocks sheared at slip rates of >1072 m/s,
which corresponds to earthquake nucleation conditions at low
(laboratory) normal stresses. Weakening occurs at slower speeds
and smaller slips at higher normal stresses (Di Toro et al., 2011), and
localization associated with thermally-activated weakening
mechanisms is self-perpetuating (Platt et al., 2014). Therefore,
laboratory investigations of slip weakening (by any mechanism)
likely over-estimate the slip rate required for activation of these
mechanisms at depth.

Similarly, it is essential to discriminate between investigation of
the stability conditions favorable for slip nucleation (e.g. “velocity-
weakening”) and conditions on a natural rupture surface. Natural
fault ruptures are heterogeneous and include patches (asperities)
that may be strong and/or velocity-strengthening, but still slip at
fast slip rates, driven by rupture propagation (Faulkner et al., 2011;
Noda and Lapusta, 2013). Spatial and temporal variability in
moment release is required to explain the observations of low
average stress drop during earthquakes, in light of complete stress
drop observed in some velocity-weakening laboratory experiments
(Scholz and Aviles, 1986; Bouchon, 1997). If these fault patches
were exhumed and found in outcrop, they would show evidence for
fast slip, but may not display characteristics consistent with rupture
initiation. We suggest that the criterion for labeling a geologic
weakening reaction as “seismic” should not be that it only occurs at
the earthquake average slip rate (~1 m/s), but rather that it is unique
to conditions characteristic of earthquakes (slip rates <10~4-10 m/
s), and does not occur during slow slip events (<107°—10"% m/s).
Since slip rates ~10~% m/s only occur during earthquakes (Fig. 2),
experiments at 10~% m/s cannot be used to simulate “aseismic”
deformation conditions.

Other parameters, such as acceleration, may also be important.
Pulverization at the leading tip of propagating ruptures is associ-
ated with fast particle accelerations resulting in enormous strain
rates near the earthquake rupture tip. This pulverization leads to
the production of powder consisting of nano particles, inferred to
be an important weakening process (Ohnaka, 2003; Sone and
Shimamoto, 2009; Chang et al., 2012). Peak accelerations precede
peak slip velocities, so any weakening mechanism directly related
to acceleration could contribute significantly to the weakening
process and modify the fault rock properties relevant to heat-
driven weakening. For example, the activation of weakening
mechanisms such as thermal pressurization relies on temperature,
expansivity, compressibility, dilation, pressure gradients and tran-
sient permeability, all of which are coupled in some way with slip
rate and acceleration (Sibson, 1973; Mase and Smith, 1987). Since all
of these factors must be scaled from laboratory to natural condi-
tions, the prescription of a single slip rate criterion for an
earthquake-like experiment is probably inappropriate.
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With some exceptions (e.g. Yuan and Prakash, 2008; Proctor
et al., 2014; Pec et al., 2012a; Auzende et al., 2015), the majority
of the earthquake signatures discussed in this paper have been
studied in high velocity experiments at shallow crustal conditions
(room temperature; normal stress equivalent to <3—5 km depth).
Experiments conducted at low pressures and high slip velocity can
only be directly compared to faults from shallow depths, typically
shallower than the depths of earthquake nucleation and significant
moment release (Sibson, 1982). Comparisons between experiments
and fault products exhumed from greater depths are typically
conducted through semi-empirical scaling exercises (e.g. Brantut
et al.,, 2008; Di Toro et al., 2011). Our inability (as yet) to repro-
duce seismic conditions in the laboratory at more typical earth-
quake nucleation depths (~5-35 km, depending on tectonic
setting) therefore limits our ability to effectively use experimental
insights to interpret geologic observations to learn about the
earthquake rupture process.

The assumptions made in relating experimental results to
realistic conditions have strongly affected the interpretations of
geologic observations in natural faults. It is essential to identify
these assumptions and continually review their validity. Below, we
review common assumptions implicit in the selection of experi-
mental conditions and materials that we feel are worthy of
reconsideration, and speculate on the possible effects of these as-
sumptions on our understanding of the rock record of seismicity.

