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Abstract The hydrous clay mineral smectite, which is pervasive in sediments on subducting oceanic
plates, is thought to weaken and stabilize subduction thrust faults. However, these frictional properties of
smectite alone cannot explain the large coseismic slip in the vicinity of a trench. Here we performed friction
experiments to demonstrate the rate dependence of friction at slip rates from 30μm/s to 1.3m/s for
water-saturated smectite-quartz mixtures with various smectite contents, so as to shed light on the frictional
response of smectite-bearing faults at intermediate to high slip rates. At slip rates of 30 to 150μm/s, the
friction coefficients decreased gradually from 0.5–0.6 to 0.1 with an increase in smectite content from 20
to 50 wt %. In contrast, at slip rates higher than 1.3mm/s, friction exhibited marked slip weakening, resulting
in low friction coefficients of 0.1–0.05, even for low smectite contents (roughly <30 wt %). Drastic slip
weakening occurred at smectite contents of 10–30 wt % at slip rates of ~10mm/s, which is 1 to 2 orders of
magnitude lower than the slip rate at which slip weakening was observed in previous experiments on various
rock types. The intermediate velocity weakening could be attributed to a rise in pore pressure caused by
both shear-enhanced compaction and microscopic thermal pressurization of pore fluids. This process could
weaken the fault even below seismic slip rates, leading to an acceleration of fault motion and potentially
facilitating large coseismic slip and a stress drop in the vicinity of a trench.

1. Introduction

Shallow portions of subduction zone thrust faults have been considered to be aseismic given the observed
absence of seismicity in such regions [e.g., Hyndman et al., 1997]. The velocity-strengthening property of
friction for clay-rich sediments is thought to explain aseismic creep behavior at the shallow plate boundaries
of subduction zones [Saffer and Marone, 2003]. However, unexpectedly large coseismic slip occurred at the
shallow plate interface during the 2011 Tohoku Earthquake [e.g., Fujiwara et al., 2011]. Tsunami inversions
[Cummins and Kaneda, 2000] and the signals of frictional heat, possibly due to coseismic sliding detected
from the shallow portions of subduction thrusts [Sakaguchi et al., 2011; Yamaguchi et al., 2011], also suggest
that earthquake ruptures could have propagated updip from deep seismogenic zones to near the seafloor in
the Nankai subduction zone. Although several processes (such as the state of stress [e.g., Kozdon and
Dunham, 2013] and the presence of a fluid overpressure zone [e.g., Park et al., 2014]) have been proposed to
explain coseismic slip along shallow portions of subduction thrusts, here we focus on the frictional and
hydrological properties of subduction zone materials that potentially govern fault behavior in the shallow
portions of subduction zones.

Smectite, a hydrous clay mineral, is widely distributed in fore-arc basins and in incoming sediments on
subducting oceanic plates in varying amounts, depending on the lithology, depositional age, and the
geothermal regime [e.g., Oinuma and Kobayashi, 1966; Cole and Shaw, 1983]. Smectite contents ranging from
10 to >50 wt % have been recorded in the bulk fractions of sediments in the vicinity of the Nankai Trough
[e.g., Guo and Underwood, 2012]. With respect to frictional properties, smectite is peculiar in its combined
weakness and stability [e.g., Kenney, 1967; Summers and Byerlee, 1977]. Friction experiments on smectite
and on smectite-quartz mixtures have previously been conducted using a biaxial or triaxial deformation
apparatus under low slip rates (mainly 0.1–100μm/s) to demonstrate how frictional strength decreases with
increasing smectite content [Logan and Rauenzahn, 1987; Brown et al., 2003; Takahashi et al., 2007; Tembe
et al., 2010]. Recent high-velocity friction experiments and theoretical modeling studies have proposed
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dynamic weakening (such as by flash heating, thermal pressurization, frictional melting, and thermal
decomposition) to explain large coseismic stress drops [e.g., Andrews, 2002; Hirose and Shimamoto, 2005; Rice,
2006; Han et al., 2007]. Faulkner et al. [2011] reported dynamic weakening of clay-rich materials, including
smectite, based on high-velocity friction experiments (slip rate of about 1.3m/s), and proposed that rapid
thermal pressurization of pore fluid was responsible for the weakening. Ujiie et al. [2011] and French et al.
[2014] also conducted high-velocity friction experiments on smectite-rich, natural fault gouges from the
megasplay fault zone in the Nankai subduction zone and the San Andreas Fault, respectively and concluded
that pore fluid pressurization to be a weakening mechanism under wet condition. However, the effects of
smectite content on the frictional behavior of smectite-quartz mixtures at a wide range of slip rates have still
not been quantified in the laboratory.

