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Abstract Interseismic recovery of fault strength (healing) following earthquake failure is a fundamental
requirement of the seismic cycle and likely plays a key role in determining the stability and slip behavior of
tectonic faults. We report on laboratory measurements of time- and slip-dependent frictional strengthening
for natural and synthetic gouges to evaluate the role of mineralogy in frictional strengthening. We performed
slide-hold-slide (SHS) shearing experiments on nine natural fault gouges and eight synthetic gouges at
conditions of 20MPa normal stress, 100% relative humidity (RH), large shear strain (~15), and room temperature.
Phyllosilicate-rich rocks show the lowest rates of frictional strengthening. Samples rich in quartz and feldspar
exhibit intermediate rates of frictional strengthening, and calcite-rich gouges show the largest values. Our
results show that (1) the rates of frictional strengthening and creep relaxation scale with frictional strength,
(2) phyllosilicate-rich fault gouges have low strength and healing characteristics that promote stable, aseismic
creep, (3) most natural fault gouges exhibit intermediate rates of frictional strengthening, consistent with
a broad range of fault slip behaviors, and (4) calcite-rich fault rocks show the highest rates of frictional
strengthening, low values of dilation upon reshear, and high frictional strengths, all of which would
promote seismogenic behavior.

1. Introduction

The evolution of fault strength during the seismic cycle exerts an important control on earthquake size and
recurrence [Hiller et al., 2009; De Paola et al., 2012; Hampel and Hetzel, 2012;McLaskey et al., 2012]. In order for
a fault (or fault patch) to undergo repeated earthquake failure, it must have the ability to restrengthen during
the interseismic period [Brace and Byerlee, 1966; Brace, 1972; Dieterich, 1972, 1978]. Frictional strengthening
and fault healing occur by a combination of physical and chemical processes within the fault zone and sur-
rounding damage zone, which are expected to depend on fault zone composition. In addition to mineralogy,
static and dynamic fault friction are controlled by asperity processes at the grain scale [Bowden and Tabor,
1958; Dieterich and Kilgore, 1994] and fault zone fabric development [Bos and Spiers, 2000; Niemeijer and
Spiers, 2006; Collettini et al., 2009a]. Furthermore, existing data indicate that the processes governing frictional
sliding include a combination of time- [Dieterich, 1978; Beeler et al., 1994; Marone, 1997; He et al., 2003] and
slip-dependent mechanisms [Ruina, 1983; Marone and Saffer, 2015]. Understanding the role of mineralogy
is important for developing process-based models of friction and for the application of laboratory data and
constitutive models to natural fault zones.

Far-field geophysical observations suggest that fault strengthening occurs ubiquitously. Examples of strength
recovery from specific faults include the Calaveras Fault [Marone et al., 1995; Peng et al., 2005], the San
Andreas Fault [Li and Vidale, 2001; Vidale and Li, 2003; Li et al., 2006; Liu et al., 2013], and the Nojima Fault
Zone [Tadokoro and Ando, 2002]. In these studies, the rate of frictional strength increase is determined seismo-
logically by the positive dependence of earthquake stress drop on recurrence interval. Additional information
concerning the evolution of strength in fault zones comes from analysis of Swave splitting and stress rotation. S
wave splitting measurements performed by Tadokoro and Ando [2002] suggested that fault-parallel shear frac-
tures had completely closed 33months after the main shock. They then suggest that the closure of the shear
fractures corresponded with the rotation of the principal stress field near the fault back to the regional stress
field. These data imply that, for the Nojima fault, 33months after the 1995 Kobe earthquake (recurrence interval
~2000 years) most of the preearthquake frictional strength had been recovered [Tadokoro and Ando, 2002].
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It should be noted that postseismic changes in wave speed reflect the condition of the damage zone and fault
interface, whereas stress orientations reflect the frictional strength of the fault zone. Additional evidence for
fault strengthening arises from continuous measurements of permeability from a deep borehole within the
damage zone of the fault responsible for the 2008 Wenchuan earthquake. These measurements indicate that
the fault and damage zone healed in as little as 0.6 year [Xue et al., 2013]. The causes of such rapid strengthen-
ing, in comparison to typical recurrence intervals, remain poorly understood. Some geologic observations indi-
cate that specific mineralogy and fluid-rock interactions play a key role in fault healing [Evans and Chester, 1995;
Chester and Chester, 1998]. Field observations provide critical information on fault zone processes but do not
provide direct measurements of strength recovery. For this reason, laboratory measurements are a critical part
of understanding the evolution of fault strength during the seismic cycle.

Althoughmeasuring frictional properties under in situ conditions in the laboratory is difficult, existing studies
show that laboratory measurements of the rate of frictional strengthening are roughly equivalent to seismo-
logically determined values in some specific cases [Marone et al., 1995; Beeler et al., 2001; Peng et al., 2005].
Most laboratory studies measure frictional strengthening via the Slide-Hold-Slide (SHS) test [Dieterich,
1972], which evaluates the time dependence of “static” friction [see also Coulomb, 1785; Marone and Saffer,
2015]. In the context of classical friction theory, the time dependence and slip dependence of friction are
derived from the size and strength of contact asperities, which are controlled by time-dependent plastic flow
[Rabinowicz, 1951; Bowden and Tabor, 1958; Dieterich, 1978; Dieterich and Kilgore, 1994; Renard et al., 2012].
The laboratory SHS test provides a rough approximation for the seismic cycle in the sense that slip accumu-
lates during the “slide” portion of the test and then, during the hold period, the fault creeps and frictional
strength recovers, in a manner that is similar to postseismic afterslip and fault healing. Previous works have
used such laboratory measurements of frictional healing as a proxy for time-dependent changes in earth-
quake stress drop and fault healing [e.g., Scholz et al., 1986; Kanamori and Allen, 1986; Marone et al., 1995].

Many studies have shown that themineralogical composition of fault gouge exhibits a first-order control over
the strength and stability of tectonic fault zones [e.g., Byerlee, 1978; Shimamoto and Logan, 1981a, 1981b;
Brown et al., 2003; Saffer and Marone, 2003; Carpenter et al., 2011; Ikari et al., 2011a]. However, the role that
mineralogy plays in fault healing is less well understood. Experimental investigations targeting frictional
strengthening have mostly focused on samples of quartz gouge under hydrothermal conditions [Karner
et al., 1997; Olsen and Scholz, 1998; Tenthorey et al., 2003; Nakatani and Scholz, 2004; Yasuhara et al., 2005;
Tenthorey and Cox, 2006] or halite and mixtures of halite with phyllosilicates [Bos and Spiers, 2000; Bos and
Spiers, 2002; Niemeijer and Spiers, 2006; Niemeijer et al., 2008, 2010; Renard et al., 2012; Kaproth and Marone,
2014] as analogues for strengthening processes at depth. Past studies have found that frictional strengthen-
ing in natural phyllosilicate-rich gouges is much lower than that observed for quartz-rich or quartz-rich gouge
analogues, and in some cases nonexistent [e.g., Reinen et al., 1994; Scruggs, 1997; Carpenter et al., 2011; Ikari
et al., 2012; Tesei et al., 2012]. However, existing studies do not provide a systematic and comprehensive view
of frictional strengthening for a wide range of both natural and analogue gouge materials under the same
laboratory conditions.