5.2.1. Materials for friction experiments

The candidate lithologies forming the wall rocks of faults in the
seismogenic zone can be inferred, based on the composition of the
crust and upper mantle, and the pressure/temperature conditions
at depth (e.g. Peacock, 1996; Moore et al., 2007). Fault rock differs
from wall rock lithology in cohesion, grain size, porosity, and
mineralogy, and these differences are responsible for the rheolog-
ical contrasts that accommodate and localize slip on faults. For
example, gouge formed at ~10 km depth in a typical granite-hosted
fault at a typical geothermal gradient of about 25 °C/km would form
by brittle deformation of quartz and feldspar, and by hydrothermal
alteration of feldspar and micas to form clay minerals (Fig. 5A). Due
to the strong cleavage of feldspar, grain size reduction is more
pronounced in feldspar than in quartz (Evans, 1988; Rawling and
Goodwin, 2003; Heilbronner and Keulen, 2006; Keulen et al.,
2007). If hydrothermal alteration is extensive, feldspars and pri-
mary hydrous minerals will be completely replaced by low-
temperature clays, and the gouge will be composed only of
quartz, clays, and metallic oxides. The clay gouge is weaker than
fractured granite, encouraging continued localization. Crushing and
sieving granite and other rocks is a common practice for creating
artificial gouge for experiments, but it does not produce a natu-
ralistic gouge. Natural samples introduce more complexity to ex-
periments, but have been successfully studied (e.g. Logan et al.,
1981; Morrow et al., 1982; Chester and Logan, 1986; Numelin
et al., 2007; Mizoguchi et al., 2007; Brantut et al., 2008; Collettini
et al., 2009; Verberne et al., 2010; Ikari et al., 2015). Although the
use of standard rocks and artificial fault gouge aid in the stan-
dardization of laboratory practices and elucidate general relation-
ships, it would be encouraging to see more future collaboration
between field geologists and experimentalists to design experi-
ments that better reflect natural gouges observed on real faults.
Since precise mineralogy, grain shape, and grain size distribution
are significant in controlling shear behavior, these attributes should
be well-characterized in both natural and artificial gouges to enable
assessment of the validity of comparisons (e.g. Solum et al., 2003;
Sulem et al., 2004; Anthony and Marone, 2005; Abe and Mair,
2009; Collettini et al., 2009; Wenk et al., 2010).

Additionally, tests of the properties of minerals at conditions
where they would not exist in the earth do little to elucidate the
properties of faults. Phase changes at different pressure/tempera-
ture conditions, and the related production or consumption of pore
fluids, are essential for controlling the properties of faults at depth
(Peacock and Wang, 1999; Currie et al., 2002; Fagereng and Diener,
2011). For example, testing the properties of smectite gouge at
temperatures above the stability range of smectite clay is probably
not useful for understanding conditions on faults except during
temperature spikes too rapid for equilibrium phases to develop.
The experimentally observed properties of smectite clay are most
useful for understanding faults at temperatures below ~100—-125 °C
(i.e. the upper limit of smectite stability, Moore and Saffer, 2001),
which would correspond to depths of less than ~5 km in average
continental crust, shallower than the locking depth on the San
Andreas and the depth of nucleation of most earthquakes (Saffer
and Marone, 2003; Tembe et al., 2009; Lockner et al., 2011). At
temperatures characteristic of the seismogenic zone (150—-350 °C;
Sibson, 1982; Hyndman et al., 1997), smectite group clays are
replaced by illite and chlorite, and additional alteration minerals
are common (e.g. Schleicher et al., 2012). Thus, friction tests on
these minerals, at appropriate pressure/temperature conditions,
are potentially more illuminating of the behavior of faults during
rupture nucleation and propagation. Overcoming the challenges in
controlling temperature, fluid pressure and composition, and large
stress, combined with the complicated mineralogy of the seismo-
genic zone, are areas of active research.

At convergent margins, subducting rocks are subject to prograde
metamorphism while actively deforming in the plate boundary
shear zone. In metasediments and metabasalts, the most abundant
rocks in the seismogenic zone are at greenschist to lower blueschist
facies (Moore et al.,, 2007). Epidote, actinolite, albite, illite, and
chlorite dominate the mineralogy of these rocks, but there have
been few friction experiments using appropriate samples (recent
progress includes Saffer and Marone, 2003; Ikari et al., 2009;
Carpenter et al., 2011; Niemeijer and Vissers, 2014; Den Hartog
et al., 2014; Sawai et al., 2014).