In this study, we conducted friction experiments for various mixtures of smectite and quartz at low to high slip
rates (30μm/s to 1.3m/s) under water-saturated conditions, with the aim of understanding the mineralogical
dependence of friction over the range of interseismic to coseismic slip rates. We discuss mechanisms for
dynamic weakening found under the conditions of relatively slow slip rates and low smectite contents. Our
experiments may provide clues regarding the processes of rupture propagation from seismogenic depths to
the trench and regarding the generation of tsunamigenic earthquakes in subduction zones.

2. Materials and Methods
2.1. Starting Materials

We used various mixtures of commercially available Na-bentonite powder and quartz (crystalline silica)
powder to simulate smectite-bearing fault gouge, without crushing or sieving. The quartz powder was
obtained from Wako Pure Chemical Industries Ltd (product number: 199–00625,>99% purity). Laser particle
analyses showed a modal grain size of ~100μm and that 93% of the grains are finer than 178μm (Figure 1a).
A scanning electron microscope (SEM) image showed that the grains are angular. Na-bentonite powder
acquired from Kunimine Industries Co. Ltd (product name: Kunigel) was used to obtain smectite clay. The
Na-bentonite powder contained impurities, identified as quartz by X-ray diffraction analysis. Thermogravimetric
and differential thermal analysis (TG-DTA, the same analysis as used by Takahashi et al. [2007]) revealed that
impurities comprise up to 23.5 wt % of the bulk product. Laser particle analyses revealed a bimodal grain size
distribution with peaks at ~3.5 and 25μm and that 90% of the grains are finer than 25μm (Figure 1b). The
quartz and Na-bentonite powders were mixed at gravimetric bentonite contents (fractions) of 5, 7.5, 10, 15, 20,
25, 30, 35, 40, 50, 75, and 100 wt % under room-dry conditions (i.e., 40% relative humidity, two-layer hydration
state of smectite), then converted to gravimetric smectite contents of 3.8, 5.7, 7.7, 11.5, 15.3, 19.1, 23.0, 26.8,
30.6, 38.3, 53.6, and 76.5 wt% allowing for the impurity (quartz) in the Na-bentonite powder (hereafter the term
“wt %” refers to the content of smectite). Although the ratios of the mixtures should be expressed as a

(a) (b)

0

1

2

3

4

5
Na-bentonite

Grain size (µm)

V
ol

um
e 

(%
)

10 µm

0.1 1 10 10010 100
0

2

4

6

8

10

1

Quartz

Grain size (µm)

V
ol

um
e 

(%
)

100 µm

Figure 1. Grain size distributions and scanning electron microscope (SEM) secondary electron images of (a) quartz and
(b) Na-bentonite powder. The grain size of the powder was measured by the laser diffraction and scattering method using
a commercial particle-size analyzer (Mastersizer2000, Malvern Instruments Ltd.).
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volumetric content in terms of the
packing structure of clasts and
matrix in situ, it is difficult to
determine the density of swelling
clay minerals under water-saturated
and pressurized conditions. The
simplest and least ambiguous way
to express the ratios of the mixtures
is as a gravimetric content at a given
hydration state. Therefore, our
simulated gouge mixtures were
designated as gravimetric contents
at a two-layer hydration state
of smectite.