The purpose of this paper is to report on a systematic investigation of frictional strengthening for a wide
range of natural faults where the mode of slip is known or interpreted. To further isolate the role of mineral-
ogy, we also tested synthetic gouges and gouges derived from natural polymineralic rocks. Here we describe
the laboratory results and first-order interpretation of the underlying mechanisms.

2. Experimental Materials

We studied a suite of synthetic fault gouges and fault rocks recovered from outcrop and drilling projects
(Table 1) that encompass both active and ancient faults: Alpine Fault (New Zealand), Calaveras Fault
(California), Middle America Trench (Costa Rica), Kodiak fault zone (Alaska), Nankai Trench (Japan), San
Andreas Fault (California), San Gregorio Fault (California), Scheggia Thrust Zone (Italy), and Zuccale Fault
(Italy). Our natural fault samples span a wide range of phyllosilicate content, so as to characterize the role
of phyllosilicates in fault healing [e.g., Bos and Spiers, 2000; Niemeijer and Spiers, 2006; Beeler, 2007;
Carpenter et al., 2011; Ikari et al., 2012; Tesei et al., 2012]. Although some of our fault samples come from active
faults that are known to host large earthquakes (e.g., Nankai and Costa Rica), most of our samples were
obtained from currently aseismic fault areas. We augment the natural fault zone samples with monomineralic
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samples, synthetic mixtures of fault gouge, and well-studied standard rock types (Table S1 in the supporting
information). Samplemineralogy was compiled from previous publications or determined through quantitative
X-ray diffraction analysis (Table S2).

2.1. Natural Gouges
2.1.1. Alpine Fault Principal Slip Zone (New Zealand):
The Alpine Fault is a plate boundary transpressional structure that shows both dextral strike-slip and thrust
motions. The central section of the Alpine Fault appears to experience large earthquakes roughly every
~400 years [Cooper and Norris, 1994]. The fault was recently drilled during two phases of the Deep Fault
Drilling Project. Our samples were obtained from outcrop at Gaunt Creek near the site of the DFDP-1 bore-
holes [Cooper and Norris, 1994; Boulton et al., 2012]. They are composed of quartz, feldspar, and illite with
minor amounts of chlorite, smectite, calcite, and muscovite (Table S2). The samples are derived from a poorly
indurated fault gouge (Unit 3 in Boulton et al. [2012]) that is interpreted to be the fault core. The interpreted
dominant mode of failure in this area is earthquake rupture, as fault creep is not evident [Cooper and
Norris, 1994].
2.1.2. Calaveras Fault (California)
The Calaveras Fault has been the focus of previous seismological studies aimed at determining fault healing
rates from repeating earthquakes [Vidale et al., 1994; Marone et al., 1995; Peng et al., 2005]. Our samples were
obtained from an outcrop at the south end of repeating earthquake clusters near Hollister, California. The
sample is dominantly quartz and feldspar. The Calaveras Fault in Hollister is actively creeping at the surface
[Savage et al., 1979], but there is an apparent slip deficit at depth [Manaker et al., 2003], which could indicate
mixed-mode seismic and aseismic behavior.
2.1.3. Middle America Trench Plate Boundary Fault (Costa Rica)
The Middle America Trench is a major plate boundary subduction zone that is the focus of past and current
international scientific drilling. We tested a borehole sample from Ocean Drilling Program (ODP) Leg 205, Site
1255, recovered from a package of hemipelagic mudstones at ~135meters below seafloor (mbsf). Although
the upper limit of the plate boundary décollement is not well constrained, it is within a deformation zone that
intensifies with depth until 144mbsf [Morris and Villinger, 2006]. Our sample is composed of illite, feldspar,
and opal in significant amounts, with smaller amounts of quartz, chlorite/kaolinite, smectite, and calcite.
The sample was collected from an interpreted area of creep and transient, slow slip events near the deformation
front [LaBonte et al., 2009; Davis et al., 2010].
2.1.4. Kodiak Ghost Rocks Mélange (Alaska)
The Kodiak Accretionary Complex is an ancient subduction zone that has been exhumed from seismogenic
depths [Byrne, 1986]. Our sample is from outcrop at the Paleocene Ghost Rocks formation, a mélange
exhumed from 12 to 14 km depth that is dominantly composed of chlorite/kaolinite, illite, quartz, and
feldspar. Pseudotachylites found throughout the mélange and expected pressure/temperature conditions

Table 1. Natural Gouge Samplesa

Sample Grain Size (μm) Type Fault Faulting Style
Interpreted, Dominant

Mode of Slip Mode of Slip References

AF GC09-04 PSZ <125 Outcrop Alpine Fault Thrust/strike slip Seismic Cooper and Norris [1994]
Calaveras FS <500 Outcrop Calaveras Fault Strike slip Aseismic Savage et al. [1979] and

Manaker et al. [2003]
CR 205-1255-2R-CC <125 Borehole Middle America Trench Thrust Aseismic Morris and Villinger [2006]

and LaBonte et al. [2009]
Kodiak SPP-06 <125 Outcrop Kodiak Accretionary

Complex
Thrust Seismic Rowe et al. [2005]

