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[1] We examine the frictional behavior of a range of lithified rocks used as analogs
for fault rocks, cataclasites and ultracataclasites at seismogenic depths and compare
them with gouge powders commonly used in experimental studies of faults. At normal
stresses of ∼50 MPa, the frictional strength of lithified, isotropic hard rocks is generally
higher than their powdered equivalents, whereas foliated phyllosilicate‐rich fault rocks are
generally weaker than powdered fault gouge, depending on foliation intensity. Most
samples exhibit velocity‐strengthening frictional behavior, in which sliding friction
increases with slip velocity, with velocity weakening limited to phyllosilicate‐poor
samples. This suggests that lithification of phyllosilicate‐rich fault gouge alone is
insufficient to allow earthquake nucleation. Microstructural observations show
prominent, throughgoing shear planes and grain comminution in the R1 Riedel orientation
and some evidence of boundary shear in phyllosilicate‐poor samples, while more
complicated, anastomosing features at lower angles are common for phyllosilicate‐rich
samples. Comparison between powdered gouges of differing thicknesses shows that higher
Riedel shear angles correlate with lower apparent coefficients of friction in thick fault
zones. This suggests that the difference between the measured apparent friction and
the true internal friction depends on the orientation of internal deformation structures,
consistent with theoretical considerations of stress rotation.

Citation: Ikari, M. J., A. R. Niemeijer, and C. Marone (2011), The role of fault zone fabric and lithification state on frictional
strength, constitutive behavior, and deformation microstructure, J. Geophys. Res., 116, B08404, doi:10.1029/2011JB008264.

1. Introduction

[2] Fault slip is generally accommodated within a finite
volume of rock or sediment (the “fault zone”), and the fric-
tional properties of the fault zone material are considered to
be a first‐order control on both the overall fault strength and
the style of fault slip. Recent works have suggested that the
spectrum of observed fault slip behavior, ranging from
aseismic slip, slow earthquakes, and tremor to normal earth-
quakes, is related to variations in fault zone rock properties
[Fagereng and Sibson, 2010;Peng andGomberg, 2010; Ikari
et al., 2011]. Numerous experimental studies have been
performed using both natural fault gouges and fault gouge
analogs in order to measure fault strength and fault stability,
which is a proxy for the likelihood of seismic slip. Many of
these studies show that frictional slip behavior is strongly
dependent on gouge mineralogy. Granular gouges consisting
of nonphyllosilicate minerals such as quartz and feldspar are

frictionally strong and may have the potential for seismic slip
[Beeler et al., 1996; Scruggs and Tullis, 1998; Mair and
Marone, 1999], while gouges composed primarily of phyl-
losilicate minerals (clays and micas) have been shown to be
frictionally weak and tend toward stable slip behavior over a
large range of conditions [Morrow et al., 1992; Saffer and
Marone, 2003; Niemeijer and Spiers, 2006; Ikari et al.,
2007, 2009; Collettini et al., 2009a; Niemeijer et al., 2010a].
[3] The majority of previous studies investigating fault

friction simulate faults using a volume of granular, unlithified
fault gouge [e.g.,Dieterich, 1981;Marone, 1998a]. However,
noncohesive fault gouge is restricted to shallow levels in the
crust, giving way to cataclasites and ultracataclasites within
∼5 km of depth [Sibson, 1986a]. This transition correlates
with the updip limit of the seismogenic zone for crustal faults
[Marone and Scholz, 1988], leading to the hypothesis that
consolidation and lithification of fault rock is a necessary
condition for seismic slip [Moore and Saffer, 2001; Marone
and Saffer, 2007]. Therefore, studies using unlithified gran-
ular gouge powders to determine the seismogenic potential of
faults may be of limited applicability.
[4] Other studies simulate faults as a discrete planar surface

between two pieces of intact rock [e.g., Dieterich, 1979;
Tullis and Weeks, 1986; Savage and Marone, 2008]. While
these studies have been useful in showing that unstable,
potentially seismic slip along preexisting faults could be
analogous to localized slip in cohesive rock, we know that
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earthquakes occur within fault zones of finite width, rather
than on mathematically flat surfaces [e.g., Cocco et al., 2009;
Marone et al., 2009]. Thus, the application of experiments on
bare rock surfaces to tectonic faults is questionable. Several
recent studies have shown that fabric in phyllosilicate‐rich
rock, including foliated fault rocks, significantly lowers
friction via accommodation of slip on sets of anastomosing
weak surfaces consisting of clays or other weak phyllosili-
cates [Shea and Kronenberg, 1993; Collettini et al., 2009a,
2009b; Niemeijer et al., 2010a; Smith and Faulkner, 2010].

This is consistent with observations that rock anisotropy
exerts a control on compressional failure and orientation of
failure planes [Donath, 1961; Attewell and Sandford, 1974;
Gottschalk et al., 1990]. It seems clear, then, that when
applying friction studies to tectonic faults, fault rock structure
is an important factor [e.g., Rutter et al., 2001; Jefferies et al.,
2006]. Many previous friction studies using powdered gouge
and flat, bare rock surfaces have neglected the role of fault
zone fabric.
[5] The purpose of this paper is to report on laboratory

experiments designed to investigate frictional strength and
stability for a suite of samples with a wide range of miner-
alogic compositions and fabrics. The samples are chosen to
represent the full spectrum of cataclastic fault rocks at seis-
mogenic depths. We compare the frictional behavior and
microstructure of intact, lithified rock wafers with powdered
versions of the same rocks in order to determine if the lithi-
fication state of fault material influences its frictional strength
and stability. Specifically, we aim to investigate (1) the
competing effects of strengthening from fault rock lithifica-
tion and weakening due to structural anisotropy; (2) whether
the lithification of phyllosilicate‐rich gouge is sufficient to
allow potentially seismic slip behavior; (3) development of
microstructural textures and their relationship to frictional
properties; and (4) the effect of fault thickness on the apparent
fault strength.

2. Methods

2.1. Experimental Procedure

[6] We conducted experiments using wafers of both iso-
tropic, phyllosilicate‐poor rocks and foliated, phyllosilicate‐
rich rocks, as well as powdered gouges derived from the same
rocks (Figure 1 and Table 1). The isotropic rocks were West-

Figure 1. Examples of sample fault materials. (top left)
Lithified, isotropic rock (Westerly granite). (top right) Lith-
ified, foliated rock (biotite schist). (bottom left) Powdered
Westerly granite. (bottom right) Powdered biotite schist.

Table 1. Experiment Parameters

Experiment Sample State
Normal Stress

(MPa)
Layer Thickness
Under Load (mm)

Maximum Shear
Strain

p2548 Westerly Granite Lithified 49.9 7.81 3.79
p2489 Berea Sandstone Lithified 49.8 7.07 1.66
p2491 Indiana Limestone Lithified 49.9 6.80 1.71
p1696 Vermont Marble Lithified 49.9 9.23 6.78
p2488 Pennsylvania Slate Lithified 49.9 5.65 1.91
p2317 Illite Shale Lithified 51.3 6.45 2.30
p2324 Chlorite Schist Lithified 51.3 5.85 3.20
p2553 Biotite Schist Lithified 49.3 6.93 3.11
p2496 Muscovite Schist Lithified 50.0 2.67 2.38
p2675 Westerly Granite Powdered (thick) 42.0 7.54 2.10
p2664 Berea Sandstone Powdered (thick) 42.0 6.46 2.26
p2674 Indiana Limestone Powdered (thick) 42.0 7.50 1.73
p2676 Vermont Marble Powdered (thick) 41.9 9.75 1.33
p2673 Pennsylvania Slate Powdered (thick) 41.9 6.11 2.52
p2678 Illite Shale Powdered (thick) 42.0 7.99 1.59
p2677 Chlorite Schist Powdered (thick) 42.0 6.78 1.37
p2679 Biotite Schist Powdered (thick) 41.8 7.04 2.09
p2729 Muscovite Schist Powdered (thick) 41.8 7.02 2.00
p2477 Westerly Granite Powdered (thin) 49.9 2.75 3.50
p2506 Berea Sandstone Powdered (thin) 49.8 2.97 2.57
p2475 Indiana Limestone Powdered (thin) 49.9 2.25 4.73
p2476 Vermont Marble Powdered (thin) 49.9 2.58 4.14
p2487 Pennsylvania Slate Powdered (thin) 49.9 2.33 4.14
p2472 Illite Shale Powdered (thin) 50.0 1.55 4.59
p2473 Chlorite Schist Powdered (thin) 49.6 1.64 5.98
p2508 Biotite Schist Powdered (thin) 50.0 2.16 3.17
p2507 Muscovite Schist Powdered (thin) 50.0 1.94 3.48
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erly granite, Berea sandstone, Vermont marble, and Indiana
limestone. The foliated, phyllosilicate‐rich rocks were biotite
schist (Bancroft, Ontario), muscovite schist, chlorite schist
(Madison County, North Carolina), illite shale (Rochester,
New York), and Pennsylvania black slate. The Pennsylvania
slate is a foliated rock, but X‐Ray Diffraction (XRD) shows
that it is composed of only∼10%phyllosilicateminerals. Thus,
we consider this sample to be transitional between the two
groups.
[7] Solid wafers were cut from intact rock specimens and

tested as lithified fault rock. These wafers were 5 cm × 5 cm
in area and these were surface ground to a thickness of ∼6–
8 mm with a 60 grit grinding wheel, except for more friable
samples such as the mica schists, which were separated
along cleavage planes. Phyllosilicate‐rich wafers were
sheared with the dominant fabric (i.e., cleavage planes)
parallel to the shear direction. The nonfoliated rocks were
homogeneous and thus wafers were cut and sheared along
arbitrary orientation.

[8] For each sample type, rocks were crushed in a disk mill
and sieved to a grain size of <106 mm (<150 mm for Westerly
granite and Berea sandstone) to produce the powders used as
gouge for traditional friction experiments. Samples of sim-
ulated fault gouge were constructed using a leveling jig with
a uniform area (5 cm × 5 cm) and to an initial thickness of
∼7–10 mm, which yielded layers of similar thickness to the
lithified wafers (>∼6 mm) so as to facilitate direct compari-
son. We also ran a subset of experiments on thinner gouge
layers (2–3 mm under normal load) to investigate the effects
of gouge thickness on friction [e.g., Scott et al., 1994]. Table 1
provides details of the sample suite.
[9] We conducted experiments in a biaxial testing appa-

ratus (Figure 2a, inset) to measure frictional behavior under
controlled normal stress and sliding velocity [e.g., Ikari et al.,
2007]. Two layers of sample fault gouge were sheared within
a three‐piece steel block assembly in a double‐direct shear
configuration (Figure 2a, inset). The forcing block surfaces
were grooved to ensure that shearing occurred within the

Figure 2. (a) Example of a friction‐displacement curve for a typical experiment using lithified rock.
Inset shows a portion of the friction showing measurement of double‐direct shear geometry. (b) Enhanced
view of a velocity step as indicated in Figure 2a. Friction data is overlain by a best fit model. (c) Example
of a friction‐displacement curve for a typical experiment using powdered rock. Inset shows a portion of
friction curve in showing measurement of failure friction as coincident with a constant value of Dm/Dx.
(d) Enhanced view of a velocity step as indicated in Figure 2c. Friction data is overlain by a best fit model.
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layer and not at the layer‐block interface. In all experiments,
the normal stress sn was maintained at ∼40–50 MPa and the
contact area was maintained at 25 cm2. All experiments were
conducted under conditions of room humidity (∼40%) and
temperature (∼25°C).
[10] In each experiment, the sample was sheared initially

at a constant velocity of 11 mm/s until a residual steady state
shear stress was reached, generally at shear strains of <3.
Upon reaching residual stress levels, velocity‐stepping tests
were initiated. These tests consisted of an initial velocity of
10 mm/s followed by a drop to 1 mm/s and subsequent
instantaneous increases in velocity to 3, 10, 30, 100, and
300 mm/s. Shear displacement during each velocity step was
500 mm. At the conclusion of each experiment, the stresses
were removed and the sample end product was recovered.
These postshearing samples were then set into epoxy
(Buehler EpoThin© resin and hardener), cut parallel to the
shear direction, polished, and analyzed using a field emission
scanning electron microscope (SEM) in backscatter mode.