Experimental friction and rheology studies can only be used to
interpret natural fault rocks if microstructural studies are per-
formed on experimental samples before and after deformation. The
fingerprinting of structural evidence for different modes of defor-
mation, or transitions in rheology, is the key to applying experi-
mental insights to field studies (e.g. Logan et al., 1992; Niemeijer
and Spiers, 2005; Collettini et al., 2009; French et al., 2014). We
encourage experimentalists to publish descriptive data on their
samples before and after deformation, and to work with field ge-
ologists who can provide natural samples of gouge and cataclasite
from well-documented settings, and make apples-to-apples com-
parisons between natural and experimental microstructures.

5.3. Influential fault studies

A broad range of field studies of exhumed faults have contrib-
uted to our knowledge of fault deformation processes, but a few
examples stand out for their contributions in establishing the
paradigms that spread beyond the structural geology community
and inform seismology, numerical modeling, and experiments.
Field observations help us to constrain fault geometry and material
properties (Fig. 8). However, it is rare that the spatial scale of field
observations overlaps with the crustal scale of seismic or geodetic
observations, limiting our ability to make direct comparisons. Ex-
posures of modern and ancient faults are obscured in most climates
by soil and vegetation, buried or destroyed by land use practices, or
by sedimentary deposits. Fault core exposures of high quality and
extent are therefore concentrated in remote regions where the arid
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Fig. 8. Examples of extraordinary outcrop exposures of paleoseismic fault zones. A: Regionally extensive continuously exposed plane of the Naukuft Thrust, Namib-Naukluft
National Park, central Namibia. Thrust is prominent line visible cutting hills from upper left to middle right, visible due to extremely thin soil cover. Panoramic photo by Ake
Fagereng. B: Recently deglaciated surface of the Adamello Pluton exposes reactivated joints and pseudotachylyte faults of the Gole Larghe fault zone, Italy. C: Wave-cut outcrop of a
discrete fault surface, exposed due to rapid tectonic uplift and rapid erosion. Pasagshak Point thrust, Kodiak Island, Alaska. F. Meneghini for scale. D: Sparse soil and vegetation in the
high Sierra Nevada gives a large area of exposure of the Bear Creek Fault Zone, California. E: Distorted panorama of structural geology students visiting the Champlain Thrust,
outcropping along Lake Champlain in Burlington, Vermont. Seasonal erosion refreshes the outcrop and removes debris every year. Photo by Nick Harrichhausen. F: Muddy Mountain
Thrust, Nevada — well exposed over large areas by the combination of dry climate and recent uplift. G: Pofadder Shear Zone, photo taken from South Africa along mylonites across
the Orange River into Namibia. Well exposed by due to hyperarid climate and extremely old surface age at low rates of erosion. Cows at center left for scale. Photo by Louis Smit. H:
Detail of pseudotachylyte pooling between two fault surfaces, Norumbega System, Fort Foster, Maine. Excellent outcrop preservation and slight relief due to differential weathering
of foliation in the host rock ultramylonites reveal sub-millimetric details of the paleo-rupture surface to the naked eye. Without the weathered surface, both ultramylonite and
pseudotachylyte are glassy and black in appearance, and very difficult to distinguish. See Swanson (2006b) for details.

climate prohibits soil development (e.g. the Atacama Fault, fresh rock (e.g. faults of the Sierra Nevada Batholith, Kirkpatrick
(Mitchell and Faulkner, 2009); the Naukluft Thrust (Viola et al,, et al. (2008) and Griffith et al. (2008) and the Pasagshak Point
2006), and the Pofadder shear zone (Melosh et al., 2014), Fig. 8), thrust, Fig. 8C (Rowe et al., 2005)). Even where exposure is excep-
or where recent uplift and fast erosion has exposed larger areas of tional, fault exposures tend to be preferentially weathered and
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altered, and the preservation of slip-related structures can be
degraded.