Nankai 190-1174B-72R-1 <106 Borehole Nankai Subduction Zone Thrust Aseismic Moore and Saffer [2001]
SAFOD G44 <150 Borehole San Andreas Fault Strike slip Aseismic Steinbrugge and Zacher [1960]

and Zoback et al. [2011]
San Gregorio A <106 Outcrop San Gregorio Fault Strike slip Seismic Weber and Cotton [1981]

and Simpson et al. [1997]
Scheggia Foliated wafer <150 Outcrop Scheggia Thrust Zone Thrust Seismic Barchi et al. [2012]
Zuccale L3 <125 Outcrop Zuccale Fault Low-angle

normal fault
Aseismic Collettini and Holdsworth

[2004]

aPSZ, principal slip zone.
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[Rowe et al., 2005] suggest that this sample comes from the seismogenic region of the subduction zone that
ruptures in large earthquakes.
2.1.5. Nankai Trough Plate Boundary Fault (Japan)
The Nankai Trough subduction zone is one of the most heavily studied subduction zones in the world. We
tested a borehole sample recovered from ODP Leg 190, Site 1174, from a depth of 823mbsf. This is within
the plate boundary décollement zone, which is located in hemipelagic mudstones [Shipboard Scientific
Party, 2001]. It is composed of 36% quartz with ~ 10% of each of the following: feldspar, chlorite/kaolinite,
illite, smectite, and calcite [Steurer and Underwood, 2005]. Site 1174 is located ~1 km from the deformation
front, seaward of the estimated rupture area of the 1946 Nankaido earthquake [Cummins and Kaneda,
2000], which suggests that our sample came from an aseismic section of the fault.
2.1.6. San Andreas Fault (California)
The San Andreas Fault (SAF) in central California was the target of the San Andreas Fault Observatory at Depth
(SAFOD) drilling project. The SAFOD borehole crossed a major fault strand, termed the Central Deforming
Zone (CDZ) [Zoback et al., 2011] at ~2.7 km vertical depth. This fault strand appears to be creeping continuously,
based on repeated casing logs performed between phases II and III of drilling [Zoback et al., 2011]. Our sample
was collected from the clay-rich CDZ, specifically core G44, where 74% of the sample is saponite, a magnesium-
rich smectite clay [Carpenter et al., 2011, 2012].
2.1.7. San Gregorio Fault (California)
The San Gregorio Fault in California, a subsidiary of the San Andreas fault system, has not hosted a large
earthquake in recent times, but previous studies suggest that the fault is seismogenic and could produce
magnitude ~7 earthquakes [Weber and Cotton, 1981; Simpson et al., 1997]. We studied an outcrop sample
from the fault core composed of ~30% smectite, 30% feldspars, 15% quartz, and 15% chlorite/kaolinite, with
minor amounts of illite and calcite (Table S2).
2.1.8. Scheggia Thrust Zone (Northern Apennines, Central Italy)
The Scheggia Thrust Zone (STZ) is a thrust fault in the Umbria-Marche region of the Italian Apennines. The
thrust zone itself is at least 100m thick and composed of clay-rich limestones (marls), and our sample is
derived from this zone. Evidence of a damage zone and small, brittle, shear planes suggest that at some
point, the STZ was seismogenic [Barchi et al., 2012]. Furthermore, the STZ is located in an area of active com-
pression and seismicity in the Northern Apennines [Chiarabba et al., 2005] and is thought to be representative
of rocks that hosted rupture propagation during the May 2012 Emilia earthquake sequence. Its composition is
dominated by calcite (86%) with minor amounts of quartz, chlorite, illite, and muscovite.
2.1.9. Zuccale Fault (Italy)
The Zuccale Fault is a low-angle normal fault on the Isle of Elba [Collettini and Holdsworth, 2004; Collettini et al.,
2009a; Smith and Faulkner, 2010; Tesei et al., 2012]. We tested an outcrop sample from the fault core (L3 in
Collettini et al. [2009a]), which contains significant calcite and a well-developed foliation composed of tremolite
and phyllosilicates [Collettini et al., 2009a]. Previous work indicates that the mode of fault slip is dominantly
aseismic with occasional dynamic rupture events [Collettini and Holdsworth, 2004].

2.2. Synthetic Gouges

Monomineralic synthetic gouges (Table S1) included andesine feldspar (aplite), biotite, kaolinite, Ca montmor-
illonite, quartz, and talc. In addition, we also used polymineralic synthetic gouges composed of Rochester shale
and Westerly granite. Rochester shale is ~50% illite, with the remainder being quartz and smectite. Westerly
granite is dominantly feldspar, with some quartz and biotite (Table S2).

We also studied monomineralic samples of key materials. Andesine is a plagioclase feldspar that has received
relatively limited attention in laboratory friction experiments (but see Scruggs and Tullis [1998]). As feldspar is
present in nearly all of our natural fault samples, understanding its contribution is critical. Biotite is also of
interest due to its presence in granite, its well-developed foliation, and low strength [Ikari et al., 2011a].
Kaolinite is a clay mineral that has been studied previously [Bos and Spiers, 2000] and is useful as an example
of a relatively strong phyllosilicate [Crawford et al., 2008]. We studied Ca montmorillonite that has been
widely used to better understand the frictional behavior observed in shallow fault zones [Bird, 1984; Saffer
et al., 2001; Saffer and Marone, 2003; Ikari et al., 2007, 2009; Behnsen and Faulkner, 2012]; however, little is
known about its healing behavior. We included quartz so as to connect with the large database on frictional
strengthening under room [Marone, 1997, 1998b; Richardson and Marone, 1999; Karner and Marone, 2001;
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Frye and Marone, 2002] and hydrothermal conditions [Karner et al., 1997; Tenthorey et al., 2003; Yasuhara et al.,
2005; Tenthorey and Cox, 2006]. Likewise, we investigated talc, which has been studied extensively due to its
potential role in fault zone weakening [Moore and Lockner, 2008] and has been proposed to exhibit first-order
control on fault behavior where it is present [Collettini et al., 2009a, 2009b; Tesei et al., 2012].

3. Experimental Methods
3.1. Experimental Procedure

Samples were powdered via a disc mill,
sieved, and then sheared as 1–3mm thick
layers (Table 2). Our friction experiments
(Figures 1 and S1) were performed under
conditions of room temperature and at
100% relative humidity. Previous studies
have shown that relative humidity has a
strong effect on frictional properties [e.g.,
Ikari et al., 2007]; in particular, strengthening
rates are significantly reduced in arid envir-
onments [Dieterich and Conrad, 1984; Frye
and Marone, 2002; Hong and Marone,
2005]. In order to control for variations in
relative humidity, we performed all of our
experiments under 100% RH conditions.
Wemaintained 100% RH by placing samples
in a sealed chamber with a solution of
Na2CO3 and deionized water for a minimum
of 12 h before the sample shearing assembly
was constructed. Samples were kept at
100% RH during the experiment by placing
the sample assembly and sodium carbonate
solution together in a sealed plastic mem-
brane within the testing apparatus.

