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Frictional and hydrologic properties of clay-rich fault gouge
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[1] The slip behavior of major faults depends largely on the frictional and hydrologic
properties of fault gouge. We report on laboratory experiments designed to measure the
strength, friction constitutive properties, and permeability of a suite of saturated clay-rich
fault gouges, including: a 50:50% mixture of montmorillonite-quartz, powdered illite
shale, and powdered chlorite schist. Friction measurements indicate that clay-rich gouges
are consistently weak, with steady state coefficient of sliding friction of <0.35. The
montmorillonite gouge (1 = 0.19-0.23) is consistently weaker than the illite and chlorite
gouges (= 0.27-0.32). At effective normal stresses from 12 to 59 MPa, all gouges show
velocity-strengthening frictional behavior in the sliding velocity range 0.5-300 pm/s. We
suggest that the velocity-strengthening behavior we observe is related to saturation of
real contact area, as documented by the friction parameter b, and is an inherent
characteristic of noncohesive, unlithified clay-rich gouge. Permeability normal to

the gouge layer measured before, during, and after shear ranges from 8.3 x 102" m? to
3.6 x 107 '° m?; permeability decreases dramatically with shearing, and to a lesser extent
with increasing effective normal stress. The chlorite gouge is consistently more permeable
than the montmorillonite and illite gouge and maintains a higher permeability after
shearing. Permeability reduction via shear is pronounced at shear strains <5 and is
smaller at higher strain, suggesting that shear-induced permeability reduction is linked to
fabric development early in the deformation history. Our results imply that the potential

for development of excess pore pressure in low-permeability fault gouge depends on

both clay mineralogy and shear strain.
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1. Introduction

[2] Clay minerals are abundant in mature fault zones,
including both subduction megathrusts and continental
transform faults like the San Andreas Fault, and their
properties are considered a major control on macroscopic
fault behavior in the brittle crust [Vrolijk and van der
Pluijm, 1999; Underwood, 2007; Numelin et al., 2007,
Ikari et al., 2007]. For example, the presence of weak clay
minerals is hypothesized as one mechanism to explain the
overall mechanical weakness of major plate boundary faults
[e.g., Wu et al., 1975; Deng and Underwood, 2001]. Increas-
ing pressure and temperature with depth alter clay minerals
via mineral transformation, dehydration, and mechanical
consolidation, and the accompanying changes in fault zone
lithification state and/or clay mineralogy have been pro-
posed as an explanation for the upper transition from
aseismic to seismic fault slip [Marone and Scholz, 1988;
Hyndman et al., 1997; Moore and Saffer, 2001; Saffer and
Marone, 2003]. Fault strength and stability may also be
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affected by changes in effective normal stress and slip rate
[e.g., Scholz, 1998]. In this respect, the hydrologic proper-
ties of clay-rich gouge have a significant effect on fault
behavior, because low permeability gouges may act as a
barrier to fluid flow, allowing the development of high pore
pressures (and thus reduced effective stress) within the fault
zone. In this study, we report on frictional and hydrologic
properties of clay-rich fault gouge determined from con-
fined biaxial shear experiments carried out within a newly
constructed pressure vessel under true-triaxial conditions.
We investigate the effects of clay mineralogy, fluid flow,
sliding velocity, and effective normal stress.

[3] Many previous studies have focused on characterizing
the frictional behavior of clay-rich gouge, primarily to
investigate basic frictional strength [Wang and Mao, 1979;
Logan and Rauenzahn, 1987; Morrow et al., 1992, 2000;
Saffer and Marone, 2003; Kopf and Brown, 2003; Bourlange
et al., 2004; Moore and Lockner, 2004; Ikari et al., 2007].
These studies have shown that clay contents as low as 15—
20% significantly affect the strength of faults [Shimamoto
and Logan, 1981] and that fault gouges dominated by clay
minerals, especially montmorillonite, illite and chlorite, are
frictionally weak (coefficient of friction p: 0.03 < p < 0.50)
under a variety of conditions (normal stress, water content,
and clay content). Less common are studies involving large
strains that report detailed measurements of the transient
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and steady state frictional response to perturbations in
loading velocity or strain rate. Such measurements of rate
and state friction are necessary to understand the stability of
frictional sliding. Systematic study of frictional constitutive
properties, particularly under conditions relevant to faulting
in the upper seismogenic crust, is also needed to parame-
terize models of rupture nucleation and propagation, includ-
ing those aiming to explain thermal pressurization and slow
slip events [e.g., Liu and Rice, 2005; Rice, 2006; Segall and
Rice, 2006; Rubin, 2008]. Previous experiments have shown
that montmorillonite and illite-rich gouges are velocity-
strengthening for both subsaturated [Saffer and Marone,
2003; Ikari et al., 2007] and saturated conditions [Logan
and Rauenzahn, 1987; Morrow et al., 1992; Brown et al.,
2003], but have been conducted over a limited suite of
experimental conditions, and the friction constitutive prop-
erties have not been comprehensively or systematically
investigated.