2.2. FrictionMeasurements and Constitutive Parameters

[11] Figure 2a shows friction versus shear load point dis-
placement, from which friction at failure, residual friction,
and the velocity‐dependent frictional response are measured.
We report values of the apparent coefficient of friction ma at
failure, and at steady state residual friction calculated as

� ¼ �a�n þ c ð1Þ
where c is the cohesion [Handin, 1969]. We assume that for
intact rock wafers cohesion is lost by the time residual friction
is achieved, and that powdered gouges are cohesionless. Pre-
vious works have shown that for a wide range of rock powders,
shear strength trends toward the origin over a large range of
normal stress conditions, suggesting negligible cohesion [e.g.,
Byerlee, 1978; Saffer andMarone, 2003;Numelin et al., 2007].
Failure friction is taken as either the peak friction, or, in the absence
of a clear peak, the point at which the change in friction with
displacement, dm/dx, becomes constant (Figure 2b). Residual
friction is measured at relatively small shear strains ranging
from 0.6 to 2.8 to facilitate comparison between lithified rock
and granular gouge. We use engineering strain: g = S(Dx/h),
where Dx is the incremental shear displacement and h is the
instantaneous layer thickness.
[12] The thickness of experimental fault zones is known

to have a significant effect on the measured apparent friction
[e.g., Byerlee and Summers, 1976; Dieterich, 1981; Biegel
et al., 1989]. This is because prior to shear loading, the sam-
ple is in a uniaxial stress state (s1 = sn) but application of shear
load then causes the principal stress axes to rotate, such that
they are no longer aligned with the remotely applied stresses
[Mandl et al., 1977; Hobbs et al., 1990; Byerlee and Savage,
1992; Marone et al., 1992; Scott et al., 1994]. At shear fail-
ure, the maximum shear stress is aligned with the fault
boundaries, indicating that s1 and s3 are oriented 45° from the
remotely applied stresses. This occurs in rotary, biaxial, and
triaxial testing configurations. Following Scott et al. [1994],
the measured apparent coefficient of friction is the result of a
combination of geometric effects and the true internal friction
of the material according to the equation

�a ¼ RF sin�þ 2T 1� �ð Þ
RF2 � T 1þ �ð Þ RF sin�þ 2T 1� �ð Þ½ � ð2Þ

where ma is the apparent friction, R is a dimensionless,
experimentally derived constant with a value of 1.2, F = [1 +
T2(1 + a)2]1/2, � is the angle of internal friction, T is the
measured local rate of fault zone thinning −Dh/Dx, where h is
the layer thickness and x is the shear displacement, and a is a
dimensionless parameter describing the mechanism of fault
zone thinning, which ranges from 0 (strictly density changes)
to 1 (strictly gouge extrusion). The parametera is calculated as

� ¼ � h

LT
¼ � TGT

T
ð3Þ

where L is the length of the sample (5 cm in this case), and
TGT = h/L and represents the theoretical maximum rate of
geometric thinning [Scott et al., 1994]. We calculate the true
coefficient of internal friction by solving equation (2) for � and
using the relationm = tan� [Handin, 1969; Jaeger et al., 2007].
Note that effects of shear localization are neglected in this
correction.
[13] From the velocity‐stepping tests, we quantify frictional

stability using the friction rate parameter a‐b defined as

a� b ¼ D�ss
a

ln V Vo=ð Þ ð4Þ

where Dma
ss is the change in the steady state apparent coeffi-

cient of friction upon an instantaneous change in sliding
velocity from Vo to V [Tullis and Weeks, 1986; Marone,
1998a]. Materials exhibiting positive values of a‐b are said
to be velocity strengthening, and they tend to slide stably and
inhibit propagation of seismic rupture. A material with nega-
tive a‐b is termed velocity weakening, which is considered a
prerequisite for frictional instability resulting in earthquake
nucleation [e.g., Scholz, 2002]. We determined values of the
friction rate parameter a‐b and other constitutive parameters
using an inverse modeling technique with an iterative least
squares method [Reinen and Weeks, 1993; Blanpied et al.,
1998] using Dieterich’s [1979, 1981] constitutive law for
friction with two state variables:

� ¼ �o þ a ln
V

Vo

� �
þ b1 ln

VoQ1

Dc1

� �
þ b2 ln

VoQ2

Dc2

� �
ð5Þ

dQi

dt
¼ 1� VQi

Dci
; i ¼ 1; 2 ð6Þ

where a, b1 and b2 are dimensionless, empirically derived
constants,Q1 andQ2 are state variables (units of time), andDc1

and Dc2 are critical slip distances [e.g., Marone, 1998a]. The
state variables are inferred to reflect the average lifetime of
frictional contact points, and the critical slip distance is the
displacement over which those contacts are renewed following
a velocity step. In some cases, the friction data from an indi-
vidual velocity step are well fit using only one state variable,
such that we may set b2 =Q2 = 0, eliminating the final term on
the right hand side of equation (5). In this paper we report the
parameter a‐b, with b = b1 + b2 to account for the possibility of
using either 1 or 2 state variables.
[14] The rate and state friction equations are coupled with

an expression describing elastic interaction with the testing
machine:

d�

dt
¼ K Vlp � V

� � ð7Þ
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where K is the stiffness of the fault surroundings (in this
case the testing apparatus and sample blocks) normalized
by normal stress (for our apparatus, K = ∼3 × 10−3 mm−1 at
25 MPa normal stress), Vlp is the load point velocity, and V
is the true slip velocity [Reinen and Weeks, 1993; Saffer and
Marone, 2003; Ikari et al., 2009]. Examples of velocity
steps in friction data and the corresponding modeled friction
are shown in Figures 2b and 2d.

3. Results

3.1. Friction Measurements

[15] The frictional strength of our suite of fault material is
highly variable, but both residual and failure friction of iso-
tropic, phyllosilicate‐poor hard rocks are consistently higher
than that of foliated, phyllosilicate‐rich rocks (Figure 3).
For the phyllosilicate‐poor samples, values of residual fric-
tion range from 0.47 ≤ ma ≤ 0.57 for lithified samples and
0.48 ≤ ma ≤ 0.55 for powdered samples. Residual friction
of phyllosilicate‐rich samples ranges from 0.15 ≤ ma ≤
0.44 for lithified rocks and from 0.27 ≤ ma ≤ 0.49 for
powdered samples (Figure 3a). Values of failure friction
for phyllosilicate‐poor samples range from 0.50 ≤ ma ≤
0.63 for lithified rocks and 0.46 ≤ ma ≤ 0.52 for powdered

gouges. Failure friction is 0.15 ≤ ma ≤ 0.49 for lithified and
0.24 ≤ ma ≤ 0.41 for granular phyllosilicate‐rich fault
materials (Figure 3b).
[16] We compare both failure friction and residual friction

for lithified and powdered samples. For lithified samples,
failure friction can be significantly higher than residual
friction. However, in powdered samples failure friction is
consistently lower than residual friction (Figure 4a). This
result is consistent with the presence of a pronounced peak
in friction for some lithified rocks, while powdered gouges
exhibit rollover and subsequent strain hardening. Figure 5a
shows an example of this type of behavior in Berea sand-
stone. We also note that when comparing lithified and
powdered gouge friction, the mica schists are significantly
stronger in powdered form. This is true for both residual and
failure friction, and is in contrast with the other samples for
which the lithified samples are stronger (failure friction) or
similar (residual friction), (Figures 4b and 5b).

3.2. Estimates of Internal Friction

[17] Measured values of residual friction for a subset of thin
powdered samples (preshear thickness under normal load
1.5–3 mm) are all consistently higher than those of powdered
samples with greater thicknesses. The thickness of the thicker

Figure 3. Measurements of (a) residual apparent friction, and (b) failure apparent friction.

Figure 4. (a) Apparent friction at failure with respect to residual friction, and (b) effect of lithification
state on failure and residual friction.
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powder samples is similar to the lithified wafers (>6 mm)
(Figure 6). Comparison of a friction‐strain curve for thick and
thin powdered illite shale is shown in Figure 6a. Residual
friction of initially thin samples ranges from 0.56 ≤ ma ≤ 0.70
for phyllosilicate‐poor samples and from 0.32 ≤ ma ≤ 0.55 for
phyllosilicate‐rich samples. Additionally, the rate of strain
hardening is observed to be significantly higher for the ini-
tially thick samples (Figure 6a).
[18] In thick experimental fault zones, the measured

apparent friction can be significantly lower than the true
internal friction [e.g., Scott et al., 1994]. We estimate the
residual value of true internal friction for our sample set by
applying a correction for friction following Scott et al. [1994].
In applying this correction, we use three values of the
parameter a: a = 0 (all sample thinning attributed to
increasing density), a = 1 (all sample thinning attributed to
extrusion of material), and a calculated using equation (3),
which ranges from 0.7 to 2 (Figure 7 and Table 2). Internal

friction calculated using a = 0 results in extremely high
friction values, up to m = 1.66. More reasonable friction
values are obtained using a = 1 and the value of a calculated
from our data (Table 2). Using calculated a, friction ranges
from 0.11 ≤ m ≤ 0.99 and using a = 1, friction ranged from
0.16 ≤ m ≤ 0.93 for our suite of samples. The corrected values
of friction are quite high (m > 0.85) for Berea sandstone and
the calcite rich samples of limestone and marble (Table 2).

3.3. Friction Stability and Constitutive Parameters

[19] The velocity dependence of friction, as measured by
the parameter a‐b, is positive for all the phyllosilicate‐rich
rocks. For both lithified and powdered samples we find:
0.0015 ≤ a‐b ≤ 0.0070 (Figure 8a). As with the friction
values, the velocity dependence of friction is highly variable
between samples. Lithified versions of most samples (biotite,
muscovite, chlorite) show consistently higher a‐b values than
the powdered samples. Exceptions include illite, in which the

Figure 5. Comparison between friction‐strain curves for lithified and powdered samples of (a) Berea
sandstone, and (b) muscovite schist.

Figure 6. (a) Comparison between friction‐strain curves for initially thick (∼8.0 mm under load) and
initially thin (∼1.5 mm under load) samples of powdered illite shale. (b) Effect of gouge thickness for
all powdered samples in this study.
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powdered a‐b is higher, and slate, in which the a‐b values are
indistinguishable between powdered and lithified samples.
Many of these samples show a strong positive velocity
dependence of a‐b (muscovite, chlorite, slate) in both lithified
and powdered form. Unlike the foliated rocks, the isotropic
rock samples show both velocity‐strengthening and velocity‐
weakening behavior. Velocity weakening is observed in lith-
ified limestone (−0.0018 ≤ a‐b ≤ −0.0007) and lithified
sandstone (−0.0015 ≤ a‐b ≤ 0). Values of a‐b for all other
phyllosilicate‐poor rocks range from0.0003≤ a‐b ≤ 0.0045 for
both lithified and powdered samples. Although we observe
instances of velocity‐weakening behavior, stick‐slip was
absent in all of our experiments. This is due to the high stiffness
of our testing apparatus, which suppresses stick‐slip in poten-
tially unstable fault materials [e.g., Cook, 1981; Scholz, 2002].