Table 2. Experimental Data

Sample Experiment # % Phyllosilicates
Initial Layer Thickness
Under Load (μm) μss at 20MPa

Strength Recovery
Rate, β

Creep Relaxation
Rate, βc

Wt % H20 at
100% RHa

SAFOD CDZ p3200 84 1395 0.184 0.001 0.008 10.4
Ca montmorillonite p3189 90 3040 0.215 0.002 0.004 16.3
Talc p3190 100 1420 0.242 0.0005 0.008 1.0
Biotite p3212 99 2015 0.312 0.001 0.010 0.4
Kaolinite p3436 100 1775 0.33 0.003 0.007 1.2
Nankai décollement p3210 33 1205 0.438 0.006 0.009 5.8
Rochester shale p3211 65 1595 0.444 0.001 0.011 3.7
Zuccale p3199 39 2035 0.497 0.008 0.015 5.9
Costa Rica décollement p3197 44 1480 0.572 0.008 0.013 6.0
Westerly granite p3226 5 2620 0.582 0.007 0.013 0.3
San Gregorio p3198 52 1280 0.61 0.008 0.011 4.6
F110-angular quartz p3188 0 2310 0.612 0.006 0.014 0.9
Andesine p3195 3 2445 0.613 0.007 0.014 0.0
Calaveras p3193 16 1995 0.628 0.007 0.014 1.0
Kodiak accretionary
complex

p3196 63 2025 0.628 0.007 0.013 1.0

Alpine PSZ p3194 40 1760 0.664 0.012 0.015 4.8
Scheggia Thrust Zone p3192 8 1430 0.704 0.010 0.008 1.8

aDetermined by drying postexperimental samples at 105°C.

A

B

Figure 1. Data for a representative experiment showing history and
procedure. The sample is conditioned via shear at 40MPa normal
stress, before being subjected to a series of slide-hold-slide (SHS) tests
at 20MPa normal stress and a net shear strain of ~15. Inset A: Zoom of
SHS tests showing details of the creep, stress buildup, and postpeak
frictional weakening. Inset B: The basic experimental configuration of
double direct shear. Layers of powdered fault gouge are sheared
between rough, steel forcing blocks.
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Weperformed experiments in a biaxial
testing apparatus in the double direct
shear configuration (e.g., Figure 1b).
In this configuration, two identical
layers of material, with a carefully con-
trolled initial thickness (h), are sand-
wiched between three grooved steel
forcing blocks (Figure 1b). Stresses
were measured to ±2 kPa using
strain-gauge load cells, and displace-
ments were measured to ±0.1μm
using direct current displacement
transducers. Each experiment began
with a shear displacement rate of
10μm/s at 40MPa normal stress for
a net displacement of 10mm
(Figure 1). This initial stage of shearing
(or “run-in”) was performed to develop
a steady state shear fabric and crush
grains to produce new surface area
under in situ conditions, which pre-
vious work has shown to be important
for experimental reproducibility [e.g.,
Marone, 1998b; Frye and Marone,
2002]. After the run-in, normal stress
was lowered to 20MPa and the layer
was sheared at 10μm/s until a shear
strain of γ=~15 was achieved. We
report engineering shear strain, γ
derived from γ=ΣΔx/h, where Δx is
the shear displacement increment
and h is the instantaneous layer thick-
ness. Our approach is motivated by
the desire to ensure a consistent,
steady state shear fabric and micro-
structure during SHS tests, because it
has been shown that, for this range
of normal stresses, where particle
comminution is important, gouge
fabrics develop relatively quickly,
between shear strains of 1 and 5
[Haines et al., 2009, 2013] and both
frictional strength and strengthening
rate evolve during this interval [e.g.,
Richardson and Marone, 1999].

Once a shear strain of ~15 was
attained, we performed slide-hold-
slide (SHS) tests by shearing at a
constant velocity followed by hold-
ing the driving piston stationary for
a prescribed length of time (the hold
time, th) before resuming shear at
the initial velocity (Figure 2). Our

Figure 2. Anatomy of a slide-hold-slide. (a) Friction decreases initially due to
creep (Δμc) during the hold period. Upon reloading, stress increases until slip
begins and friction reaches a peak “static” value (Δμ). (b) The layer compacts
(Δhc) during the hold and dilates (Δh) during reloading.We find that compaction
is always larger than dilation. (c) The frictional strengthening parameter, Δμ, is
plotted against hold time (th). The frictional strengthening rate β =Δμ/Δlog10
(th). Frictional strengthening is log linear for this range of hold times.
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SHS experiments do not involve a prescribed reduction in shear load (although shear load does decrease due to
creep), and thus, our tests constitute measurements of so-called stressed aging, in contrast to unstressed aging
in which the macroscopic shear load is zero during the aging period [e.g., Coulomb, 1785; Géminard et al., 1999;
Karner and Marone, 2001]. We employed hold times ranging from 3 to 3000 s and a loading velocity of 10μm/s.
A subset of experiments, using montmorillonite and quartz, was performed at loading rates of 1μm/s and
100μm/s to explore the effect of shearing velocity on frictional strengthening [e.g., Kato et al., 1992; Marone,
1998b; Marone and Saffer, 2015]. Our procedure also included velocity-step tests directly before and after the
SHS tests. These were performed to evaluate the friction rate parameter (a� b) where (a� b) =Δμ/ΔlnV [e.g.,
Dieterich, 1979; Ruina, 1983; Marone, 1998a]. Positive values of the friction rate parameter indicate a tendency
for stable sliding, while negative values are a requirement for unstable slip. We investigate in more detail the
relationship between frictional strength, friction constitutive behavior, strengthening rates, contact mechanics,
and slip behavior in a separate manuscript (M. J. Ikari et al., A microphysical interpretation of rate- and state-
dependent friction for fault gouge, submitted to Geochemistry, Geophysics, Geosystems, 2016).

3.2. Slide-Hold-Slide Parameters

Frictional strengthening and creep relaxation are evaluated by measuring the response of friction during the
hold period and to reshearing after a holding period. Figures 2a and 2b show two critical parameters in a typi-
cal slide-hold-slide experiment: the coefficient of friction, μ, and layer thickness, h. Upon initiation of the hold
(vertical dashed line at ~3220 s), friction decreases nonlinearly from a steady state value due to sample creep
and elastic relaxation of the testing machine and sample assembly. Upon reshear, elastic loading occurs, fric-
tional sliding begins, and the friction coefficient reaches a peak value before returning to steady state. The
amount of frictional strengthening (Δμ) is the difference between the peak friction value and the previous
steady state friction value [e.g., Dieterich, 1972]. In some situations, a SHS test can induce transient and/or
semipermanent changes in sliding friction [e.g., Karner et al., 1997;Muhuri et al., 2003; Chen et al., 2015], which
may appear when aging disrupts shear localization [e.g., Sleep et al., 2000; Rathbun and Marone, 2010]. We
observed minor instances (Figure S2) of strength change in our experiments, but as it was not systematic
within or across samples, we did not further explore this regime.