[4] Fault gouge permeability is also an important param-
eter affecting fault mechanics, because low fault-normal
permeability can facilitate the development of high pore fluid
pressures from regional hydrologic processes, fault zone
compaction, or thermal pressurization [Hubbert and Rubey,
1959; Rice, 1992; Sleep and Blanpied, 1992; Wibberley and
Shimamoto, 2005; Faulkner and Rutter, 2001; Noda and
Shimamoto, 2005; Segall and Rice, 2006; Bizzari and Cocco,
2006a, 2006b], leading to substantially reduced fault
strength. For example, in subduction zones, low effective
stress in the décollement as a result of high pore pressure is
a likely control on the structure of accretionary prisms
[Davis et al., 1983; Byrne and Fisher, 1990; Le Pichon et
al., 1993] and possibly the updip limit of seismicity [Moore
and Saffer, 2001; Wang and Hu, 2006]. High pore pressures
have also been offered as an explanation for the apparent
anomalous weakness of the San Andreas Fault [Byerlee,
1990; Hickman, 1991; Rice, 1992], and recent results from
the SAFOD borehole suggest that the fault acts as a barrier
to regional scale fluid flow [e.g., Wiersberg and Erzinger,
2007, 2008]. Previous laboratory experiments have revealed
that sediments composed of at least 50% clay minerals have
very low permeabilities (<107'® m?). These include
unsheared [Kwon et al., 2004; Yang and Aplin, 2007],
naturally sheared [Faulkner and Rutter, 2000, 2003], and
both naturally sheared and laboratory sheared samples
[Morrow et al., 1984; Zhang et al., 1999; Zhang and Cox,
2000; Takahashi et al., 2007; Crawford et al., 2008].

[s] Although many studies have assessed frictional
strength and stability of fault gouge, detailed and systematic
investigations of frictional constitutive behavior under con-
ditions relevant to seismogenic faulting in the upper crust
are rare. Most existing studies consider only a limited range
of experimental conditions (shear strain, effective normal
stress, gouge composition, saturation, or sliding velocity).
Furthermore, it remains a challenge to compare results from
different experimental configurations (e.g., ring shear in
which samples are small and slip velocity may vary across
the sample; triaxial shear where the geometry is complex,
cocking may occur, jacket stretching is an issue, and shear
offset is limited; and direct shear where fluid access and
stress conditions can be complex). In this paper we combine
measurements of shear strength, frictional stability, and
permeability for both sheared and unsheared clay-rich
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gouges under a wide range of effective normal stresses,
shear strains, and sliding velocities. We obtain friction and
permeability data simultaneously from in situ measurements
and explore coupled evolution of permeability and frictional
behavior as a function of shear strain.

2. Experimental Methods

[6] We test three clay-rich fault gouges, each containing a
significant proportion of a different major clay mineral.
Naturally occurring chlorite schist and illite shale are used
as chlorite-rich and illite-rich gouges, respectively. Our
montmorillonite-rich gouge is a synthetic 50—-50 wt%
mixture of commercially obtained Ca-montmorillonite
(Ca-MM) and silt-sized quartz. The chlorite schist and illite
shale were powdered in a disk mill and sieved to <106 pm
grain size. For the illite shale, X-ray diffraction (XRD)
analysis shows that the bulk powder is primarily composed
of illite (59%), quartz (23%), kaolinite/dickite (9%), and
plagioclase (4%), with the modal percentages of individual
clay minerals determined by XRD analysis of clay separates
[Saffer and Marone, 2003]. The chlorite schist is composed
of chlorite (46%), plagioclase (35%), quartz (12%), and
illite (6%). Mean grain size of the Ca-MM is 60 pm with 80%
of the grain diameters between 3 and 142 pm, determined
by laser obscuration in a Malvern Mastersizer [e.g., Ikari et
al., 2007]. Scanning electron microscope (SEM) images of
the materials we studied indicate that the montmorillonite/
quartz mixture and illite shale have a similar grain size and
grain size distribution, whereas the chlorite schist has a
larger average grain size and a smaller proportion of small
grains (Figures la—1c). Based on the SEM imaging, the
large fragments in the chlorite gouge appear to be aggre-
gates of smaller clay grains (Figures 1d—1f). Kaolinite
gouge is not included in this study, but an extensive study
of the strength and permeability of kaolinite-rich gouge was
performed by Crawford et al. [2008].