[20] The friction rate parameter Dc shows no discernible
pattern but values are generally <100 mm (Figure 8b). The
parameters a and b are elevated for both powdered and lithified
phyllosilicate‐poor rocks compared to the phyllosilicate‐rich
samples (Figures 8c and 8d). Negative values of b are observed
for samples of chlorite, biotite, and muscovite. In comparing
initially thick powdered samples with initially thin samples,
we observe that values of a‐b are similar in both magnitude
and upper limit (Figure 9). The lower limit of a‐b values is
consistently lower for the thin gouge powders compared to
the thick gouge powders and negative values of a‐b are
observed for thin layers of Westerly granite, Berea sand-
stone and Indiana limestone. Implications of a‐b and other
velocity‐dependent friction parameters for fault slip will be

Figure 7. Residual friction using Scott et al.’s [1994] correction for gouge thickness effects for
(a) powdered and (b) lithified fault material.

Table 2. Parameters for Friction Correction: Geometric Thinning Method

Experiment Sample State
Shear
Strain

Residual
ma T

h
(mm) Tgt a F R sin �

�
(deg) m

m
(a = 0)

m
(a = 1)

p2548 Westerly Granite Lithified 2.0 0.47 −0.135 6.37 −0.127 0.94 1.03 1.2 0.57 34.5 0.69 1.07 0.67
p2489 Berea Sandstone Lithified 1.0 0.52 −0.154 5.94 −0.119 0.77 1.04 1.2 0.68 43.0 0.93 1.45 0.84
p2491 Indiana Limestone Lithified 1.1 0.56 −0.128 5.79 −0.116 0.90 1.03 1.2 0.68 43.0 0.93 1.41 0.90
p1696 Vermont Marble Lithified 2.5 0.57 −0.111 6.55 −0.131 1.18 1.03 1.2 0.65 40.7 0.86 1.33 0.91
p2488 Pennsylvania Slate Lithified 1.2 0.44 −0.101 4.90 −0.098 0.97 1.02 1.2 0.49 29.4 0.56 0.80 0.56
p2317 Illite Shale Lithified 2.0 0.36 −0.134 4.56 −0.091 0.68 1.03 1.2 0.47 28.0 0.53 0.75 0.45
p2324 Chlorite Schist Lithified 0.6 0.28 −0.114 3.82 −0.076 0.67 1.02 1.2 0.36 21.2 0.39 0.55 0.32
p2553 Biotite Schist Lithified 1.5 0.15 −0.106 6.36 −0.127 1.20 1.03 1.2 0.13 7.3 0.13 0.35 0.16
p2496 Muscovite Schist Lithified 1.0 0.16 −0.023 2.58 −0.052 2.25 1.00 1.2 0.11 6.3 0.11 0.20 0.16
p2675 Westerly Granite Powdered (thick) 1.5 0.48 −0.136 5.84 −0.117 0.86 1.03 1.2 0.59 36.3 0.73 1.10 0.69
p2664 Berea Sandstone Powdered (thick) 1.0 0.49 −0.156 5.48 −0.110 0.70 1.03 1.2 0.66 41.4 0.88 1.32 0.77
p2674 Indiana Limestone Powdered (thick) 1.1 0.55 −0.147 6.22 −0.124 0.85 1.04 1.2 0.70 44.6 0.99 1.57 0.93
p2676 Vermont Marble Powdered (thick) 0.9 0.49 −0.186 8.12 −0.162 0.87 1.06 1.2 0.67 41.8 0.89 1.66 0.84
p2673 Pennsylvania Slate Powdered (thick) 1.7 0.48 −0.113 4.92 −0.098 0.87 1.02 1.2 0.58 35.2 0.70 0.99 0.67
p2678 Illite Shale Powdered (thick) 1.0 0.38 −0.178 6.61 −0.132 0.74 1.05 1.2 0.53 31.8 0.62 1.00 0.53
p2677 Chlorite Schist Powdered (thick) 0.8 0.29 −0.160 5.86 −0.117 0.73 1.04 1.2 0.39 23.0 0.42 0.69 0.35
p2679 Biotite Schist Powdered (thick) 1.5 0.27 −0.152 5.36 −0.107 0.71 1.03 1.2 0.38 22.1 0.41 0.64 0.33
p2729 Muscovite Schist Powdered (thick) 1.0 0.35 −0.146 6.00 −0.120 0.82 1.03 1.2 0.44 26.1 0.49 0.77 0.44
p2477 Westerly Granite Powdered (thin) 2.0 0.60 −0.058 2.33 −0.047 0.80 1.01 1.2 0.66 41.1 0.87 1.02 0.84
p2506 Berea Sandstone Powdered (thin) 1.0 0.56 −0.068 3.28 −0.066 0.97 1.01 1.2 0.61 37.9 0.78 0.97 0.77
p2475 Indiana Limestone Powdered (thin) 2.8 0.70 −0.044 1.91 −0.038 0.87 1.00 1.2 0.75 48.8 1.14 1.31 1.12
p2476 Vermont Marble Powdered (thin) 2.5 0.70 −0.048 2.20 −0.044 0.92 1.00 1.2 0.75 48.9 1.15 1.34 1.13
p2487 Pennsylvania Slate Powdered (thin) 2.0 0.55 −0.051 2.00 −0.040 0.78 1.00 1.2 0.60 36.9 0.75 0.86 0.72
p2472 Illite Shale Powdered (thin) 2.0 0.49 −0.039 1.37 −0.027 0.70 1.00 1.2 0.53 32.0 0.63 0.69 0.60
p2473 Chlorite Schist Powdered (thin) 1.5 0.37 −0.033 1.36 −0.027 0.83 1.00 1.2 0.39 23.1 0.43 0.48 0.41
p2508 Biotite Schist Powdered (thin) 1.5 0.32 −0.054 2.34 −0.047 0.87 1.01 1.2 0.35 20.3 0.37 0.46 0.36
p2507 Muscovite Schist Powdered (thin) 1.5 0.45 −0.051 2.11 −0.042 0.83 1.00 1.2 0.48 29.0 0.55 0.65 0.54
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discussed further in Section 4.3. All constitutive parameters
and standard deviations are listed in Table 3.

3.4. Microstructures

[21] We made microstructural observations of our
deformed wafers and their powdered analogs. For clarity, we
divide the experiments into four groups: lithified and pow-
dered isotropic rock, and lithified and powdered foliated rock,
and discuss the general microstructures of each individual
group. After this, we compare the microstructures of thin and
thick powdered samples. We followed the nomenclature of
Logan et al. [1992] for describing shear localization features
(Figure 10).
3.4.1. Lithified Isotropic Rock
[22] In Figure 11, we show mosaics of backscattered SEM

images of deformed lithified wafers ofWesterly granite, Berea
sandstone, Indiana Limestone and Vermont marble. A com-
mon feature of these microstructures is the heterogeneity of
deformation. The microstructures can be roughly subdivided
into regions of intense grain size reduction (GSR) and spectator
regions (S). In backscatter images, intense grain size reduction
is identified by a lower gray scale, as a result of higher porosity
in areas containing small grains, which reduces the average

atomic weight. Identification of individual particles is not
straightforward (Figure 12), indicating that shear deformation
within localized zones produced very fine fragments (�1mm),
consistent with previous work [e.g., Yund et al., 1990].

Figure 8. Modeled rate‐ and state‐dependent constitutive parameters: (a) a‐b, (b) Dc1 + Dc2, (c) a, and
(d) b1 + b2.

Figure 9. Comparison between values of a‐b for initially
thin and initially thick powdered samples.
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Table 3. Constitutive Friction Parameters

Experiment Sample
Vo

(mm/s)
V

(mm/s) a b1
Dc1

(mm) b2
Dc2

(mm) a‐b a SD
b1
SD

Dc1

SD
b2
SD

Dc2

SD

Lithified Samples
p2548 Westerly Granite 1 3 0.0069 0.0016 9.5 0.0037 27.9 0.0016 0.00011 0.00040 2.55 0.00044 1.82
p2548 Westerly Granite 3 10 0.0080 0.0033 9.1 0.0022 416.7 0.0026 0.00017 0.00016 0.77 0.00626 10555.64
p2548 Westerly Granite 10 30 0.0071 0.0022 8.0 0.0029 31.3 0.0021 0.00007 0.00009 0.62 0.00011 0.78
p2548 Westerly Granite 30 100 0.0058 0.0026 78.5 0.0021 78.4 0.0011 0.00003 0.00001 0.80 0.00001 0.98
p2548 Westerly Granite 100 300 0.0039 0.0013 13.1 0.0009 135.3 0.0017 0.00008 0.00007 1.50 0.00005 30.96
p2489 Berea Sandstone 1 3 0.0064 0.0038 11.9 0.0026 66.7 0.0000 0.00006 0.00008 0.43 0.00007 1.85
p2489 Berea Sandstone 3 10 0.0069 0.0042 9.2 0.0029 62.4 −0.0003 0.00011 0.00010 0.41 0.00008 1.84
p2489 Berea Sandstone 10 30 0.0070 0.0050 8.3 0.0027 65.5 −0.0007 0.00013 0.00012 0.35 0.00008 2.28
p2489 Berea Sandstone 30 100 0.0080 0.0055 7.3 0.0027 40.8 −0.0002 0.00031 0.00030 0.78 0.00027 3.50
p2489 Berea Sandstone 100 300 0.0093 0.0065 6.5 0.0042 60.4 −0.0015 0.00036 0.00032 0.53 0.00014 2.41
p2491 Indiana Limestone 1 3 0.0117 0.0107 10.1 0.0028 86.5 −0.0018 0.00008 0.00008 0.13 0.00005 2.32
p2491 Indiana Limestone 3 10 0.0113 0.0099 10.1 0.0029 64.5 −0.0015 0.00013 0.00013 0.25 0.00011 2.67
p2491 Indiana Limestone 10 30 0.0119 0.0085 9.2 0.0049 57.0 −0.0016 0.00009 0.00008 0.17 0.00007 0.83
p2491 Indiana Limestone 30 100 0.0112 0.0075 11.7 0.0044 78.5 −0.0007 0.00015 0.00015 0.41 0.00010 2.00
p2491 Indiana Limestone 100 300 0.0121 0.0070 10.0 0.0063 80.2 −0.0012 0.00023 0.00021 0.56 0.00013 2.13
p1696 Vermont Marble 1 3 0.0063 0.0034 12.9 0.0028 0.00016 0.00016 0.57
p1696 Vermont Marble 3 10 0.0081 0.0036 7.5 0.0022 35.3 0.0024 0.00015 0.00016 0.65 0.00017 2.18
p1696 Vermont Marble 10 30 0.0080 0.0041 16.3 0.0039 0.00004 0.00004 0.21
p1696 Vermont Marble 30 100 0.0068 0.0031 37.2 0.0037 0.00004 0.00004 0.72
p1696 Vermont Marble 100 300 0.0057 0.0012 55.7 0.0045 0.00005 0.00005 4.39
p2488 Pennsylvania Slate 1 3 0.0039 0.0018 6.8 0.0005 54.5 0.0016 0.00007 0.00008 0.51 0.00005 6.49
p2488 Pennsylvania Slate 3 10 0.0045 0.0028 7.0 0.0018 0.00010 0.00010 0.34
p2488 Pennsylvania Slate 10 30 0.0048 0.0023 7.5 0.0025 0.00007 0.00007 0.31
p2488 Pennsylvania Slate 30 100 0.0054 0.0026 9.4 0.0028 0.00020 0.00020 0.95
p2488 Pennsylvania Slate 100 300 0.0075 0.0037 4.8 0.0012 39.1 0.0026 0.00026 0.00024 0.53 0.00012 4.29
p2317 Illite Shale 1 3 0.0051 0.0028 11.9 0.0023 0.00006 0.00006 0.30
p2317 Illite Shale 3 10 0.0057 0.0021 6.8 0.0016 35.8 0.0019 0.00130 0.00014 0.85 0.00013 2.48
p2317 Illite Shale 10 30 0.0066 0.0026 5.7 0.0019 39.5 0.0020 0.00025 0.00023 0.93 0.00014 2.89
p2317 Illite Shale 30 100 0.0057 0.0033 21.8 0.0024 0.00025 0.00025 2.18
p2317 Illite Shale 100 300 0.0062 0.0036 28.3 0.0026 0.00017 0.00017 1.98
p2324 Chlorite Schist 1 3 0.0027 0.0010 4.6 0.0017 0.00013 0.00013 0.80
p2324 Chlorite Schist 3 10 0.0030 0.0023 17.0 −0.0022 26.6 0.0029 0.00008 0.00004 1.78 0.00004 2.00
p2324 Chlorite Schist 10 30 0.0039 0.0003 496.7 0.0036 0.00003 0.00070 11024.57
p2324 Chlorite Schist 30 100 0.0048 −0.0006 217.5 0.0054 0.00006 0.00201 9574.36
p2324 Chlorite Schist 100 300 0.0055 −0.0014 24.2 0.0070 0.00031 0.00031 8.24
p2553 Biotite Schist 1 3 0.0063 0.0008 74.4 0.0055 0.00002 0.00002 3.32
p2553 Biotite Schist 3 10 0.0071 0.0016 48.1 0.0055 0.00003 0.00003 1.30
p2553 Biotite Schist 10 30 0.0070 0.0015 66.8 0.0054 0.00002 0.00002 1.36
p2553 Biotite Schist 30 100 0.0068 0.0006 79.5 0.0061 0.00002 0.00002 3.86
p2553 Biotite Schist 100 300 0.0057 0.0012 72.2 0.0045 0.00002 0.00002 2.59
p2496 Muscovite Schist 1 3 0.0035 −0.0003 5.0 0.0039 0.00014 0.00014 3.06
p2496 Muscovite Schist 3 10 0.0045 −0.0006 27.1 0.0051 0.00005 0.00005 3.25
p2496 Muscovite Schist 10 30 0.0048 −0.0004 11.5 0.0052 0.00010 0.00010 3.57
p2496 Muscovite Schist 30 100 0.0057 −0.0007 36.7 0.0064 0.00006 0.00006 4.95
p2496 Muscovite Schist 100 300 0.0065 −0.0005 26.3 0.0070 0.00010 0.00010 7.90