2.2. Experimental Procedures

One gram samples of simulated
fault gouge were saturated with
0.5ml of distilled water and placed
between two cylinders of host

rock with diameters of 25.0mm for all runs (Figure 2). A Teflon sleeve with a 24.95mm inner diameter was
placed around the simulated fault zone to prevent gouge leakage. Initial thicknesses of the gouges were
about 1.2, 1.4, and 1.6mm for pure quartz gouge, 15.3 wt % smectite mixture, and 38.3 wt % smectite mixture,
respectively. We used two different types of host rock: gabbro (porosity = 1.6%, permeability =<10�20m2) in
146 experiments and sandstone (porosity = 15.7%, permeability = 10�16m2) in 16 experiments to examine
the effect of host rock permeability on frictional behavior. The friction experiments were performed using
rotary shear, low- to high-velocity friction apparatuses at the Kochi Institute for Core Sample Research, at
the Japan Agency for Marine–Earth Science and Technology (JAMSTEC), Kochi, Japan (HVR apparatus [Hirose
and Shimamoto, 2005] and PHV apparatus [Tanikawa et al., 2012a]), and a similar apparatus at the National
Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan (HDR apparatus [Togo and

Shimamoto, 2012]). The experiments were conducted at a normal stress (σn) of 2.0MPa and with equivalent
slip rates (Ve) of 30μm/s to 1.3m/s, and displacements of 0.5–33m. Because the slip rate increases from the

center to the periphery of the cylindrical specimens, we used the equivalent slip rate,Ve, defined such that τVeS
gives the rate of total frictional work on a fault with area S, assuming a constant shear stress, τ, over the
fault surface [Shimamoto and Tsutsumi, 1994]. For convenience, we refer to “equivalent slip rate” as simply
“slip rate” or “velocity (V).” In this study, we defined three ranges of slip rate: low, intermediate, and high,
corresponding to 30μm/s, 150μm/s to 56mm/s, and 0.13–1.3m/s, respectively.

Before each experiment, the specimen was rotated back and forth several times under a lower normal stress
of <0.5MPa to ensure a uniform gouge thickness, then held for 5 min after applying the target normal
stress (precompaction treatment). During the precompaction, we found that a small amount of water was
squeezed out from between the rock cylinders and Teflon sleeve; hence, we considered the gouge to be
saturated with water. For experiments in which the duration exceeded 1 h, we wrapped the specimen in a
polyolefin film to prevent drying of the gouge. We conducted two series of experiments at constant normal
stress: (1) continuous shearing during a single run and (2) slide-hold-slide tests to examine strength recovery
during the holding. We measured the compaction/dilation and temperature of the fault zone during
shearing, as well as shear and normal stresses. We placed K type thermocouples on the stationary side of the
host rock for five experiments to measure the temperature of the fault zone during shearing (see Figure 2).
The tip of the thermocouple was placed close to the area where temperature of the gouge zone becomes
maximal as suggested by finite element method modeling [e.g., Kitajima et al., 2010; Han et al., 2011]. To
correct for the effects of friction between the Teflon sleeve and the cylinder, we measured the shear traction
in experiments without gouge and then subtracted the traction from the measured raw data of the gouge
experiments (for details, see Oohashi et al. [2011]).

Figure 2. Specimen configuration used in this study. Simulated fault gougewas
placed between two cylinders of gabbro or sandstone host rocks. Temperature
was measured using a K type thermocouple (TC), placed ~3.5mm inward from
the circumference of the cylinder. The tip of the thermocouple was exposed to
a surface between the gouge zone and host rock on the stationary side. Thin
sections were made perpendicular to the gouge zone about 4mm inward from
the circumference of the cylinder. The solid box indicates the panoramic
images shown in Figure 7. Half arrows show the shear direction.
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2.3. Permeability Measurements