[7] A total of 15 experiments were conducted using a
pressure vessel within a servocontrolled biaxial testing
apparatus under true-triaxial conditions (Figure 2 [Samuelson
et al., 2006, 2007]). The pressure vessel is designed to
accept a three-block double-direct shear assembly, which is
sealed with rubber jackets and subjected to confining
pressure (P.). Two layers of sample fault gouge are sheared
between roughened, steel forcing blocks. Sample gouge
layers are constructed in a leveling jig to a uniform initial
thickness of 4 mm (for 12—-25 MPa effective normal stress)
or 5 mm (for 42—59 MPa effective normal stress), which
compacts to ~1.5—2.5 mm after shear under applied normal
stress. Sample contact area is 30.78 cm?® (for 12—25 MPa
effective normal stress) or 32.94 cm® (for 42—59 MPa
effective normal stress).

[8] Normal stress on the gouge layer is applied by a
combination of the confining pressure P, and a piston that
enters the vessel through a dynamic seal (Figures 2b—2c).
The applied load and P, are independently controlled via a
fast-acting hydraulic servo mechanism. The gouge layers
are sheared by driving the center block with a vertical piston
and hydraulic ram. Normal and shear loads are measured to
a precision of +0.1 kN. Confining fluid is food-grade heat
transfer oil (XCELTHERM 600, Radco Industries) and pore
fluid is deionized water in order to minimize the effects of
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Figure 1.

water chemistry changes due to buffering from interaction
with the gouge [e.g., Faulkner and Rutter, 2000]. Effective
normal stress is held constant and shear is imposed
by controlling the vertical load point displacement external
to the pressure vessel. Displacement at both the vertical
and horizontal load points is measured to a precision of
+0.02 pm. True shear displacement and sliding velocity at
the layer boundaries are calculated after accounting for
apparatus stiffness [see lkari et al., 2007] and compression
of the rubber jackets. The effect of seal friction on the
pistons that enter the pressure vessel contributes less than
1.5% of the measured shear stress values.

[o] Pore fluid access is via NPT fittings in the pressure
vessel and forcing blocks, and flexible tubing allows dis-
placement parallel and normal to the gouge layers (Figure 2).
The inner diameter of the tubing is 1.75 mm. Each forcing
block has internal conduits and distribution channels that
supply pore fluid to sintered stainless steel frits in contact
with the layers, which provide even distribution of fluid
over the entire area of the layer. Filter paper between the
sample and the frits on the downstream end prevents the frit
permeability from being reduced by clogging with fine
particles. The system is capable of maintaining two inde-
pendent pore pressures. We refer to the fluid pressure of the
center block and the center block side of each layer as Pp,,
and the side blocks as Ppy,. For the experiments described in
this paper, fluid flow is directed normal to the layers and to
the shear direction. Each of the three pressures, P., Pp,, and
Ppy, are independently servocontrolled and can operate in
pressure or flow (displacement) control. All three pressures
are measured or controlled to £7 kPa, and fluid volume is
measured or controlled to 1.6 x 10~'® m®. In the case of
the pore pressure, displacement control is used to apply

SEM images of the bulk starting material used as gouge at 400x magnification:
(a) montmorillonite/quartz, (b) illite shale, (c) chlorite schist. (d) Close-up view of an individual (left)
quartz grain and (right) montmorillonite aggregate. (e and f) Aggregates of illite and chlorite, respectively.

either a constant flow rate or closed boundary condition,
and pressure control is used to apply a constant pressure
boundary condition.