Initially Thick Powdered Samples
p2675 Westerly Granite 1 3 0.0079 0.0043 6.3 0.0022 39.4 0.0013 0.00016 0.00014 0.40 0.00011 1.73
p2675 Westerly Granite 3 10 0.0075 0.0039 6.9 0.0019 28.4 0.0017 0.00012 0.00015 0.47 0.00017 1.82
p2675 Westerly Granite 10 30 0.0083 0.0041 5.2 0.0026 27.3 0.0016 0.00013 0.00012 0.31 0.00011 0.94
p2675 Westerly Granite 30 100 0.0082 0.0045 8.1 0.0016 28.1 0.0021 0.00012 0.00023 0.57 0.00027 2.90
p2675 Westerly Granite 100 300 0.0113 0.0066 4.3 0.0033 40.1 0.0015 0.00093 0.00083 0.89 0.00027 3.61
p2664 Berea Sandstone 1 3 0.0063 0.0043 9.3 0.0014 36.1 0.0006 0.00007 0.00014 0.40 0.00015 2.60
p2664 Berea Sandstone 3 10 0.0067 0.0043 9.2 0.0020 40.5 0.0004 0.00010 0.00014 0.48 0.00015 2.38
p2664 Berea Sandstone 10 30 0.0074 0.0047 8.1 0.0019 38.4 0.0008 0.00009 0.00012 0.35 0.00012 2.12
p2664 Berea Sandstone 30 100 0.0090 0.0050 5.8 0.0029 26.1 0.0011 0.00025 0.00026 0.59 0.00028 1.94
p2664 Berea Sandstone 100 300 0.0107 0.0063 6.3 0.0040 45.3 0.0003 0.00083 0.00071 1.38 0.00038 4.38
p2674 Indiana Limestone 1 3 0.0071 0.0042 7.6 0.0017 40.9 0.0012 0.00028 0.00024 0.63 0.00015 2.99
p2674 Indiana Limestone 3 10 0.0076 0.0036 6.6 0.0032 36.7 0.0008 0.00015 0.00016 0.53 0.00014 1.34
p2674 Indiana Limestone 10 30 0.0087 0.0041 6.7 0.0027 42.8 0.0019 0.00013 0.00012 0.38 0.00009 1.43
p2674 Indiana Limestone 30 100 0.0102 0.0045 5.6 0.0036 36.5 0.0021 0.00038 0.00034 0.77 0.00021 1.92
p2674 Indiana Limestone 100 300 0.0125 0.0062 5.4 0.0041 38.6 0.0022 0.00083 0.00071 1.23 0.00039 3.64
p2676 Vermont Marble 1 3 0.0084 0.0042 7.5 0.0018 37.8 0.0024 0.00019 0.00019 0.66 0.00018 3.10
p2676 Vermont Marble 3 10 0.0090 0.0034 4.8 0.0036 25.5 0.0021 0.00025 0.00022 0.66 0.00018 0.99
p2676 Vermont Marble 10 30 0.0095 0.0029 4.9 0.0042 26.7 0.0025 0.00022 0.00019 0.69 0.00015 0.76
p2676 Vermont Marble 30 100 0.0099 0.0047 8.3 0.0035 55.3 0.0017 0.00017 0.00017 0.54 0.00012 2.45
p2676 Vermont Marble 100 300 0.0130 0.0068 6.0 0.0038 56.5 0.0023 0.00090 0.00081 1.27 0.00034 6.09
p2673 Pennsylvania Slate 1 3 0.0066 0.0036 3.8 0.0015 28.2 0.0015 0.00022 0.00020 0.39 0.00013 2.31
p2673 Pennsylvania Slate 3 10 0.0064 0.0031 4.7 0.0018 25.0 0.0015 0.00022 0.00022 0.65 0.00020 2.25
p2673 Pennsylvania Slate 10 30 0.0062 0.0026 7.6 0.0018 39.1 0.0017 0.00014 0.00016 0.86 0.00014 2.41
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Table 3. (continued)

Experiment Sample
Vo

(mm/s)
V

(mm/s) a b1
Dc1

(mm) b2
Dc2

(mm) a‐b a SD
b1
SD

Dc1

SD
b2
SD

Dc2

SD

p2673 Pennsylvania Slate 30 100 0.0075 0.0026 5.4 0.0024 25.5 0.0025 0.00049 0.00050 2.37 0.00050 3.99
p2673 Pennsylvania Slate 100 300 0.0131 0.0081 2.8 0.0021 46.1 0.0028 0.00202 0.00191 0.94 0.00024 6.91
p2678 Illite Shale 1 3 0.0059 0.0025 2.4 0.0010 24.6 0.0025 0.00022 0.00021 0.31 0.00006 1.73
p2678 Illite Shale 3 10 0.0052 0.0016 3.9 0.0011 26.0 0.0025 0.00015 0.00014 0.64 0.00009 1.97
p2678 Illite Shale 10 30 0.0058 0.0020 3.9 0.0012 31.3 0.0026 0.00014 0.00013 0.43 0.00007 1.82
p2678 Illite Shale 30 100 0.0062 0.0019 4.6 0.0011 24.8 0.0033 0.00023 0.00023 1.18 0.00020 4.85
p2678 Illite Shale 100 300 0.0078 0.0037 4.9 0.0007 46.1 0.0034 0.00046 0.00041 0.98 0.00017 13.44
p2677 Chlorite Schist 1 3 0.0034 0.0016 13.2 0.0017 0.00007 0.00007 0.73
p2677 Chlorite Schist 3 10 0.0037 0.0015 13.5 0.0022 0.00007 0.00007 0.80
p2677 Chlorite Schist 10 30 0.0043 0.0014 11.2 0.0029 0.00006 0.00006 0.62
p2677 Chlorite Schist 30 100 0.0050 0.0012 12.0 0.0038 0.00007 0.00007 0.96
p2677 Chlorite Schist 100 300 0.0077 0.0025 3.4 0.0051 0.00125 0.00125 2.32
p2679 Biotite Schist 1 3 0.0031 0.0009 39.0 0.0022 0.00002 0.00002 1.59
p2679 Biotite Schist 3 10 0.0035 0.0009 44.7 0.0026 0.00003 0.00003 1.99
p2679 Biotite Schist 10 30 0.0039 0.0005 50.1 0.0034 0.00002 0.00002 2.80
p2679 Biotite Schist 30 100 0.0043 0.0002 64.2 0.0041 0.00003 0.00002 14.83
p2679 Biotite Schist 100 300 0.0050 −0.0008 56.8 0.0057 0.00007 0.00007 9.27
p2729 Muscovite Schist 1 3 0.0037 0.0011 52.1 0.0026 0.00004 0.00004 2.86
p2729 Muscovite Schist 3 10 0.0046 0.0010 22.5 0.0036 0.00007 0.00007 2.40
p2729 Muscovite Schist 10 30 0.0051 0.0011 21.2 0.0040 0.00004 0.00004 0.96
p2729 Muscovite Schist 30 100 0.0056 0.0012 43.6 0.0044 0.00003 0.00003 1.83
p2729 Muscovite Schist 100 300 0.0065 0.0013 31.7 0.0053 0.00006 0.00006 2.37