One notable example is the Punchbowl fault, an extinct strand of
the San Andreas in southern California with about 40 km strike-slip
offset. Several landmark studies documented in detail the structure
of the fault core, consisting of a sharp principal slip zone, sur-
rounding gouge zones derived from the respective wall rocks, and a
fractured damage zone (Chester and Logan, 1986, 1987; Schulz and
Evans, 1998, 2000). From these studies, a general model for fault
structure was developed that has had a significant influence on the
development of theoretical modes for seismic slip (e.g. Rice, 2006).
The description and explanation of foliated cataclasites in the
Punchbowl fault brought major changes to our understanding of
fault rock evolution (Chester and Logan, 1987; Chester and Chester,
1998). The particle size distribution of the slip surfaces was
measured and related to fracture energy during earthquakes
(Wilson et al., 2003; Chester et al., 2005). The outcrops of the
Punchbowl fault have been used to study along-strike variations in
fault and damage zone structure (Schulz and Evans, 1998), the
mineralogy of fault gouge (Solum et al., 2003), and the effects of
faulting on organic maturity (Polissar et al., 2011). The contribu-
tions of Punchbowl fault studies to the general understanding of
fault rocks, architecture, and mineralogy has been profound.

Another example is the Gole Larghe fault zone in the Italian Alps
(Fig. 8B; Di Toro and Pennacchioni, 2004; Di Toro et al., 2009).
Numerous studies using the Gole Larghe fault zone as a natural
laboratory have resulted in significant contributions to both
earthquake mechanics and structural geology. Identification of
evenly spaced pseudotachylyte injection veins elucidated asym-
metric tensile stress at rupture tips (Di Toro et al., 2005). Integration
of field observations with specially-designed high velocity friction
experiments allowed for documentation of melt lubrication for the
first time (Di Toro et al., 2006a,b). Roughness of frictionally melted
fault surfaces were measured in two dimensions (Nielsen et al.,
2010; Bistacchi et al., 2011) and in three (Resor et al., 2014), and
Griffith et al. (2010) modeled the effects of the roughness on off-
fault damage. Other studies have demonstrated the roles of cata-
clasis, hydration, and healing on pseudotachylyte genesis
(Mittempergher et al.,, 2009) and the earthquake energy budget
(Pittarello et al., 2008). As the Gole Larghe pseudotachylytes occur
along pre-existing cooling joints in the Adamelo pluton, the ge-
ometry of the faults is largely inherited (Di Toro and Pennacchioni,
2004; Pennacchioni, 2005). The structural inheritance evident in
this fault zone is consistent with observations of some other fault
zones developed at seismogenic depths (e.g. Crider, accepted, and
references therein).

At both the Punchbowl and Gole Larghe fault localities, studies
spread over many years contributed first-order qualitative and
quantitative information about faults, and also produced repre-
sentative idealized models and interpretations which linked
structural and chemical observations to earthquake mechanics
(Chester et al., 1993; Smith et al., 2013a). With this foundation,
numerical modelers, seismologists, and geophysicists have been
able to incorporate the structural observations into their under-
standing of faults. Very few faults have been described and inter-
preted to the same level of detail or in a similarly accessible
manner. These localities were selected by the original authors for
detailed study due to preservation, accessibility, and quality of
exposure. Both localities offer individual snapshots of faults from
particular depths and particular points in their evolution. One
critical question that needs to be addressed, however, is whether or
not these two classic examples are representative archetypes of
seismic faults at their respective depths of exhumation. Is it worth
pursuing parallel questions at other localities, to elucidate the va-
riety and range of fault structures in the rock record?

Although examples of different fault architecture are abundant,
they have not had the same penetration outside the structural
geology community. For example, faults with multiple anasto-
mosing principal slip zones, interpreted as sharing slip between
multiple surfaces, have been described in the field (Chester and
Logan, 1986; Caine et al., 1996; Faulkner et al., 2003; Rowe and
Backeberg, 2011), but rarely attempted in numerical models.
Some reports suggest that multiple slip surfaces may be active in
parallel during a single rupture (Allen, 2005; Swanson, 2005;
Heesakkers et al., 2011). These sources of complexity have
received little attention in terms of their mechanical implications
for earthquake rupture.