[10] Each of our experiments consists of three stages,
which yield both frictional and hydrologic data. Initially, we
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Figure 2. (a) Biaxial stressing apparatus with pressure
vessel. (b) Three-block assembly inside pressure vessel
showing fluid lines. (c) Internal plumbing structure of three-
block sample assembly showing pore fluid inlet and outlets.
(d) Three-block sample assembly showing sample gouge
layer, porous metal frits, and rubber jackets.
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Figure 3. (a) Example of a typical friction experiment. 7 indicates displacement at which the residual

shear strength value is taken; this value is also used to calculate the coefficient of friction . (b) Example
of a typical experiment measuring permeability as a function of shear strain. (inset) During a permeability
measurement, shearing is stopped and friction relaxes.

saturated all samples at low normal stress (<15 MPa hydro-
static pressure) prior to applying the target effective normal
stress to ensure that the layers were uniformly saturated.
Stage 1 consists of measuring the layer-perpendicular per-
meability prior to shearing by applying a constant fluid
pressure gradient (0.5—6 MPa) across the sample and
conducting a steady state flow-through test. Stage 2 consists
of shearing at a constant pore pressure of 5 MPa (Figure 3a).
During shear, a velocity-stepping test is conducted to
measure frictional constitutive properties. In Stage 3, after
termination of shearing, a pore pressure gradient is again
imposed in order to measure postshear permeability in the
same manner as Stage 1. Shear stress is not removed during
the permeability measurement, but relaxes to a residual
value under a condition of zero shear displacement rate,
in a similar manner to that observed in conventional slide-
hold-slide friction tests (inset, Figure 3b). In addition, we
conducted trial experiments in which the fluid pressure
gradient was applied during shear. These dynamic perme-
ability measurements yield very similar results to those we
obtained during Stage 3; however for consistency between

Table 1. Experiment Parameters

experiments and to minimize the affect of shear during the
flow measurements, we report only permeability values
under the quasistatic conditions (as in Stages 1 and 3).

[11] We also conducted three experiments in which per-
meability was measured as a function of shear displacement
(Figure 3b). These experiments were conducted once for
each gouge composition at an effective stress of 32 MPa. In
these experiments, shearing was paused and permeability
was measured at load point displacements of ~3, 5, 7, and
12 mm in addition to the preshear and postshear measure-
ments using the same flow-through technique described
above. Similar to the postshear permeability measurements
described above (Stage 2), shear stress relaxes via creep
during the permeability measurements. Table 1 lists the
experimental parameters for all experiments in this study.

2.1. Friction Measurements

[12] During shear (Stage 2), pore pressure at the upstream
end of the sample (Pp,) was held constant at 5 MPa, while at
the downstream end (controlled by Ppy,) a no-flow condition
was imposed in order to document any overpressure gener-

Layer Thickness Maximum

Experiment Gouge o, (MPa) Pc (MPa) Pp (MPa)* Sliding Velocity (um/s) Under Load (um) Shear Strain
pl421 montmorillonite/quartz 12 6 5 1, 3, 10, 30, 100, 300 2085 8.9
pl418 montmorillonite/quartz 25 12 5 1, 3, 10, 30, 100, 300 2115 8.9
p1500 montmorillonite/quartz 43 20 5 0.5, 1.6, 5.3, 16, 53, 158 2065 5.2
pl535 montmorillonite/quartz 58 28 5 0.5, 1.6, 5.3, 16, 53, 158 2785 4.0
pl427 illite shale 12 6 5 1, 3, 10, 30, 100, 300 1310 10.3
pl426 illite shale 25 12 5 1, 3, 10, 30, 100, 300 1620 11.2
pl437 illite shale 42 20 5 1, 3, 10, 30, 100, 300 1510 16.5
pl521 illite shale 58 28 5 0.5, 1.6, 5.3, 16, 53, 158 1515 8.3
pl423 chlorite schist 12 6 5 1, 3, 10, 30, 100, 300 905 22.8
pl422 chlorite schist 25 12 5 1, 3, 10, 30, 100, 300 1540 134
pl436 chlorite schist 42 20 5 1, 3, 10, 30, 100, 300 1340 17.9
pl534 chlorite schist 59 28 5 0.5, 1.6, 5.3, 16, 53, 158 1730 6.5
p1608 montmorillonite/quartz 32 12 5 11 1755 21.2
pl1602 illite shale 32 12 5 11 1685 25.6
p1603 chlorite schist 32 12 5 11 1180 47.8