The permeability of host rocks and gouges was measured using oil-confined, permeability testing apparatus
in JAMSTEC, Kochi [Tanikawa et al., 2010], to investigate the effect of hydrological properties on mechanical
behavior. We used unsheared (compacted under σn = 2MPa) and sheared (compacted and sheared under
σn = 2MPa and V= 22mm/s) mixed gouges with 15.3 wt % and 26.8 wt % smectite between sandstone host
rocks to obtain permeability before and after shearing. The permeability of the pure quartz gouge prior to
shearing was also measured. We deformed the sheared specimens to achieve 5.46 and 5.61m displacement
for the specimens with 15.3 wt % and 26.8 wt % smectite, respectively. The specimen assembly was taken
out from the friction-testing apparatus and then the permeability of the confined gouge layer was measured
perpendicular to the layer, following Tanikawa et al. [2012b]. After each deformation test, we removed the
Teflon sleeve from the specimen assembly without disturbing the gouge zone and then wrapped it with a
polyolefin heat-shrink jacket for permeability measurements. We first measured the bulk permeability of the
assembly (the gouge layer with two sandstone cylinders) normal to the shear direction then measured the
permeability of the host rock sandstone alone. We then estimated the permeability of the gouge layer, kg,
based on the following equation [Tanikawa et al., 2010]:

1
kb

¼ n
kg

þ 1� n
ks

(1)

where kb is the laboratory-measured bulk permeability, ks is the permeability of the sandstone cylinders, and
n is the ratio of gouge thickness to the total length of the specimen. Measurements were conducted at room
temperature (20°C) under confining pressures, Pc, of 2 and 3MPa, effective pressures, Pe, of 1 and 2MPa,
and values of ΔPp (upstream pore pressure-downstream pore pressure) of 0.1–0.3MPa.

3. Results
3.1. Mechanical Behavior During Continuous Shearing Experiments

At a low slip rate of 30μm/s in gabbro host rock, all mixtures exhibited rapid strengtheningwithin the first 0.5m
of displacement (Figure 3a) then remained at a nearly constant friction coefficient (steady state friction, μss)
throughout the remainder of the experiment. For a slip rate of 150μm/s, pure quartz gouges andmixtures with
low smectite contents (<19.1 wt %) showed similar behavior to gouges at V=30μm/s. In contrast, mixtures
with ≥23 wt % smectite exhibited low friction values within the first 1m of displacement, followed by a gradual
strengthening, with friction achieving a steady state after more than 1–2m of displacement. For V=1.3mm/s,
the 7.7–19.1 wt % smectite mixtures exhibited variable behavior, characterized by a gradual strengthening
followed by a rapid drop in friction and a fluctuation of >0.2 units in the coefficient of friction. In contrast,
the friction coefficients of 26.7 and 38.3 wt % mixtures exhibited slip strengthening in the first ~0.3m of
displacement, followed by slip weakening to a μss of ≤0.1. For V=22mm/s, slip-weakening behavior appeared
even for mixtures with relatively low smectite contents (15.3–38.3 wt %), which showed slip strengthening in
the first ~0.8m of displacement, then declined to a very low μss of 0.1–0.05. The 7.7 wt % smectite mixtures
again showed variable frictional behavior in the slip rates of 22–56mm/s (Figure 3a). Pure quartz gouge showed
neither slip weakening nor variable behavior of friction at slip rates from 1.3 to 22mm/s. At the highest slip
rate of 1.3m/s, remarkable slip-weakening behavior became apparent even for the 7.7 wt % mixture and for
pure quartz gouge, but the level of μss had a tendency to decreasewith increasing smectite content in the same
manner as observed at lower slip rates.