In a SHS test, the reduction in friction due to relaxation creep (Δμc) is measured by subtracting the value at
the end of hold from the steady value at the beginning of the hold [Marone, 1998a]. For our range of condi-
tions, we generally find that frictional strengthening increases logarithmically with hold time as Δμ= c
+ βlog10(th), where β is the frictional strengthening rate (Figure 2c) and c is a constant that we ignore, consis-
tent with previous work [e.g., Dieterich, 1972]. We calculate the creep relaxation rate βc, in a similar fashion, as
Δμc = c+ βclog10(th). The rates of frictional strengthening and creep reflect the change in friction per decade
of time. Although we refer to Δμ as strengthening and Δμc as relaxation, it is important to note that the
increase in frictional strength occurs, in large part, during the hold where the sample is undergoing creep
relaxation, and is then manifest as peak friction upon renewed shearing. Coefficient of determination (R2) values
for all of our calculated rates are (refers to values) found in Table S3.

In SHS tests, creep relaxation and frictional strengthening are a function of both the friction constitutive proper-
ties and the stiffness of the testing apparatus [e.g., Beeler et al., 1994;Marone, 1998b;Marone and Saffer, 2015]. In
this manuscript, we focus primarily on comparisons between samples, tested in the same apparatus, and
augment these with constitutive modeling that accounts for elastic interaction with the testing machine.

As changes in friction provide information about fault strength, changes in fault zone thickness are also
important in frictional strengthening. In our SHS tests, upon initiation of the hold, the shear zone compacts from
its steady state value during shearing. Existingworks show that layer compaction proceeds roughly linearly with
log hold time in SHS tests [Beeler and Tullis, 1997;Marone, 1998b; Karner andMarone, 2001;Niemeijer et al., 2010].
As our experiments are carried out at constant normal stress, compaction can be obtained directly from the
change in layer thickness during the hold (Figure 2b). We find that upon reshear, samples dilate as they reach
a new steady state friction and layer thickness (Figure 2b). We obtain values of dilation by subtracting the layer
thickness at the end of the hold from the new steady state layer thickness upon reshear. We report volumetric
strain by normalizing the measured compaction or dilation by the instantaneous layer thickness. Our layer thick-
ness measurements are corrected for purely geometric layer thickness changes during shear due to the sample
geometry, which may have an effect on the measured friction [e.g., Scott et al., 1994; Ikari et al., 2011a].
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4. Results
4.1. Frictional Strength

Previous work suggests that frictional
strengthening scales with mineral
strength or hardness [e.g., Scholz
and Engelder, 1976] and thus may
depend on steady state gouge fric-
tion. In order to examine this relation-
ship, we determined the steady state
frictional strength (μss) for each of our
samples (Figure 3). Our sample suite
exhibits an exceptionally large range
of steady state friction values
(Figure 3). The phyllosilicate-rich sam-
ples of SAFOD CDZ gouge [Carpenter
et al., 2012], montmorillonite [Ikari
et al., 2009], talc [Moore and Lockner,
2008], biotite [Ikari et al., 2011a], and
kaolinite [Crawford et al., 2008] all
have steady state coefficients of fric-
tion of μss ≤~0.3, consistent with pre-

vious data published for the samples under conditions of high humidity or fluid saturation. Samples that are
mineralogically complex but are composed of at least 30% phyllosilicates (Nankai Trough, Rochester shale,
and Zuccale fault) show steady state friction coefficients of 0.45≤μss≤ 0.55, which is also consistent with pre-
vious measurements for these materials [Collettini et al., 2009a; Ikari and Saffer, 2011; Ikari et al., 2011a].
Quartz- and feldspar-rich samples (Westerly granite, quartz, andesine, and Calaveras Fault) exhibit μss = ~0.62,
consistent with previous measurements for Westerly granite [Blanpied et al., 1991], quartz [Shimamoto and
Logan, 1981b], and feldspar [Scruggs and Tullis, 1998]. The Costa Rica sample has a steady state friction coeffi-
cient of μ=0.59, whereas samples from the San Gregorio Fault and Kodiak accretionary complex have steady
state friction values of 0.6. These values are broadly consistent with corresponding mineralogic compositions
in ternary diagrams constructed from results of friction experiments usingmixtures of smectite, illite, and quartz
[Tembe et al., 2010]. The Alpine Fault (μss = 0.66) and calcite-rich sample from the Scheggia Thrust Zone
(μss = 0.70) are the strongest samples, with steady state friction values consistent with previous experiments
performed on Alpine Fault material [Boulton et al., 2012; Ikari et al., 2014] and calcite-rich samples
[Shimamoto and Logan, 1981a; Weeks and Tullis, 1985; Morrow et al., 2000; Verberne et al., 2010, 2013].

4.2. Frictional Strengthening, Creep Relaxation, Compaction, and Dilation

Our data on the rate of frictional strength increase for natural fault rocks exhibit three clusters: negligible to
low-strengthening rates (0< β ≤ 0.003), intermediate strengthening rates (0.004 ≤ β ≤ 0.007), and high-
strengthening rates (β ≥ 0.008; Figure 4). San Andreas Fault rock exhibits negligible strengthening over all
hold times, consistent with previous work [Carpenter et al., 2011, 2012]. The set of samples from Nankai,
Zuccale, Costa Rica, Kodiak, Calaveras, and San Gregorio exhibits intermediate rates of frictional strengthen-
ing (Figure 4). There is some variation in the strengthening data from this group, but in general these data are
quite similar. Samples from the Scheggia Thrust Zone and Alpine Fault show the fastest strengthening rates
and largest magnitudes of frictional strengthening (Figure 4). Our data for Alpine Fault principal slip zone
gouge are consistent with recent studies that highlight the increased magnitude in the rate of strengthening
observed within borehole samples of this material [Ikari et al., 2014].

Synthetic fault gouges show two general populations of frictional strengthening rates: the phyllosilicate-rich
samples montmorillonite, talc, biotite, and kaolinite all show low rates and small magnitudes of strength
increase, while quartz- and feldspar-rich samples all show similarly large magnitudes and rates of frictional
strengthening (Figure 4). Frictional strengthening rates (Tables 2 and S3) for our entire sample suite range
from β = 0.0005 (talc) to β =0.012 (Alpine Fault). Our measurements for talc, Nankai, Scheggia, and angular

Figure 3. The steady state coefficient of friction for each sample used in this
study. The value of μss was determined at 20MPa normal stress, 10 μm/s
shearing velocity, 100% relative humidity, and just prior to SHS tests (see
Figure 1). Note that our samples exhibit μss values ranging from 0.19 to 0.71.
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quartz samples compare favorably with previous results under similar conditions [Marone, 1998b; Beeler,
2007; Ikari et al., 2012; Tesei et al., 2012; Carpenter et al., 2014].