“Pore pressure during shear, controlled by Pp,.
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Figure 4. Example of a velocity-stepping test. Load point
velocity is increased in discrete steps; resulting measured
change in steady state friction is used to calculate the rate
and state parameters a, b, a — b, and D.. Constant, long-
term friction trends are removed.

ated during shear and evaluate our control of Pp in the layer.
The samples were sheared at a constant velocity of 5 or
11 pm/s until steady state shear strength was achieved
(Figure 3a). The velocity was then increased stepwise from
0.5-300 pm/s in velocity-stepping tests (Figure 4 [e.g.,
Marone, 1998]). Shear displacement during each velocity
step was 400 or 800 um. Maximum shear displacement for
these layers was 36 mm; shearing was typically terminated
at displacements of ~20 mm. Due to differences in initial
layer thickness and total displacement, maximum shear
strain ranged between 4 and 48. In some experiments, we
observed a slight increase in pore pressure (as measured in
Ppy) as a result of shearing in the low permeability samples.
These pore pressure transients represent a maximum of 3%
of the total effective stress, and are typically <1%.

[13] The steady state shear stress 7 was measured prior to
the initiation of the velocity-stepping test. The coefficient of
sliding friction ;o was then calculated as

T = o, +c, (1)

[Handin, 1969; Byerlee, 1978] where c is cohesion, and the
effective normal stress o), is the difference between the
applied normal stress o, and the pore fluid pressure:

a; =0, — Pp. (2)

The pore pressure Pp is taken as the average of the pore
pressure at the drained and undrained boundaries. Max-
imum error in effective normal stress due to the differing
boundary conditions described above is <1.3%. The
cohesion ¢ is assumed to be negligible for the unconsoli-
dated gouge used in our experiments.
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[14] We quantify frictional stability using the friction rate
parameter @ — b; defined as

_ Apg
Py ®)

where Ay, is the change in the steady state coefficient of
friction upon an instantaneous change in sliding velocity
from V, to V [e.g., Marone, 1998]. Positive a — b values
indicate velocity-strengthening behavior, whereas negative
a — b values indicate velocity-weakening behavior. Velocity
weakening is a prerequisite for stick-slip behavior which
is associated with earthquake nucleation [Dieterich and
Kilgore, 1996; Marone, 1998; Scholz, 2002]. Equation (3)
represents the steady state form of Dieterich’s [1979,
1981] constitutive law describing rate-dependent and state-
dependent frictional behavior:

14 V,0
H*Mo“l‘aln(z)‘i‘bln(D—c), (4)
doO 7,0
A R
p D, (5)

where a and b are empirically derived constants (unitless),
© is the state variable (units of time), and D, is the critical
slip distance. The state variable is inferred to be the average
lifetime of contact points that control friction, and the
critical slip distance is the displacement over which those
contacts are renewed. Under steady state sliding conditions,
the average time that a contact exists is constant, reducing
the left side of equation (5) to zero, and substitution of the
state variable at steady state O into equation (4) yields
equation (3).

[15] To obtain the values of the constitutive parameters
a, b, and D., we model the velocity step data following
Saffer and Marone [2003]. The interaction of the sample
with its elastic surroundings is incorporated according to
the equation:

— =K, =), (6)

where K is the stiffness of the fault surroundings (in this
case the testing apparatus and sample blocks) normalized by
normal stress (K = ~3 x 10> ym™' at 25 MPa normal
stress), V, is the load point velocity, and V' is the true slip
velocity. We then solve equations (5) and (6) simulta-
neously, with equation (4) as a constraint, using a fifth-order
Runge-Kutta method. The constitutive parameters are then
obtained as solutions to a nonlinear inverse problem using
an iterative least squares method (Figure 5 [Reinen and
Weeks, 1993; Blanpied et al., 1998; Saffer and Marone,
2003]).

[16] The pore pressure in equation (2) used to calculate
the shear stress is an average of the pore pressure at the
drained (Pp,) and undrained (Ppy) ends of the sample. The
measurement of pore pressure at the undrained sample
boundary also provides a method for quantifying the po-
tential effects of pore pressure transients on our reported
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