The dependence of the friction coefficient on smectite content varies with both slip rate and displacement
(Figure 3b). The relationship between μss and the smectite content at V=30 and 150μm/s shows a marked
decrease in friction at moderate smectite contents of 20–50 wt %. The relationship between friction and
smectite content shows a close fit to a sigmoidal curve described by the following empirical equation
[Oohashi et al., 2013]:

μ ¼ μ100 þ μ0 � μ100ð Þ= 1þ x=Cwð Þsð Þ (2)

where μ, μ0, and μ100 are the coefficients of friction of mixed gouge, pure quartz, and pure smectite,
respectively; x is the smectite content (in wt %); Cw is the critical weakening content (the smectite content
that reduces the coefficient of friction to half the original), and S is the slope parameter. The fittings give Cw of
~24 wt % for both slip rates of 30 and 150μm/s. At V= 1.3 and 22mm/s, the friction content curves are
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Figure 3. (a) Representative mechanical behaviors of mixed smectite-quartz gouges at slip rates from 30 μm to 1.3m/s.
(b) Steady state friction coefficients as a function of smectite content, for V = 30 μm/s, 150 μm/s, and 1.3m/s. For V = 1.3
and 22mm/s, maximum (open circles) and minimum (filled circles) friction values during variable behaviors of friction are
shown as upper and lower bounds, because steady state values are difficult to define. Cylinders of gabbro (host rock) were
used for all experiments. The curves in Figure 3b show the least squares fit to each data set using equation (2). We used
Kaleidagraph software for the fitting. The fit parameters are shown in each diagram. Differences in frictional strength
between gouges with the same smectite content are possibly due to slight heterogeneity of the starting material in
the gouge zone and/or the tightness of the Teflon sleeve. The parameter Cw is a threshold value at which weak phase
(smectite) starts to govern the strength of the fault zone. The parameter S indicates how rapidly the strength drops with
increasing smectite content in the friction–content diagram.
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expressed with upper and lower
bounds of friction level in friction
displacement curves in Figure 3b.
Both bounding curves show a
sudden fall to the same friction
level as pure smectite at a smectite
content of only 10–30 wt %, as
compared with those for V=30
and 150μm/s. The fittings give Cw
of 18.8 wt % (upper bound) and
8.5 wt % (lower bound) for
V=1.3mm, and 11.7 wt % (upper
bound) and 4.88wt% (lower bound)
for V = 22mm. At the highest slip
rate of 1.3m/s, the fitting for
steady state friction coefficients
gives Cw of 12.3 wt %.

The mechanical behavior of
mixtures sheared with sandstone
host rocks at V=22mm/s is
different from the case of gabbro
host rocks (Figure 4). For sandstone
host rocks, low friction at the onset
of slip gradually increased with
displacement and then reached a

near steady state with a higher friction level than for the case with gabbro host rocks. The steady state friction
coefficients are similar to those at V= 30μm/s and with gabbro host rocks (compare Figures 4 and 3a).
The bulk temperature of the sliding surface at steady state friction reached ~53°C for gabbro host rocks and
~76°C for sandstone host rocks (Figure 4).

3.2. Mechanical Behavior During Slide-Hold-Slide Tests

To examine the processes of dynamic weakening at intermediate velocities, slide-hold-slide tests were
conducted on 15.3 wt % smectite mixtures. In the tests we suspended the sliding for various durations once
the steady state friction (μss, 1st) had been attained at V= 22mm/s (first run) and then allowed sliding again
at V=150μm/s where dynamic weakening does not occur (second run), to determine if and how the
frictional strength recovers during the hold time. The results show that the friction coefficient instantaneously
recovered to a certain level (initial friction coefficient of second run, μi 2nd; see Figure 5a) immediately after
the onset of the second run. The bulk temperature of the sliding surface, which was elevated to 40–45°C
during the first run, rapidly decreased to room temperature during holding for 104 s and in the early stages
of the second run (yellow line in Figure 5a). We defined the strength recovery during holding by using
Δμ= (μi, 2nd � μss, 1st). A plot of μi, 2nd and Δμ obtained from nine individual tests increases logarithmically
during the hold time toward a level of μss obtained from continuous shearing experiments at V=150μm/s, and
finally, the strength recovery was almost complete at a hold time of ~104 s (Figures 5b and 6). Although the
temperature of the sliding surface also decayed logarithmically with time during holding (Figure 6), it settled to
room temperature at ~5×102–103 s after sliding, which was ~1×104 s earlier than the time taken for complete
strength recovery.