The creep relaxation that occurs during a hold period of a slide-hold-slide test may be considered as an analog
for earthquake afterslip [Marone et al., 1991]. Strain energy stored in the sample and testing apparatus is
released as the sample creeps, resulting in reduced shear stress. We observe that samples rich in phyllosilicates
(SAFOD CDZ, montmorillonite: βc≤ 0.008) have lower rates andmagnitudes of creep relaxation (Figure 4) when
compared to stronger, quartz, and feldspar-rich samples (Calaveras, andesine: βc≥ 0.010). Data for both natural
and synthetic gouges show that creep relaxation is related to frictional strength. Samples that are frictionally
strong show larger magnitudes and higher rates of creep relaxation (Figure 4). This is evident when comparing
Alpine Fault, andesine, and quartz samples to SAFOD CDZ, montmorillonite, and talc samples. An exception is
the calcite-rich Scheggia Thrust Zone sample, which shows lower rates and smaller magnitudes of creep relaxa-
tion than would be expected based on the observed strength-relaxation pattern.

Concerning layer compaction and dilation, gouges with abundant quartz and feldspar generally show the
greatest compaction during holds and dilation upon reshear, and in some cases both scale with hold time
(Figure 5). Phyllosilicate-rich samples compact and dilate far less than quartz- and feldspar-rich samples

Figure 4. Slide-hold-slide parameters Δμ and Δμc are plotted against hold time (th) for (a, b) natural and (c, d) synthetic
samples. Samples are listed in order from low to high friction (arrow points toward higher friction), and friction increases from
cool to warm colors. This color scheme is used on many of the following figures. Note the three populations of strengthening
behaviors for natural samples: (1) low-strengthening rate (SAFOD), (2) intermediate rate, and (3) high-strengthening rate
(Alpine and Scheggia Fault). Synthetic samples exhibit two populations of strengthening rates. Also note that samples with larger
friction exhibit greater creep relaxation compared to weaker samples. Fiducial lines show noted rates.
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(Figure 5), with some showing near-zero dilation, consistent with previous data for phyllosilicate-rich samples
[Beeler, 2007]. The volumetric strain (compaction or dilation) of our samples shows dependence on minera-
logical composition and in some cases hold time (Figure 5). Concerning the natural gouge samples, the
SAFOD CDZ sample exhibits the least compaction and dilation, while the sample from the Alpine Fault shows
the largest amount of both compaction and dilation (Figure 5).

4.3. Role of Shearing Velocity

Previous studies show that shearing rate may influence frictional strengthening [Kato et al., 1992; Marone,
1998b; Marone and Saffer, 2015], and our data for quartz confirm this observation (Figure 6 and Table S3). We
find that the magnitude of frictional strengthening in quartz increases with increasing velocity but the rates
of strengthening, β, and relaxation, βc, are constant. However, montmorillonite does not exhibit rate dependent
strengthening. The rate of frictional strengthening in montmorillonite is near zero and independent of shearing
rate. In contrast, the rate of creep relaxation does scale with loading rate for montmorillonite (Figure 6).

5. Discussion
5.1. Role of Mineralogy on Frictional Strength and Strengthening Rate

We observe that the rates of frictional strengthening and creep relaxation scale with frictional strength for a
wide range of natural and synthetic fault rocks (Figure 7). Samples that are frictionally weak show lower rates

Figure 5. Volumetric strain data for SHS tests are plotted versus hold time (th) for (a, b) natural and (c, d) synthetic samples. Figures 5a and 5c show compaction
during holds (Δhc/h). Figures 5b and 5d show dilation (Δh/h) upon reshear (see Figure 2). Negative values of strain indicate layer compaction, and positive strain
values indicate layer dilation. Samples with higher friction compact the most, whereas phyllosilicate-rich samples compact the least. Samples with lowest friction
show the lowest dilation (e.g., phyllosilicate-rich samples).
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of strengthening and creep relaxation
compared to samples that have high
friction. Our data show that gouge fric-
tion is influenced strongly by phyllosili-
cate content (Table 2 and Table S2).
Samples with low friction are dominated
by phyllosilicates (smectite, talc, biotite,
and kaolinite), whereas strong samples
are dominated by framework minerals
quartz and feldspar, and calcite.
Previous work shows that velocity-
weakening materials tend to be friction-
ally strong [e.g., Beeler, 2007; Ikari et al.,
2011b]. Velocity-weakening friction is
thought to be caused by the inverse
dependence of asperity contact lifetime
on slip velocity [Rabinowicz, 1951] and
by dilatant behavior in gouge [Marone,
1991; Beeler, 2007]. Conversely, velocity-
strengthening friction in phyllosilicate-
rich gouges likely derives from asperity
contact area saturation [Saffer and
Marone, 2003] and/or the fact that they
undergo far less dilation and have less
intrinsic strength to lose during rapid
slip [Beeler, 2007]. Our data support
these ideas by showing that faults with
frictionally strong mineral constituents
experience greater dilation and tend
toward high rates of strengthening,
making them favorable for repeating
earthquakes.

The role of mineralogy in frictional
strengthening can be better under-
stood by exploring the contribution of
dilational work. Shear dilatancy contri-
butes to measurements of frictional
strengthening in SHS tests via the volu-
metric work against the normal stress
upon reshear [Bishop, 1954; Frank,
1965; Marone, 1991; Beeler and Tullis,
1997]. Accounting for the precise role
of dilatancy during reshear can be com-

plicated if time-dependent compaction during holds leads to time-dependent dilation upon reshear [e.g.,
Dieterich, 1972; Dieterich and Kilgore, 1994; Beeler and Tullis, 1997]. However, as this remains unclear, and as
some of our materials lack time-dependent compaction and dilation, we separate the contributions of dilatancy
from grain-scale deformation processes following the approach of Niemeijer et al., [2008, 2010]. The contribu-
tion of dilatancy, work per unit volume, to our measured friction can be removed by subtracting the instanta-
neous dilatancy rate, with shear strain, from our raw friction values [Niemeijer et al., 2008, 2010, equation (4)].
Once this has been accomplished, Δμ values can be remeasured (Figure 2) and a new strengthening rate
can be determined for each sample in the same manner as previously described.