Initially Thin Powdered Samples
p2477 Westerly Granite 1 3 0.0077 0.0045 11.0 0.0019 57.7 0.0014 0.00008 0.00009 0.39 0.00009 2.37
p2477 Westerly Granite 3 10 0.0081 0.0048 8.3 0.0021 55.7 0.0012 0.00013 0.00012 0.39 0.00009 2.44
p2477 Westerly Granite 10 30 0.0081 0.0051 9.7 0.0024 70.9 0.0006 0.00029 0.00027 0.85 0.00014 3.36
p2477 Westerly Granite 30 100 0.0087 0.0055 8.2 0.0038 78.9 −0.0006 0.00025 0.00023 0.58 0.00011 3.01
p2477 Westerly Granite 100 300 0.0088 0.0060 10.2 0.0047 110.0 −0.0019 0.00035 0.00033 0.98 0.00015 7.22
p2506 Berea Sandstone 1 3 0.0067 0.0042 9.2 0.0019 40.8 0.0006 0.00013 0.00019 0.69 0.00020 3.35
p2506 Berea Sandstone 3 10 0.0071 0.0044 7.9 0.0019 43.7 0.0008 0.00012 0.00013 0.43 0.00012 2.55
p2506 Berea Sandstone 10 30 0.0076 0.0052 8.0 0.0022 74.3 0.0002 0.00009 0.00008 0.22 0.00005 2.07
p2506 Berea Sandstone 30 100 0.0089 0.0061 5.9 0.0029 62.4 0.0000 0.00023 0.00021 0.32 0.00008 2.18
p2506 Berea Sandstone 100 300 0.0100 0.0070 5.7 0.0036 78.4 −0.0005 0.00037 0.00034 0.40 0.00010 3.38
p2475 Indiana Limestone 1 3 0.0082 0.0047 6.3 0.0016 37.3 0.0019 0.00009 0.00009 0.22 0.00007 1.53
p2475 Indiana Limestone 3 10 0.0090 0.0048 5.7 0.0021 41.8 0.0021 0.00025 0.00022 0.48 0.00013 2.75
p2475 Indiana Limestone 10 30 0.0097 0.0052 7.1 0.0029 57.6 0.0016 0.00020 0.00019 0.45 0.00010 2.29
p2475 Indiana Limestone 30 100 0.0101 0.0046 7.2 0.0045 48.5 0.0010 0.00067 0.00063 1.96 0.00044 4.74
p2475 Indiana Limestone 100 300 0.0097 0.0052 9.0 0.0047 63.1 −0.0002 0.00056 0.00056 2.04 0.00043 6.46
p2476 Vermont Marble 1 3 0.0089 0.0044 7.6 0.0023 43.1 0.0022 0.00009 0.00009 0.28 0.00008 1.22
p2476 Vermont Marble 3 10 0.0090 0.0041 9.5 0.0024 51.7 0.0025 0.00008 0.00009 0.37 0.00008 1.54
p2476 Vermont Marble 10 30 0.0104 0.0053 7.1 0.0034 72.0 0.0017 0.00018 0.00016 0.35 0.00007 1.89
p2476 Vermont Marble 30 100 0.0107 0.0049 6.9 0.0038 54.6 0.0019 0.00042 0.00038 0.94 0.00020 2.99
p2476 Vermont Marble 100 300 0.0112 0.0063 7.6 0.0042 79.0 0.0008 0.00063 0.00059 1.20 0.00024 6.91
p2487 Pennsylvania Slate 1 3 0.0056 0.0031 5.1 0.0012 28.3 0.0012 0.00009 0.00009 0.27 0.00008 1.57
p2487 Pennsylvania Slate 3 10 0.0061 0.0032 4.7 0.0014 27.5 0.0016 0.00017 0.00016 0.45 0.00013 2.25
p2487 Pennsylvania Slate 10 30 0.0066 0.0033 5.3 0.0016 35.4 0.0018 0.00007 0.00007 0.20 0.00005 1.02
p2487 Pennsylvania Slate 30 100 0.0070 0.0037 7.1 0.0015 49.3 0.0019 0.00013 0.00013 0.43 0.00009 2.81
p2487 Pennsylvania Slate 100 300 0.0083 0.0049 9.4 0.0034 0.00014 0.00014 0.33
p2472 Illite Shale 1 3 0.0056 0.0024 4.4 0.0009 39.8 0.0024 0.00015 0.00014 0.44 0.00007 3.27
p2472 Illite Shale 3 10 0.0061 0.0026 4.2 0.0007 28.9 0.0027 0.00024 0.00022 0.67 0.00014 5.46
p2472 Illite Shale 10 30 0.0058 0.0023 6.3 0.0010 47.7 0.0026 0.00014 0.00013 0.66 0.00008 3.95
p2472 Illite Shale 30 100 0.0064 0.0027 6.7 0.0009 48.7 0.0028 0.00019 0.00020 0.92 0.00013 14.38
p2472 Illite Shale 100 300 0.0075 0.0034 5.8 0.0011 53.0 0.0029 0.00050 0.00047 1.43 0.00022 13.79
p2473 Chlorite Schist 1 3 0.0033 0.0023 6.6 0.0008 36.6 0.0002 0.00006 0.00008 0.39 0.00007 3.00
p2473 Chlorite Schist 3 10 0.0036 0.0019 8.2 0.0009 49.2 0.0008 0.00008 0.00010 0.75 0.00008 4.43
p2473 Chlorite Schist 10 30 0.0041 0.0021 16.8 0.0020 0.00009 0.00009 0.94
p2473 Chlorite Schist 30 100 0.0048 0.0017 14.9 0.0032 0.00016 0.00016 2.09
p2473 Chlorite Schist 100 300 0.0068 0.0020 4.9 0.0049 0.00086 0.00086 3.12
p2508 Biotite Schist 1 3 0.0026 0.0016 67.0 0.0009 0.00002 0.00002 1.48
p2508 Biotite Schist 3 10 0.0030 0.0005 39.6 0.0025 0.00004 0.00003 4.29
p2508 Biotite Schist 10 30 0.0033 0.0004 47.7 0.0029 0.00003 0.00003 7.08
p2508 Biotite Schist 30 100 0.0039 0.0003 1176.0 0.0036 0.00003 0.00593 1.23E+13
p2508 Biotite Schist 100 300 0.0045 −0.0002 6.9 0.0047 0.00038 0.00038 50.35
p2507 Muscovite Schist 1 3 0.0044 0.0014 9.8 0.0006 94.0 0.0024 0.00006 0.00006 0.78 0.00003 8.22
p2507 Muscovite Schist 3 10 0.0046 0.0011 11.9 0.0035 0.00007 0.00007 0.98
p2507 Muscovite Schist 10 30 0.0053 0.0013 10.7 0.0040 0.00007 0.00007 0.69
p2507 Muscovite Schist 30 100 0.0059 0.0012 12.0 0.0047 0.00013 0.00013 1.70
p2507 Muscovite Schist 100 300 0.0067 0.0014 17.3 0.0053 0.00016 0.00016 2.89
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[23] The localized zones of GSR are typically oriented in an
R1 Riedel shear orientation, although the angles of the zones
vary between ∼5–25°. We find that lower angles tend to be
located near the sample boundaries. In the sample of Berea
sandstone we observe localized areas of GSR also along the
boundaries of the samples (Y or B shears) but they are not

continuous along the length of the sample. We did not find a
systematic variation of localization angles between different
isotropic rock types.
[24] The boundaries between the zones of GSR and spec-

tator regions can be sharp as sometimes evidenced by through-
going fractures (possibly from decompression, Figure 11a) or

Figure 10. Schematic representation of the microstructure of a deformed sample showing the orientation
of potential deformation localization features and their nomenclature [after Logan et al., 1992].

Figure 11. Backscattered Scanning Electron Microscope (BSE‐SEM) mosaics of four deformed lithified
isotropic samples. Arrows indicate sense of shear. (a) Westerly granite (p2548). Shear strain is 3.8. The
white and black boxes indicate the locations of Figures 12a and 12b, respectively. (b) Berea sandstone
(p2489). Shear strain is 1.7. The black box indicates the location of Figure 12c. (c) Indiana limestone
(p2491). Shear strain is 1.7. (d) Vermont marble (p1696). Shear strain is 6.8.
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more diffuse with a gradation in the amount of GSR increasing
toward the localized zone (Figure 11d). In addition, the sample
of Westerly granite shows fracturing of the spectator regions at
angles subparallel to the normal stress in the R2 and, less
commonly, in the X orientation (Figure 11) with a smaller
amount of fine grains, i.e., with a reduced amount of GSR.
These types of fractures are also present to a lesser degree in the
Vermont marble but generally seem to be mostly absent or less
pronounced in the calcite samples.
[25] Figure 12 shows details of the localized zones of

intense GSR and the transition zones for the samples of
Westerly granite and Berea sandstone. These micro-
structures demonstrate the intense grain size reduction that
occurred in these samples. Larger clasts are sometimes
intensely fractured (Figure 12a), showing numerous intra
and transgranular fractures. The grain size is highly variable
and grains as small as <1 mm are present (Figure 12d). The
amount of fine‐grained material increases toward the gouge‐
cutting fractures in the Riedel orientation, while the number
and size of clasts decreases.
3.4.2. Powdered Isotropic Rock
[26] Figure 13 shows mosaics of four deformed samples

of powders of Westerly granite, Berea sandstone, Indiana
limestone and Vermont marble. The microstructures are
very similar despite the differences in mineralogy. All
samples are characterized by one or more gouge‐cutting
shear zones in an R1 Riedel orientation and heterogeneous
grain size reduction. The spacing of the Riedel shear zones
varies from more than 15 mm (Westerly granite, Figure 13a)
down to about 5 mm (Indiana limestone, Figure 13c). The

other two samples show an intermediate spacing of 6–7 mm.
Moreover, the orientation of the Riedel shears is not con-
stant across the fault gouge, i.e., the shear zones are not
straight, but are somewhat anastomosing and in the case of
the calcite‐bearing samples have a step‐like appearance.
Zones of intense grain size reduction surround the Riedel
shears in all cases.
[27] Another zone of grain size reduction is located at the

interface between the gouge and the forcing block, but does
not appear to be continuous. This zone is in a B shear ori-
entation and is most pronounced in the samples of Westerly
granite and Berea sandstone (Figures 13a and 13b). In
addition to the obvious Riedel shear zones, the two calcite‐
bearing samples show some discontinuous shear and areas
of grain size reduction in orientations between R1 and
Y shear, which seem to be absent in the samples of Westerly
granite and Berea sandstone.
[28] Due to practical limitations associated with epoxy

impregnation in the thick powdered samples, we show the
details of the thin samples at high magnification. Figure 14
shows Riedel shears in samples of initially thin Westerly
granite (Figures 14a and 14b) and Indiana limestone
(Figures 14c and 14d). The zone of GSR surrounding shear
localization in the sample of Westerly granite is narrow,
extending into the gouge only 50–150 mm. Larger clasts are
present in close proximity to the boundary of the shear zone.
In contrast, the area of GSR surrounding the R1 Riedel zone
in the sample of Indiana limestone is wider and appears to
extend up to several 100s of microns into the gouge, espe-
cially at the bottom of the zone. The fine‐grained nature of

Figure 12. BSE‐SEM images showing details of lithified isotropic samples. Shear sense as in Figure 11.
(a) Transition zone between a localized zone and a spectator region for Westerly granite. Transgranular
and intragranular fractures in the larger clasts of quartz grains are apparent. Only a few larger grains of
feldspar are present. No fracturing is evident in the muscovite grains. (b) Same as Figure 12a but closer to
the localized zone of GSR. Note the large variability in grain size. (c) Detail of the zone of grain size
reduction in a Riedel (R1) shear orientation for Berea sandstone. Grain size is highly variable and porosity
is high. (d) Same as Figure 12c but at high magnification showing submicron‐sized grains.
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the zone is apparent from the more detailed views in Figures
14b and 14d, showing a large variation in grain size, with
micron to submicron scale grains forming the matrix.
3.4.3. Lithified Foliated Rock
[29] In Figure 15, we show BSE‐SEM mosaics of

deformed samples of Pennsylvania slate, illite shale, biotite
schist and muscovite schist. Both the sample of Pennsyl-
vania slate and the illite shale show intense fracturing.
Throughgoing shear zones in the R1 Riedel orientation are
visible in both samples and are filled with fine‐grained
material. The fractures are continuous, but larger pods of
nearly intact material occur along the fracture. The illite
shale shows evidence for shear‐parallel fracturing along
preexisting foliation. Smaller fractures extend from the large

Riedel fracture to the gouge boundaries at an angle almost
parallel to the applied normal stress, which is close to the
orientation for R2‐type Riedel shears. There are no clear
conjugate sets of R2 fractures visible. The matrix is char-
acterized by an extremely fine‐grained material (submicron)
with some larger clasts (Figures 16a and 16b). Individual
grains are difficult to distinguish.
[30] In contrast, the biotite andmuscovite schist (Figures 15c,

15d, 16c, and 16d) lack fine‐grained material. Instead, these
samples are characterized by fracturing perpendicular to the
applied normal stress (parallel to foliation), with some frac-
tures in the R1 orientation in the biotite schist. Note that the
muscovite schist does not show any fractures in the R1 ori-
entation. The network of fracturing is more complex in the