3.3. Permeability of the Fault Zones

The permeability of the gouge zones was obtained for mixed gouges with 15.3 and 26.8 wt % smectite both
before and after the shearing under σn = 2MPa and V= 22mm/s, to assess the effect of permeability on
dynamic weakening at intermediate velocities. The permeability of unsheared pure quartz gouge was also
measured for comparison. The results show that permeability of unsheared gouge (under Pc = 2MPa)
drastically decreased from 6.32 × 10�14 through 6.8 × 10�18 to 2.46 × 10�19m2 as the smectite content

Figure 4. Comparison of the frictional behavior and slip zone temperature of
experiments at V = 22mm/s, using gabbro and sandstone host rocks. The
temperature of a sliding surface was measured for mixed gouges with 15.3 wt %
smectite and using both gabbro and sandstone host rocks. The red arrow
indicates the cessation of slip.
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increased from 0wt% through 15.3 wt% to 26.8 wt% (Table 1). The permeability of the 15.3 wt% and 26.8wt%
mixtures was further reduced by 44% and 25%, respectively, when they were sheared.

4. Fault Zone Microstructures

Fault zone microstructures in three mixed gouges with 15.3 wt % smectite that showed different frictional
behavior were analyzed using optical and scanning electron microscopes, to investigate the influence of
texture on dynamic weakening at intermediate velocities. The three gouges were from (1) an experiment
with gabbro host rocks that showed high μss at V=30μm/s, (2) an experiment with gabbro host rocks that
showed slip-weakening behavior and low μss at V=22mm/s (see Figure 3a), and (3) an experiment with
sandstone host rocks that showed slip-strengthening behavior and high μss at V=22mm/s (see Figure 4).

The gouge zone with gabbro host rocks sheared at V=30μm/s has a homogeneous shearing texture with
randomly distributed quartz grains of 20–100μm in diameter and a matrix of finely comminuted quartz clasts
(less than a few micrometers in grain size) and smectite particles (Figures 7a and 7b). Shear deformation
textures, such as composite planar fabrics, are not observedwithin the zone. Detailedmicroscopic observations
at the boundaries between the host rocks and the gouge zone, as well as within the gouge zone, show no
visible localized slip zones or foliation defined by oriented clay particles (Figures 7c and 7d). The gouge zone
with gabbro host rocks sheared at V=22mm/s also shows the same homogeneous, random shearing texture as
that seen for V=30μm/s (Figures 7e–7g). Roughly 10 large grains of quartz (few tens to 100μm in diameter)
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Figure 5. Results of slide-hold-slide tests conducted formixed gouges with 15.3wt% smectite at σn = 2MPa. (a) Representative
behavior of the friction coefficient, axial displacement, and slip zone temperature during the slide-hold-slide test. We
suspended the sliding for 104 s after steady state had been attained at V = 22mm/s (steady state friction coefficient of first
run, μss, 1st = 0.2), then allowed sliding again at V = 150 μm/s where dynamic weakening does not occur. The coefficient
of friction instantaneously recovered to ~0.32 (initial friction coefficient of second run, μi, 2nd) after the holding, then
increased gradually to 0.54, which corresponds to μss for a 15.3 wt % mixture, as obtained from a continuous shearing
experiment. We defined the strength recovery during the hold period by using Δμ = (μi, 2nd � μss, 1st). Temperature was
measured using a K type thermocouple, the tip of which was exposed to the sliding surface of the host rock cylinder.
(b) Coefficient of friction plotted against slip displacement for the second runs with hold times of 0–52,948 s. Each friction
displacement curve represents an individual experiment. Although μss, 1st varies in the experiments (0.05–0.22), Δμ
increases logarithmically with holding time. The shaded area shows the range of μss for a mixture with 15.3 wt % smectite at
V = 150 μm/s, as obtained from continuous shearing experiments. Normal stress to the simulated fault was kept constant
during the hold period for all runs. Note that a slight kickback (reverse rotation) of the servo-controlled motor at the
cessation of the first run acted to remove shear stress during the hold period.
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can be recognized perpendicular to
the gouge zone, and these quartz
grains are usually in contact with
each other (red arrows in Figure 7h).
The gouge zone with sandstone
host rocks sheared at V=22mm/s
shows similar textures (Figures 7i–7l).
The higher proportion of fine
matrix (Figure 7j) compared with
the case with gabbro host rocks
may be attributable to the greater
displacement (d=10.35m). In
addition, the rough surfaces of the
sandstone cylinders (compare
Figures 7e and 7i) might have
enhanced the comminution of
grains as proposed by Niemeijer
et al. [2010]. However, it should be
noted that the gouge zones in runs
with both gabbro and sandstone
host rocks show a random and
homogeneous deformation fabric,
even though their mechanical
behavior is quite different (Figure 4).