In Figure 8, we compare the observed rate of strengthening, β, to the rate with the contribution of dilational
work removed (βd, Table S3). Note that although talc has a relatively small rate of frictional strengthening,

Figure 6. Affect of shearing velocity on frictional strengthening para-
meters for quartz and montmorillonite. Frictional strengthening increases
with shearing velocity for quartz but not for montmorillonite. Creep
relaxation increases with velocity for both materials. For quartz, the
strengthening rate, β, and the creep relaxation rate, βc, are independent of
slip velocity. For montmorillonite, β and βc may vary slightly with slip
velocity.
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nearly all of this is due to dilation. These
data imply that interparticle friction for
talc does not increase with time. This is
perhaps consistent with expectations
based on the observation that the
shear strength of platy clay minerals
increases at low stress but becomes
constant at 25–30MPa normal stress
[Saffer and Marone, 2003; Marone and
Saffer, 2007]. This is because at rela-
tively low values of stress, increased
normal stress can result in increases in
contact area and thus an increase in
the shear strength of the sample.
However, once the contact area is satu-
rated, no further increase in shear
strength, with increasing normal stress,
would be expected. We also see that
the contribution of dilation to frictional
strengthening and the evolution of
that contribution with hold time can
differ dramatically among samples

with similar frictional strengths (Scheggia, Calaveras, quartz, and Westerly granite). At short hold times, the
observed strengthening in quartz- and feldspar-rich materials is dominated by work due to dilation (Figure 8).
This contribution decreases dramatically at longer hold times but still accounts for approximately 40% of the
observed strengthening. In the calcite-rich Scheggia Thrust Zone sample, the contribution due to dilation also
decreases with hold time, albeit less dramatically, having a value of 7% after 3000 s (Figure 8). This indicates that
over 90%of the observed strength recovery in the Scheggia sample is due to growth and strengthening of contact
area in the gouge. This suggests very rapid friction evolution, which may be related to solution transfer processes
in the calcite-rich Scheggia sample. While not the goal of our study, we believe our data add support to the impor-
tance of solution transfer processes and the role they play in frictional strengthening [e.g., Nakatani and Scholz,
2004; Renard et al., 2012; Spiers, 2012; Kaproth and Marone, 2014; Chen et al., 2015; Giorgetti et al., 2015]. The occur-
rence of solution transfer processes at room temperature indicate that the presence of calcite in the shear zone,
either asmatrix, vein fill, or intergranular cement, could lead to rapid fault strength recovery at shallow crustal con-
ditions. Comparing the measured and “true” rates of frictional strengthening (Figure 8) shows that in addition to
having low overall strengthening rates, dilatancy accounts for the largest proportion of the observed strengthen-
ing in the San Andreas fault, montmorillonite, and talc samples, so that the purely frictional, i.e., nondilatant, com-
ponent of strength recovery is extremely small. The difference in strengthening rate for samples containing
feldspars is similar to the andesine sample, and the strengthening rates for pure quartz and the calcite-rich
Scheggia thrust samples remain unchanged after accounting for dilation.

Previous studies of frictional strengthening show that it is often difficult to separate increases in frictional
strength from increases in cohesion [Karner et al., 1997; Muhuri et al., 2003; Tenthorey and Cox, 2006]. While
we did not specifically examine cohesion, we assume it is negligible in the majority of our samples, although
we recognize that cohesion could be present [Ikari and Kopf, 2011]. This is due to the fact that unlike our
experiments, previous studies that considered cohesion were performed under high temperature, water
saturated conditions [Karner et al., 1997; Tenthorey and Cox, 2006], or using rock analogues that allow signifi-
cant pressure solution at room temperature [Muhuri et al., 2003; Renard et al., 2012]. Increases in cohesion
may be noted by increases in steady state friction with hold time [Karner et al., 1997; Chen et al., 2015] or
stick-slip failure of the sample upon reload [Johnson, 1981]. We did not observe any significant increase in
steady state friction or stick-slip failure upon reshear in our experiments.

Additional studies have shown that in some cases the measured amount of frictional strengthening is due solely
to mechanical consolidation of the sample [e.g., Nakatani, 1998]. This work, conducted with granite gouge
between solid rock forcing blocks under room humidity conditions, showed that mechanical consolidation of

Figure 7. Scaling of strength recovery rate, β, and creep relaxation rate, βc,
with steady state friction. Data include all samples, natural and synthetic.
Note that β and βc both increase as friction increases.
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the gouge layer was enough to explain
the measured strengthening values
and that this strengthening was
dependent on the residual shear stress
during the hold period [Nakatani,
1998]. Furthermore, Nakatani [1998]
suggested that if consolidation
strengthening, as distinct from time-
dependent frictional strengthening, is
the dominant mechanism, then the
evolution of strength upon reshear will
decrease linearly with slip, as opposed
to exponentially as expected if time-
dependent processes were dominant.
Finally, time-dependent strengthening
was observed, but only when the resi-
dual stress during the hold was main-
tained at a high value. While we
cannot preclude the presence of some
consolidation strengthening in our
experiments, the exponential decay
of friction upon reshear over short dis-
placements, <500μm, and high shear
stress during holds (maximum
decrease 15%, Figure 9) for our sam-
ples indicates that time-dependent
processes are the dominant mechan-
isms driving themeasured strengthen-
ing. Furthermore, we monitor sample
dilation upon reshear and have shown
that the contribution of this dilation to
themeasured strengthening is small in
most cases (Figure 8).

5.2. Application to Fault Zone
Processes and the Seismic Cycle

On faults with repeating earthquakes,
the rupture patch may remain locked
or slip very little during the interseis-
mic period. Shear stress on the patch
increases due to a combination of
fault healing and tectonic loading.
The far-field tectonic loading rate is
driven by plate convergence and
therefore is assumed to remain con-
stant over a typical recurrence inter-

val. Understanding the magnitude of strength changes allows us to investigate the seismic potential of the
fault. To better understand relative strength changes, we normalized our strengthening and creep relaxation
data by steady state frictional strength μss (Figure 9). This provides an indication of the relative amount of
frictional strengthening and stress relaxation during SHS tests.

For the natural fault samples, with the exception of the SAFOD CDZ, the rate of frictional strengthening
appears to be approximately equal to the relaxation rate (Figures 7 and S3). Although the absolute magni-
tude of strengthening may be different for each sample, the rate of strengthening appears to be relatively

Figure 8. (top) A comparison between themeasured strengthening rate and
strengthening rate adjusted for dilational work. (bottom) The percentage
of observed healing, Δμ, due to dilational work versus hold time for the
samples shown. Work associated with dilation is significant in some cases,
but there is no systematic trend as a function of sample type.
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constant across most of the natural samples. Additionally, these data show that at the longest hold times, our
samples show an increase in normalized strength (Δμ/μss) by ~4–7% (Figure 9). This is consistent with the
observation that earthquake stress drops are approximately 10% of the fault strength [Brune, 1970; Scholz,
2002]. The smectite-rich SAF sample shows strengthening of about 2%, consistent with the idea that weak
faults show lower rates and smaller magnitudes of strengthening [Carpenter et al., 2012, 2015].