Figure 13. BSE‐SEM mosaics of four deformed thick powdered isotropic samples. Arrows indicate
sense of shear. (a) Westerly granite (p2675). Shear strain is 2.1. (b) Berea sandstone (p2664). Shear strain
is 2.3. (c) Indiana limestone (p2674). Shear strain is 1.7. (d) Vermont marble (p2676). Shear strain is 1.3.
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biotite schist than in the muscovite schist, which only shows
fracturing parallel or subparallel to the shear direction and
some tensile fracturing of the mica sheets. Many fractures are
continuous over the entire length of the sample (Figure 15d).
The biotite schist, on the other hand shows shearing‐parallel
fractures that terminate against R1 Riedel fractures or change
orientation and terminate at the sample boundary. Folded and
buckled fractures are visible at all scales (Figures 15c, 16c,
and 16d) and some fine‐grained material can be observed at
the boundaries of some fractures. This material is very fine
grained (submicron) but is not as abundant as in the Penn-
sylvania slate and illite shale. No fine‐grained material was
observed in the muscovite schist sample.
3.4.4. Powdered Foliated Samples
[31] Mosaics of SEM‐BSE images of four powdered

samples of foliated rock (Pennsylvania slate, illite shale,
biotite schist and muscovite schist) are shown in Figure 17.
All samples are characterized by one or more throughgoing
shears zones in an R1 Riedel orientation. These shear zones
are not smooth but show bending (i.e., a change in angle)
and steps in the sample of Pennsylvania slate (Figure 17a),
whereas the zones in the other three samples do not show
pronounced steps. Shear zones in the biotite and muscovite

schists appear to have a listric shape, with the angle
decreasing into an almost boundary‐parallel orientation at
the bottom of the gouge layer. Numerous subsidiary shear
zones in different orientations (P and Y shears) exist in all
samples. Longer shears can be seen in a boundary‐parallel
orientation but with a wavy appearance. An especially long
and pronounced wavy zone can be seen in the muscovite
schist (Figure 17d), but whether this represents a Y shear or
a low angle R1 Riedel shear is not clear. Note that this is an
image of the thin fault gouge of muscovite, since we were
unable to image the thick gouge.
[32] Figure 18 shows details of the microstructures for the

thin gouge layers of the same sample type as in Figure 17.
We were unable to achieve full impregnation of the illite
shale samples, likely due to intense grain size reduction and
very low permeability. Grain size reduction was also intense
in the sample of Pennsylvania slate, which we were able to
fully impregnate and image, perhaps due to the more het-
erogeneous deformation of this sample (Figure 17a). The
samples showed intense grain size reduction with an
increasing intensity approaching the Riedel shear. Very fine
grained material (down to submicron size) surrounds the
boundaries of the Riedel shear on both sides, with a varying

Figure 14. BSE‐SEM images showing details of the localized zones of intense grain size reduction in
deformed nonfoliated and granular samples of Westerly granite and Indiana limestone. Shear sense as in
Figure 13. (a) Detail of a zone of intense grain size reduction surrounding a fracture in the Riedel (R1)
orientation in powdered Westerly granite. Note that the thickness of the zone of GSR varies in the range
∼10 mm–350 mm. The box indicates the location of Figure 14b. (b) Close‐up of the boundary of the zone
of GSR with the fracture shown in Figure 14a. Note the presence of (sub)micron‐sized particles.
(c) Overview of a part of the gouge thickness of powdered Indiana limestone showing a Riedel fracture
with areas of GSR surrounding it. The box indicates the location of Figure 14d. (d) Detail of the zone of
GSR of Figure 14c showing a large variability in grain size down to the (sub)micron size.
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lateral extent between 20 to 100 mm (Figures 18a and 18b).
Biotite and muscovite schists show little fine‐grained
material (Figures 18c and 18d), although some pockets of
fine‐grained material are present close to the shear zones.
The majority of the grains, however, seem to reflect the
starting grain size, with the long axis of the grains extending
up to 100 mm in size. The grains have a mild shape preferred
orientation parallel to subparallel to the shear direction. No
grain shapes were observed with a high angle to the shearing
direction.
3.4.5. Comparison of Thick and Thin
Powdered Samples
[33] In Figure 19, we show two examples of the micro-

structures obtained from experiments on thin fault gouges, one

phyllosilicate‐poor (Vermont marble, Figure 19a) and one
phyllosilicate‐rich (biotite schist, Figure 19b). Comparing
Figures 19a and 13d, it is immediately clear that the micro-
structure of the thick powdered sample is very similar to the
thin sample. Both are dominated by obvious shear zones in the
R1 Riedel orientation with intervening areas affected by grain
size reduction. The areas of intense grain size reduction are
larger for the thinner samples, which are probably related to the
higher shear strain achieved for these samples. Additionally,
the angle of the Riedel shear appears to be higher in the thick
powdered sample. For the phyllosilicate‐rich samples (com-
pare Figures 19b and 17c), a similar observation can be made:
the microstructures of the thick and thin powdered samples are
very similar, except that the angle of the Riedel shears is larger

Figure 15. BSE‐SEM mosaics of four deformed lithified foliated samples. Arrows indicate sense of
shear. (a) Pennsylvania slate (p2488). Shear strain is 5.7. Arrow indicates the locations of Figure 16a
and 16b. (b) Illite shale (p2317). Shear strain is 6.5. (c) Biotite schist (p2553). Shear strain is 6.9. The
black and white boxes indicate the locations of Figures 16c and 16d, respectively. (d) Muscovite schist
(p2496). Shear strain is 2.7.

IKARI ET AL.: FAULT ROCK FRICTION AND MICROSTRUCTURE B08404B08404

15 of 25



in the thicker samples.We quantify this difference in angle and
relate it to the apparent friction in the discussion section.

4. Discussion

4.1. Micromechanical Controls on Friction

[34] Our data on apparent friction reveal several key
aspects related to residual friction and failure strength of
lithified fault rock and simulated fault gouge. Fault rocks with
high phyllosilicate content are in general much weaker than
those with low phyllosilicate content, an expected result
based on previous experimental work [e.g., Logan and
Rauenzahn, 1987; Rutter and Maddock, 1992; Ikari et al.,
2007; Crawford et al., 2008]. For isotropic hard rocks, lith-
ified samples are generally stronger than sheared powders
derived from them. In contrast, for phyllosilicate‐rich rocks,
powdered samples can be much stronger than the lithified
rocks. Thus, we conclude that foliation defined by phyllosi-
licates within the fault rock causes weakening that counter-
acts the strength of cements, consolidation, and other effects
of lithification. This corroborates the findings of Collettini
et al. [2009a], who documented significantly higher friction
for gouge powder compared to lithified samples of foliated
fault rock from the Zuccale low‐angle normal fault, Isle of
Elba, central Italy. Moreover, fault rocks in which shear
parallel foliation develops as the fault accumulates displace-
ment [e.g., Chester et al., 1993; Jefferies et al., 2006; de

Paolo et al., 2008] would be expected to weaken as the
fault matures.
[35] In highly foliated rocks, such as books of mica sheets,

the lithified rock is significantly weaker than the powdered
equivalents. In fact, the lithified mica schists are the two
weakest fault materials in this study, with residual friction
values <0.16. The degree of weakening in mica schists is
large compared to other phyllosilicate‐rich rocks such as
illite shale, and since quantitative measurements of fabric
intensity have documented that schists have a more intense
fabric than shales [Wenk et al., 2010] this weakening effect
appears to depend on the intensity of the foliation.
[36] Our microstructural observations reveal clear differ-

ences in deformation textures between the isotropic and
foliated fault rocks. In the isotropic hard rocks such as
granite, shearing is accommodated on one or two prominent
throughgoing zones at the R1 Riedel orientation (e.g.,
Figure 11). The thickness of this zone may increase with
shear strain (e.g., Vermont marble). However, foliated rocks
such as Pennsylvania slate and illite shale show pervasive
fracturing with anastomosing features at angles that range
from low R1 to shear‐parallel. Muscovite schist shows little
evidence of deformation except for tensile fracturing along
the {001} planes of mica sheets, indicating that most of the
slip was accommodated by sliding on preexisting foliation
planes. Biotite schist, despite its similarity in frictional
behavior to muscovite, exhibits more complicated defor-

Figure 16. BSE‐SEM images showing details of the microstructures of deformed lithified samples of
Pennsylvania slate and biotite schist. Shear sense is as in Figure 15. (a) Detail of the fine‐grained
portion of the microstructure of Pennsylvania slate showing a heterogeneous mixture of fine‐grained
material and relict portions of the original lithified sample. (b) Close‐up of the fine‐grained portion of
Figure 16a showing comminuted grains down to the (sub)micron scale. (c) Detail of the microstructure of
biotite schist showing fractures in the Y orientation terminating against a R1 fracture. No fine‐grained
material surrounds the R1 fracture. (d) Detail of the microstructure of biotite schist showing fractures in
the Y orientation terminating against a R1 fracture and a pocket of fine‐grained material surrounding the
R1 fracture.
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mation that includes R1 Riedel shears, folding, and kinking,
which is consistent with previous microstructural observa-
tions in biotite schists [Kronenberg et al., 1990]. The cause
of this difference is unknown, but could be related to small
quartz impurities or a less continuous foliation than that in
the muscovite schist.
[37] The fact that frictional strength of isotropic fault rock is

higher than simulated fault gouge produced from it points to
the roles that cements and other factors play in determining
a rock’s lithification state. Discrete fracturing and a pro-
nounced peak frictional strength prior to reaching a residual
friction level are indications of high cohesive strength for
Westerly granite and to a lesser degree Vermont marble.
However, we are unable at this time to distinguish the pro-

portion of strengthening that should be attributed to cohesive
strength and to purely frictional strength differences [e.g.,
Muhuri et al., 2003]. Powdered samples of foliated rocks,
such as Pennsylvania slate and illite shale, show significantly
less fracturing and absence of shear‐parallel fractures com-
pared to granite. Because the frictional strength of these
lithified and powdered samples is similar, it appears that the
strength increase from lithification is approximately balanced
by strength reduction from preexisting foliation, although it is
likely that the cohesive strength of these samples is also low.
Mica gouges also deform in a similar fashion to the other
powdered gouges in this study, along a small number of
angled shears. Themarked strength reduction in lithifiedmica
schist below that of the equivalent powdered gouge is clearly

Figure 17. BSE‐SEM mosaics of three deformed thick powdered foliated samples and one thin sample
of powdered foliated rock. Arrows indicate sense of shear. (a) Pennsylvania slate (p2673). Shear strain is
2.5. (b) Illite shale (p2678). Shear strain is 1.6. (c) Biotite schist (p2679). Shear strain is 2.1. (d) Musco-
vite schist (p2507). Shear strain is 3.5. The box indicates the location of Figure 18d.
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due to the different deformation mechanisms: bending, frac-
turing, and kinking in the case of biotite and foliation‐parallel
frictional slip in the muscovite.

4.2. Relationship Between Fault Zone Thickness,
Riedel Shear Angle, and Apparent Friction

[38] Many of our results for thin layers of simulated fault
gouge compare favorably with previous studies that have
measured residual apparent friction under similar conditions.