Likewise, the architecture of subduction thrust faults has only
been synthesized on the broadest scale (e.g. Fisher and Byrne,
1987). Isolated examples of detailed studies in accretionary
wedges have identified faults with single sharp discrete cores
(Kondo et al., 2005) and thick brittle shear zones built by successive
migration of deformation (Wakabayashi and Rowe, 2015). Studies
of the Pasagshak Point thrust have shown evidence for multiple
anastomosing strands which share slip over a structural width of
100s m, with repeated seismic rupture through the different
strands (Fig. 8C; Rowe et al., 2005; Meneghini et al., 2010; Rowe
et al., 2011). The amazing along-strike exposure at this locality
(~2.2 km continuous outcrop, total of ~5 km) is sufficient to reveal
considerable heterogeneity in both wall rock damage and fault core
structure. This scale of heterogeneity may be large enough to
significantly affect rupture propagation, but is almost never
observable in field studies on ancient exhumed faults.

What biases are field structural geologists inadvertently
bringing to the rock record through outcrop selection and field
practice? Geologists select well-exposed, sharp fault cores to study,
particularly because structural localization is thought to corre-
spond to seismic slip (e.g. Rice, 2006). Indicators of frictional
heating (Table 1) are strongly dependent on slip zone width and
cannot be used to detect fast slip rates over a distributed slip zone.
Thus, no field test exists to determine whether earthquake rupture
might locally propagate through thick faults or thick patches on
faults, although some very thick fluidized cataclasites seem to
indicate this is locally possible (Rowe et al., 2011; Viola et al., 2006).
Delocalized slip patches may help produce transient asperities
during rupture and explain propagation rate variations in large
earthquakes (e.g. Meng et al., 2011).

6. Future perspectives

Our understanding of the rock record of earthquakes has
increased substantially in the past 15 years, with the development
of new methods for detecting both frictional heating (as a proxy for
fast slip) and fast rupture propagation. We are not reliant on
pseudotachylyte alone as an indicator of ancient earthquakes.
Despite the recent recognition of slow slip events with slip rates
and rupture velocities falling between those of traditionally aseis-
mic and earthquake slip events, most of these new criteria are
exclusively indicative of earthquakes in the traditional seismolog-
ical definition. We anticipate the identification of more criteria in
the future, particularly related to transient stress fields associated
with the earthquake rupture tip.

When it comes to generalizing our work, field geologists do not
choose our model medium, geometry, or deformation conditions,
nor do we have much control over the preservation and exposure of
our outcrops. The advantage we gain is a contextual understanding
of the complexities we observe in the field. The way we report these
complexities affects the way that information is translated to re-
searchers focused on modeling the physical and chemical processes
that shape the structures we study. The example fault zones
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discussed above stand out not only in terms of excellent outcrop
exposure, but in the success of the investigators in reducing their
observations to a set of fundamental interpretations that formed
the basis for constrainable problems.

Field observations may be our most reliable guide for scaling
observations from laboratory experiments to nature. Because
earthquake rupture and slow slip events are spatiotemporally
complex, it is critical to consider outcrop observations of fault
products within the context of the full range of fault slip behavior.
It may be useful to begin to consider other portions of the source
time function, in addition to slip and rupture velocities. This re-
quires acknowledgment of the static pre-stress state, the nucle-
ation, acceleration, deceleration and healing phases, as well as the
potential for post-seismic slip. It also requires placing observa-
tions in the broader spatial context of the fault, and acknowl-
edging that it will be a rare case when the outcrop or the borehole
intersects the area of maximum slip or slip rate on the rupture
surface.

Ongoing questions that are of immediate importance include:

1. What role, if any, does the generation of these earthquake sig-
natures play in the weakening process? Does weakening actu-
ally precede the generation of the permanent deformation
products preserved in the rock record?

2. Is there any aspect of the earthquake time function beyond slip
and rupture velocity that is recognizable in the rock record?

3. How do results of idealized experiments scale to natural faults?
Can differences in lithology, pressure, temperature, and strain
rate between model and prototype by resolved be simple scaling
exercises? Or is it instead necessary to increase the complexity
in experiments and numerical models?

4. As earthquake geologists, what are the inherent biases that
our work introduces to other parts of the earthquake com-
munity? Are our field areas representative prototypes for
models? How generalizable are our conclusions based on
specific field areas?

The past 15 years have shown that careful studies of faults, in the
field and on the micro-to nanostructural scales, continue to un-
cover previously unknown fingerprints of seismic slip. These fin-
gerprints not only preserve the rock record of earthquakes, but they
also reveal the interactions between chemical reactions and me-
chanical deformation that contribute to coseismic weakening and
healing of fault zones.
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