The normalization of creep relaxation by steady state frictional strength, which yields the fractional stress decrease,
shows a trend reversal from the raw data (Figures 4 and 9). The strongest natural fault samples relieve a far smaller
percentage of their stress due to creep relaxation compared to the weakest samples; 7% decrease for Scheggia and
17% decrease for SAFOD CDZ at 3000 s. The majority of our natural samples relieve approximately 10% of their
stress at 3000 s, while the Zuccale sample, with a significant mineralogical contribution from talc, relives
approximately 12% of its stress. The synthetic samples show no clear trends in fractional stress decrease.
The weaker materials, biotite and talc, show the greatest normalized stress decrease, whereas the rest of
the samples are similar to the majority of natural fault samples. This data indicate that stronger samples
creep less and can accumulate a greater amount of elastic strain energy compared to the weaker samples.

Our measurements of fault-perpendicular strain also have implications for dilatant fault zone behavior. Fault
zone dilation at the initiation of earthquake rupture affects the pore pressure within the fault and therefore
the effective stress conditions [Segall and Rice, 1995; Samuelson et al., 2009]. Fault zones that experience

Figure 9. The ratio of frictional strengthening to sliding friction (Δμ/μss) and the ratio of creep relaxation to sliding friction
(Δμc/μss) are shown against hold time (th) for (a, b) natural and (c, d) synthetic samples. Data indicate that strong samples
strengthen by a larger fraction of the strength than weak, phyllosilicate-rich samples. For natural materials and fault
gouges, the weak, phyllosilicate-rich samples creepmuch more and exhibit a larger decrease in stress than strong samples.
Note that the SAFOD sample relieves 15% of the shear stress compared to only a 6% decrease for the Scheggia fault gouge
after a 3000 s hold.
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significant dilation upon initial failure could arrest or slow earthquake nucleation, because it would likely
result in reduced pore pressure and increased effective normal stress [Rudnicki and Rice, 1975]. Our data show
that gouges composed of strong, angular minerals dilate much more than gouges composed of phyllosili-
cates. This indicates that pore pressure might not play a large role in the nucleation of earthquakes along
faults whose composition is dominated by quartz or feldspar.

While fault zone dilation is hard to observe directly due to the rapid nature of earthquake rupture, fault zone
compaction [Massonnet et al., 1996; Tadokoro and Ando, 2002] and postseismic changes in elastic wave velo-
city have been observed in nature [e.g., Vidale and Li, 2003; Li et al., 2006; Liu et al., 2013] and in laboratory
experiments [Kaproth and Marone, 2014]. These studies indicate that fault zone porosity increases dynami-
cally during seismic slip and that fractures close and heal in the postseismic period. Moreover, related studies
show that the local stress field around the main shock evolves quickly as friction increases and fault strength
recovers [Tadokoro and Ando, 2002; Liu et al., 2013]. These results confirm that fault dilation and compaction
play an important role in the seismic cycle [e.g., Sleep and Blanpied, 1992; Segall and Rice, 1995]. Numerical
studies simulating midcrustal conditions with quartz gouge further show that compaction of gouge occurs
very quickly [Yasuhara et al., 2003] and that the dissolution, diffusion, and precipitation processes result in
a significant increase in contact area, failure strength, and cohesion along with a more uniform distribution
of forces [Zheng and Elsworth, 2013]. Other work has shown that creep compaction of faults could lead to
excess pore pressure and long-term fault weakness [Sleep and Blanpied, 1992; Giger et al., 2007]. Dilatancy
during seismic slip is then predicted to restore fault zone porosity and permeability. Our data indicate that
mechanical compaction is elevated in gouges dominated by strong, angular minerals such as quartz and
feldspar, with much less compaction observed in phyllosilicate-rich gouges. This is likely due to the strength
and shape of grains [e.g., Escartin et al., 1997]. Stronger, more angular grains must dilate more upon reshear
than phyllosilicates, especially when present in well-developed fabrics. As mentioned previously, the “hold”
in our SHS tests is a better approximation for the period directly following the earthquake. Due to the fact that
our experiments were performed over relatively short timescales (longest hold of 3000 s), the compaction we
observe is similar to what would be expected to occur directly following a main shock. We would expect the
rate of compaction to reduce and perhaps cease later in the interseismic period.

Although hydrothermal conditions were not explored in our experiments, we speculate that elevated tem-
peratures in the presence of pore fluid could result in the transition of many of the quartzofeldspathic and
calcite dominated gouges listed above toward velocity-weakening frictional behavior and conditions
where the rate of frictional strengthening exceeds the rate of creep relaxation (Figure S3). For example,
Yasuhara et al. [2005] observed a transition in the strengthening and creep relaxation behavior of quartz
between 20°C and 65°C. At 20°C, the creep relaxation rate was greater than the frictional strengthening
rate. By 65°C, the reverse was true and due solely to changes in the rate of frictional strengthening.
Additionally, previous work has also found that quartz gouge transitions to velocity-weakening frictional
behavior with increasing temperature from 25 to 300°C [Chester and Higgs, 1992] due primarily to large
changes in the friction rate parameter, b, which is consistent with tests that show increased strength recov-
ery at elevated temperatures. Finally, other gouge types exhibit a transition from velocity-strengthening
behavior to velocity-weakening behavior with increasing temperature: granite [Blanpied et al., 1991],
Nankai megathrust gouge [den Hartog et al., 2012], and calcite [Verberne et al., 2013] with granite also
showing an increased rate of healing at higher temperatures [Mitchell et al., 2012]. These results combined
with further analysis (M. J. Ikari et al., submitted manuscript, 2016) show that measurable changes in gouge
strengthening and creep relaxation rates directly influence the velocity dependence of friction and thus
the frictional stability of tectonic faults.

6. Conclusions

We conducted a systematic study of frictional strengthening in gouge, evaluating both the rate of peak
(static) friction increase with time and the creep relaxation rate during slide-hold-slide tests. Our data show
that mineralogical composition of fault gouge exhibits a strong control on the rate of frictional strengthening,
creep relaxation, fault zone dilatancy, and fault healing. We observe that phyllosilicate-rich fault gouges exhi-
bit lower rates of frictional strengthening and higher percentages of strength loss during creep relaxation
compared to quartz/feldspar-rich gouges. Frictional strengthening correlates with layer-normal strain during
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holds and upon reshear, to varying degrees depending on the sample. Samples that exhibit large compaction
and dilatancy are generally composed of stronger, angular minerals and exhibit higher rates of friction
strengthening. For a wide range of natural and synthetic fault gouge, both the strength recovery rate and
creep relaxation rate vary systematically with the frictional strength of the material. Overall, this suggests that
interseismic restrengthening is more efficient in gouges lacking phyllosilicate minerals. Faults that are
dominantly composed of phyllosilicates are likely to be weak and remain weak over geologic times.
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