However, we find that samples of intact fault rock and thick
layers of simulated fault gouge are consistently lower than
those of thin fault gouge, due to the effects of layer thickness
on apparent friction. Comparisons with previous studies are
limited because previous works generally did not explicitly
consider the role of fault gouge thickness; thus we focus on
our thin layers of powdered fault gouge for comparison.
[39] Shimamoto and Logan [1981a] report coefficient of

friction values of 0.48 for illite and 0.42 for chlorite, con-

Figure 18. BSE‐SEM images showing details of the microstructures of deformed thin, powdered samples
of Pennsylvania slate, biotite schist and muscovite schist. Shear sense is as in Figure 17. (a) Area sur-
rounding a R1 fracture in Pennsylvania slate (p2478, shear strain is 4.1) showing a decrease in grain size with
proximity to the fracture. The box indicates the location of Figure 18b. (b) Detail of the edge of the R1

fracture shown in Figure 18a showing very fine‐grained material (down to submicron size) surrounding the
fracture. (c) Detail of an R1 fracture in biotite schist (p2508, shear strain is 3.2) showing the absence of fine‐
grained material around the fracture. (d) Detail of a low‐angle fracture in muscovite schist showing a small
amount of fine‐grained material around the fracture and a mild grain shape preferred orientation.

Figure 19. BSE‐SEM mosaics of two deformed thin powdered samples. Arrows indicate sense of shear.
(a) Vermont marble (P2476, shear strain is 4.1). (b) Biotite schist (P2508, shear strain is 3.2). The box
indicates the location of Figure 18c.
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sistent with our measured value of apparent residual friction
for illite shale of 0.49 and chlorite schist of 0.37. Our illite
friction value is also similar to the ∼0.50 measured by Saffer
and Marone [2003] and ∼0.45 measured by Morrow et al.
[1992]. Morrow et al. [2000] report dry frictional
strengths of chlorite (∼0.45–0.60), muscovite (∼0.30–0.50)
and biotite (∼0.40–0.45) gouges, broadly consistent with our
results for chlorite and muscovite but higher for biotite
gouge. However, our friction values of 0.45 for muscovite
and 0.32 for biotite are within the range of 0.25–0.45
reported by Scruggs and Tullis [1998] for these two gouges.
Our measured friction value for Westerly granite gouge of
0.60 is on the low end of the range reported by Beeler et al.
[1996] of 0.60–0.68 but is more consistent with the range
reported by Dieterich [1981], who found 0.55–0.65 for
2 mm thick gouge layers.
[40] Berea sandstone is composed of 83% quartz and 7%

feldspar [Menéndez et al., 1996], so we compare our friction
of powdered Berea sandstone gouge to previous work on
nearly pure quartz sand. Our reported residual friction value
of 0.56 is lower than the 0.70 reported by Shimamoto and
Logan [1981b] but matches the range of 0.56–0.60 reported
by Mair and Marone [1999] and 0.50–0.60 reported by
Niemeijer et al. [2008] at elevated temperatures. Shimamoto
and Logan [1981b] also reported a friction value of 0.74 for
calcite gouge, which compares well with our measured values
of 0.70 for both Vermont marble and Indiana limestone.
[41] We attribute low values of friction for intact fault rock

and thick fault gouge to effects of gouge layer thickness on
apparent friction. Gouge zone thickness has previously been
shown to have a significant weakening effect on the measured
apparent coefficient of friction in gouge zones thicker than
∼0.5 mm [Dieterich, 1981; Biegel et al., 1989;Marone et al.,
1990; Scott et al., 1994]. This has been attributed to rotation
of the principal stress axes within the gouge layer compared
to the externally applied stresses as the shear load increases,
such that the apparent coefficient of friction ma = sin ’, rather
than tan ’ [Hobbs et al., 1990; Byerlee and Savage, 1992].
We corrected our measured values of apparent residual and

failure friction following Scott et al. [1994] to obtain the true
internal friction (Figure 7). Using end‐member a values of 0
(all thinning due to density changes), and 1 (all thinning due
to extrusion), as well as a calculated from measured rates of
thinning during experiments, we find that values of a = 1 or
the values of a calculated from our measured thinning rate T
provide the most reasonable values of m. Calculated values of
a range from 0.67 to 2.25, implying that gouge extrusion is
the dominant mechanism of thinning (as opposed to porosity
or density changes, represented by a ∼ 0). Scott et al. [1994]
asserted that a ranges from 0 to 1, however their correction
neglected effects of shear localization. If slip localization
occurs, the measured thinning rate T will not reach the the-
oretical rate TGT, making a > 1 as noted in equation (3). In the
limiting case of strictly boundary parallel shear, a → ∞ and
ma = m, meaning no correction is necessary and the measured
apparent friction is the true internal friction. An example of
this case is the behavior of lithified muscovite schist.
[42] If the weakening effect of fault zone thickness

depends on the gouge thinning rate and deviation from pure
boundary‐parallel shear, we expect that the measured
apparent friction depends on the orientation of shear slip
planes internal to the gouge layer. Figure 20 shows the
residual value of measured apparent friction as a function
of the maximum observed R1 Riedel shear angle observed
in SEM images. Figure 20 includes all samples in our study
with the exception of the lithified muscovite schist, which
exhibited no R1 shears, and initially thin powdered chlorite
schist, within which we could not distinguish R1 shears.
High friction is observed for thin gouge layers, which also
have the lowest R1 angles. High R1 angles are observed in
thick gouge samples, where the friction tends to be lower.
This implies that for thick fault zones, in which deformation
occurs along well‐developed throughgoing Riedel shears,
greater R1 angles correlate to lowering of the apparent
friction. This has been suggested previously by Gu and
Wong [1994] and Tembe et al. [2010] and is also sup-
ported by our observations of large amounts of strain
hardening in the thick gouge powders, which may be the
result of flattening of R1 shears as shearing progresses and
thinning rate decreases.
[43] If the angle of R1 shears is related to the weakening

of apparent friction due to fault thickness, the true internal
friction of the fault material would be the strength required
to deform along a plane at the R1 angle. Assuming that R1
shears are Coulomb failure planes, we can use estimations of
the R1 angle b to apply a two‐dimensional stress transfor-
mation and calculate the shear stress t* and normal stress
sn* resolved on the plane of the R1 shear [Hibbeler, 1997].
In our biaxial experimental configuration, the layer is
unconfined at the leading and trailing edges of the sample,
so we assume that these are free surfaces and the only
stresses transferred to the R1 plane are the remotely applied
normal stress sn and the remotely measured shear stress t
(Figure 21). In this case, the shear and normal stresses
resolved on the R1 plane are

�n* ¼ �n cos
2 � þ �

2
sin 2� ð8Þ

�* ¼ �n
2
sin 2� þ � cos2 �: ð9Þ

Figure 20. Measured value of residual apparent friction as
a function of R1 shear angle for all samples in this study.
Note that the angle used is the maximum measured R1 angle
as observed in the microstructure images.
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[44] In the limiting case of strictly boundary‐parallel shear
(b = 0), the original values of remotely applied normal stress
sn and the remotely measured shear stress t are recovered.
Using this technique, the calculated coefficient of internal
friction m* = t*/sn* ranges from 0.82 for lithified Berea
sandstone to 0.51 for lithified chlorite schist, more consis-
tent with previously documented ranges of internal friction
[e.g., Byerlee, 1978] (Figure 22 and Table 4). These cor-
rected friction values show that the lithified isotropic rocks
are still significantly stronger than the foliated rocks, and
this difference is less pronounced in powdered gouges. While
reasonable friction values are produced for high strength
gouges, this correction likely overestimates the frictional
strength of weaker gouges such as clays and micas. This is
likely due to the fact that no provision is made for simulta-
neous deformation along shear fractures of differing orien-
tation. Therefore, the m* values represent upper bounds on
true internal friction. This correction method may be inac-
curate for fault material with complicated internal deforma-
tion structures (e.g., lithified illite shale and biotite schist)
but may be sufficient to characterize fault rock with well
developed, distinct Riedel shears (e.g., Berea sandstone and
Westerly granite).

4.3. Stability of Frictional Slip

[45] Results of constitutive modeling fromwhichwe obtain
and analyze rate‐ and state‐dependent friction parameters
reveal mostly velocity‐strengthening behavior (a‐b > 0), con-
sistent with previous work on phyllosilicate gouges [Morrow
et al., 1992; Ikari et al., 2009] and quartzo‐feldspathic gouge
at low shear strains [Marone et al., 1990; Beeler et al., 1996;
Mair and Marone, 1999]. Instances of velocity‐weakening
behavior (a‐b < 0) are observed in lithified Berea sandstone
and Indiana limestone. Microstructural analysis of the Berea
sandstone indicates areas of GSR consistent with localization
onY andB type shears, which have previously been associated
with unstable frictional slip [Shimamoto and Logan, 1986;
Logan et al., 1992; Marone et al., 1992; Beeler et al., 1996;
Scruggs and Tullis, 1998;Niemeijer and Spiers, 2005]. Indiana

limestone exhibits GSR and fracturing in the R1 orientation
and perhaps localization at angles intermediate to that of the R1
and boundary‐parallel shear. This is consistent with the
observations of deformation by Friedman and Higgs [1981] in
calcite gouge at 25°C. They also observed stick‐slip behavior
under these conditions, consistent with our observations of
velocity‐weakening behavior. This indicates that limestone
may be frictionally unstable enough that deformation onRiedel
shears is sufficient to allow unstable slip behavior, even
without the formation of obvious B or Y shears.
[46] In comparing the a‐b values for thick and thin pow-

dered samples, we observe velocity‐weakening behavior for
thin samples of Westerly granite, Berea sandstone, and
Indiana limestone, while the thick powders exhibit only
velocity‐strengthening behavior. This may be because the
thinner samples achieve a higher shear strain at the same
displacement, consistent with previous studies that have
demonstrated that the occurrence of velocity‐weakening
behavior requires the accumulation of a critical shear strain
[Marone et al., 1990; Beeler et al., 1996; Mair and Marone,

Figure 21. Illustration of remotely applied and resolved stresses used in plane‐strain stress transforma-
tion for our experimental fault zones.

Figure 22. Residual friction corrected using the stress
transformation method.
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1999; Ikari et al., 2011]. We also note that the lower limit of
a‐b values is lower for thin layers compared to thick layers;
this could be attributed to the geometry of the sample
assembly, where thinner layers encourage localization fea-
tures at lower angles to the sample boundary, as observed in
the microstructure.
[47] Previous studied have suggested that the velocity‐

strengthening nature of unconsolidated, clay‐rich sediments
requires that fault gouge become lithified before seismogenic
slip can nucleate within it [e.g., Marone and Scholz, 1988;
Marone and Saffer, 2007]. We observe strictly velocity‐
strengthening behavior in lithified foliated, phyllosilicate‐
rich rock, and note that in some cases a‐b for these samples
is higher than that for powdered phyllosilicate‐rich fault
gouge. This is true even for fault rocks with evidence of
foliation‐parallel fracturing and/or slip. This indicates that
fault rock lithification is insufficient as a sole mechanism for
the transition from stable to unstable slip at the updip limit
of the seismogenic zone. Since the pressure and temperature
conditions at seismogenic depths generally ensure that fault
rocks are lithified, other processes along with fault rock
lithification appear to be required before unstable slip is able
to nucleate. These may include any number of diagenetic
and low‐grade metamorphic reactions [Moore and Saffer,
2001; Moore et al., 2007], localized fault structure devel-
opment at a critical shear strain, or an increase in the fric-
tional strength of the material surrounding the fault zone
[Ikari et al., 2011].
[48] Several previous works have discussed the relation-

ship between frictional strength and slip stability [e.g.,
Rabinowicz, 1958; Byerlee 1970; Brace, 1972; Stesky, 1978;
Scholz, 1992; Beeler, 2007]. However, to our knowledge, the
recent work by Ikari et al. [2011] provides the first conclusive
data showing a relationship between frictional strength and

stability. They show velocity‐weakening behavior only occurs
if m > 0.5, and that weak fault gouge, with m < 0.5 shows only
velocity strengthening frictional behavior [Ikari et al., 2011].
Our data show trends consistent with this assertion, and we
note that the only samples in our study that exhibit velocity‐
weakening behavior also have the highest apparent residual
friction values. These samples are lithified Berea sandstone
and Indiana limestone, and thin layers of powdered Westerly
granite, Berea sandstone, and Indiana limestone (residual ma =
0.52–0.70). Additionally, we observe instances of negative
values of b in the weakest samples (chlorite, muscovite, and
biotite schists), which guarantee velocity‐strengthening behav-
ior and are thought to result from saturation of real area of
contact in weak, phyllosilicate‐rich gouge [Saffer andMarone,
2003; Ikari et al., 2009]. Values of a‐b obtained from our
subset of experiments on thin powdered gouges are slightly
lower than the a‐b values of thick powdered gouges, andwe do
observe some velocity‐weakening behavior in thin Westerly
granite samples that is not observed in the thicker sample. This
seems to indicate that a‐b may be related to the apparent
friction and, by extension, factors that affect the apparent
friction such as fault zone thickness and Riedel shear angle. As
noted earlier, this could be due to enhanced development of
localization features, driven by effects of competency contrasts
at the sample boundaries [e.g.,Mandl et al., 1977], roughness
of the forcing blocks [e.g., Niemeijer et al., 2010b] or higher
shear strain accumulation [e.g., Ikari et al., 2011]. An example
of this is the appearance of amorewell‐developed Riedel shear
in the thin sample of Westerly granite powder, as observed in
SEM images.
[49] If a‐b is related to frictional strength as suggested by

Ikari et al. [2011], the velocity weakening we observe
occurs in fault material with an internal friction coefficient
m > ∼0.7. We note however that these results and those of

Table 4. Parameters for Friction Correction: Stress Transformation Method

Experiment Sample State Shear Strain b (deg) Residual ma t sn t* sn* m*

p2548 Westerly Granite Lithified 2.0 22 0.47 23.5 49.9 37.5 51.1 0.74
p2489 Berea Sandstone Lithified 1.0 28 0.52 25.8 49.8 40.8 49.5 0.82
p2491 Indiana Limestone Lithified 1.1 18 0.56 27.7 49.9 39.7 53.3 0.75
p1696 Vermont Marble Lithified 2.5 21 0.57 28.6 49.9 41.6 53.1 0.78
p2488 Pennsylvania Slate Lithified 1.2 12 0.44 21.8 49.9 31.0 52.2 0.59
p2317 Illite Shale Lithified 2.0 13 0.36 18.4 51.3 28.7 52.7 0.54
p2324 Chlorite Schist Lithified 0.6 15 0.28 14.2 51.3 26.1 51.4 0.51
p2553 Biotite Schist Lithified 1.5 27 0.15 7.5 49.3 25.9 42.2 0.61
p2496 Muscovite Schist Lithified 1.0 0 0.15 7.7 50.0 7.7 50.0 0.15
p2675 Westerly Granite Powdered (thick) 1.5 19 0.48 20.1 42.0 30.9 43.7 0.71
p2664 Berea Sandstone Powdered (thick) 1.0 18 0.49 20.7 42.0 31.1 44.0 0.71
p2674 Indiana Limestone Powdered (thick) 1.1 18 0.55 23.0 42.0 33.1 44.7 0.74
p2676 Vermont Marble Powdered (thick) 0.9 28 0.49 20.7 41.9 33.5 41.2 0.81
p2673 Pennsylvania Slate Powdered (thick) 1.7 20 0.48 20.4 41.9 31.5 43.5 0.72
p2678 Illite Shale Powdered (thick) 1.0 21 0.38 16.0 42.0 28.0 41.9 0.67
p2677 Chlorite Schist Powdered (thick) 0.8 16 0.29 11.9 42.0 22.1 41.9 0.53
p2679 Biotite Schist Powdered (thick) 1.5 26 0.27 11.4 41.8 25.7 38.3 0.67
p2729 Muscovite Schist Powdered (thick) 1.0 18 0.35 14.6 41.8 25.5 42.1 0.61
p2477 Westerly Granite Powdered (thin) 2.0 13 0.60 29.7 49.9 39.1 53.9 0.73
p2506 Berea Sandstone Powdered (thin) 1.0 15 0.56 27.8 49.8 38.4 53.4 0.72
p2475 Indiana Limestone Powdered (thin) 2.8 11 0.70 34.8 49.9 42.9 54.6 0.79
p2476 Vermont Marble Powdered (thin) 2.5 13 0.70 34.7 49.9 43.9 55.0 0.80
p2487 Pennsylvania Slate Powdered (thin) 2.0 11 0.55 27.5 49.9 35.8 53.2 0.67
p2472 Illite Shale Powdered (thin) 2.0 11 0.49 24.4 49.6 32.8 52.4 0.63
p2473 Chlorite Schist Powdered (thin) 1.5 ‐ 0.37 18.6 50.0 ‐ ‐ ‐
p2508 Biotite Schist Powdered (thin) 1.5 16 0.32 16.2 50.0 28.2 50.5 0.56
p2507 Muscovite Schist Powdered (thin) 1.5 12 0.45 22.4 50.0 31.6 52.4 0.60
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Ikari et al. [2011] were conducted at subsaturated, room
temperature conditions and may only be applicable to purely
brittle‐frictional faulting.

4.4. Implications for Slip Behavior in Natural
Fault Systems

[50] Our experimental results indicate that the strength of
natural faults can evolve in a complex fashion. We find evi-
dence for numerous competing effects that influence strength,
including changes in lithification state, composition, fault
width, and internal structure. Faults that are strong, due to
advanced lithification and/or intrinsically strong mineralogy
(calcite, quartz, feldspar) can be substantially weakened by a
variety of mechanisms. In seismogenic faults, brecciation
during a seismic event would destroy fault rock cohesive
strength [Sibson, 1986b], which is then regenerated during
the interseismic period through fault healing processes [Sleep
and Blanpied, 1992; Karner et al., 1997; Marone, 1998b;
Muhuri et al., 2003; Tenthorey and Cox, 2006; Niemeijer
et al., 2008]. A mechanism for weakening at a longer time-
scale is the authigenic formation of weak, phyllosilicate
phases by fluid‐rock interactions, facilitated by grain size
reduction [Wintsch et al., 1995; Vrolijk and van der Pluijm,
1999; Warr and Cox, 2001; Jefferies et al., 2006] which
has been observed in fault systems such as the San Andreas
[Evans and Chester, 1995; Schleicher et al., 2009, 2010;
Holdsworth et al., 2011]. The presence and/or development
of phyllosilicate minerals can also contribute to weakening by
developing a frictionally weak, throughgoing foliation in the
rock as demonstrated in the laboratory using rock analog
material [Bos et al., 2000; Niemeijer and Spiers, 2005] and
natural fault rock [Collettini et al., 2009b]. Based on our
friction measurements, if foliation develops to the point of
being similar to that of nearly pure mica schists, the strength
could be sufficiently reduced to satisfy the heat flow con-
straint on the San Andreas Fault [Lachenbruch and Sass,
1980]. The presence of foliated cataclasites containing net-
works of phyllosilicates (smectite) at shallow depths of 2–
3 km has been verified in core samples from the San Andreas
fault zone [Holdsworth et al., 2011], however whether such
structures persist to deeper levels and are responsible for the
overall weakness of the San Andreas fault is still unknown.
[51] The structural development we observe in the lithified

samples is similar to the structures that have been observed in
natural faults. Our structural observations of phyllosilicate‐
rich samples are analogous to those in the Carboneras fault, a
major exhumed strike‐slip fault in southeastern Spain studied
by Rutter et al. [1986] and most recently by Faulkner et al.
[2008]. The Carboneras fault is characterized by a thick
zone of anastomosing strands of phyllosilicate‐rich gouge
(muscovite, illite, chlorite), and the similarity of these natural
structures with those formed experimentally is consistent
with the findings ofRutter et al. [1986].Faulkner et al. [2008]
also studied the Caleta Coloso fault in northern Chile, also
major strike‐slip feature. This fault occurs within a granite/
granodiorite protolith, and also has a wide zone of deforma-
tion but contains highly localized zones and also blocks of
fractured protolith, very similar to our deformed lithified
granite sample that exhibits a relatively thick zone of frac-
tured material in the R1 direction but with discrete localiza-
tion features. Fault zone localization within competent rock
was also observed at the Punchbowl fault in California, in

which the protoliths are primarily arkosic sandstone and
igneous basement rock [Chester andChester, 1998] and can be
considered analogous to the localized deformation we observe
in lithified Berea sandstone. Frost et al. [2009] observed strain
localization within a wide fault core in the Salzach‐Ennstal‐
Mariazell‐Puchberg (SEMP) fault in Austria. This wide fault
zone is formed in carbonate rocks (dolomite and limestone)
and is consistent with the wide deformation zones we observe
in lithified limestone and marble. They also observe evidence
of progressive strain localization, so it is likely that our lithified
carbonate samples deformed to low strain are analogous to the
SEMP fault early in its history.
[52] We note that the width of the fault zone can have a

significant effect on the apparent friction of a fault, such that
very thick faults may appear to be weak in response to far‐field
stresses while being composed of frictionally strong material.
As faults grow and mature, one would then expect faults to
weaken with accumulated offset if a linear displacement‐
thickness relationship is assumed [Scholz, 1987], although the
validity of such relationships is still a subject of debate [Evans,
1990]. However, this is complicated by the observation that the
discrepancy between apparent and true internal friction may
depend on the orientation of shear planes internal to the fault
zone. Localized deformation at low angles approaching the
orientation of the fault itself brings the apparent friction nearer
to its true value. Therefore, the strength of wide fault zones
depends not only on their net thickness but also their internal
structure and distribution of deformation, which is often
complicated [Hull, 1988; Means, 1995; Caine et al., 1996].
Additionally, the competency of the protolith is considered to
exert a strong influence on fault zone internal structure
[Faulkner et al., 2010], an assessment consistent with our
observed relationship between fault rock strength and angle of
shear localization features.

5. Conclusions

[53] Results of friction experiments on lithified and pow-
dered fault materials using a wide variety of compositions and
thicknesses reveal several systematic effects on fault slip
behavior. Fault strength as measured by the apparent coeffi-
cient of friction is strongly dependent on fault composition,
with phyllosilicate‐rich gouges significantly weaker than
those lacking phyllosilicate minerals. The strengthening
effect of lithification is seen most strongly in isotropic hard
rocks such as Westerly granite and Berea sandstone, but this
effect is reduced in rocks containing preexisting foliation
(e.g., Pennsylvania slate and illite shale), and intensely foli-
ated rocks such as mica schists are significantly weaker than
their powdered counterparts. We compared initially thick
(>6 mm) and thin (<3 mm) powdered gouge layers and find
that the apparent coefficient of friction is significantly
reduced in thick gouges. Microstructural analysis reveals that
the angle of R1 Riedel shears is positively correlated with
fault thickness. Reasonable estimates of true internal friction
are obtained by correcting measured values of apparent
friction by two methods: using measured rates of gouge
thinning following Scott et al. [1994], and using plane‐strain
stress transformation using measured R1 angles. However,
more accurate estimates of true internal friction will require
more sophisticated methods that account for effects of
shear localization and heterogeneous deformation (i.e., slip
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on planes of varying orientation). The strength of natural
faults will be affected by a number of competing time‐ and
displacement‐variable effects that include fault composition,
lithification state, thickness, and internal structure that are
complicated in nature. Observations of mostly velocity‐
strengthening behavior suggest that other mechanisms in
addition to fault rock lithification are required for the
possible nucleation of seismogenic fault slip. We note that
although fault strength may be affected by fault zone thick-
ness, and lithification state, fault stability will be primarily a
function of fault material composition and development of
internal deformation structures.
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