5. Discussion and Implications
5.1. Dynamic Weakening at Intermediate Slip Rates

The dramatic slip weakening of smectite-quartz mixtures observed at a slip rate of ~10�2m/s occurs at a slip
rate of 1 to 2 orders of magnitude lower than that observed in previous experiments with various types
of rocks and gouges (10�1 to 100m/s) [Di Toro et al., 2011]. The increases in bulk temperature in the gouge
zone during weakening (to 40–50°C, Figures 4, 5a, and 6) were insufficient to induce dynamic weakening
mechanisms, such as thermal decomposition and frictional melting, at coseismic slip rates [see Di Toro et al.,
2011]. In addition, a gouge zone with sandstone host rocks attained a higher temperature than that with
gabbro host rocks. Thus, the weakness of mixed gouges at intermediate slip rates and with gabbro host rocks
was not simply caused by frictional heating. Weakening due to silica gel formation [Goldsby and Tullis, 2002]
can also be ruled out because pure quartz gouge does not show such weakening. Numerous studies have
shown fabric development to be an effective weakening mechanism at low slip rates [e.g., Bos and Spiers,
2001; Collettini et al., 2009; Oohashi et al., 2013]. However, fabrics such as an interconnected weak mineral
network or through-going slip surfaces (e.g., see Collettini et al. [2009, Figure 4a] and Oohashi et al. [2013,
Figure 8]) could not be recognized from the experiments, indicating low μss at an intermediate slip rate
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Figure 6. Initial friction coefficients of the second run (μi, 2nd) and strength
recovery (Δμ) obtained from slide-hold-slide tests plotted against hold time
with a logarithmic scale. The shaded area shows the range of μss for a mixture
with 15.3 wt % smectite at V = 150 μm/s obtained from continuous shearing
experiments. The green curve is a representative temperature profile of a
sliding surface during the hold period. The star denotes themaximum temperature
achieved during the first run. Note that a negative Δμ (�0.02) observed from
the hold period of 0 s (see Figure 5b) is not shown in the diagram.

Table 1. Summary of Permeability Measurementsa

Smectite Fraction

Gouge Permeability (m2) at ΔPp = 0.2 MPa

Shear displacement

Preshear Sheared (V = 22mm/s)

Pc (MPa) = 2 3 Pc (MPa) = 2 3

0 wt % 6.32E�14 4.63E�14 – – –
15.3 wt % 6.80E�18 1.62E�18 2.99E�18 7.78E�19 5.46m
26.8 wt % 2.46E�19 1.19E�19 6.07E�20 3.55E�20 5.61m

aΔPp = (upstream pore pressure � downstream pore pressure).
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(V=22mm/s). Therefore, neither thermal decomposition and frictional melting nor fabric-induced weakening
is likely to be associated with the weakening at intermediate slip rates. We consider that an increase in pore
pressure in the smectite-bearing gouge zone is potentially the cause of the observed weakening, because the
permeability of the host rock has a large effect on a pore pressure rise and because the mechanical behavior of
a fault zone differs with the host rock.

Figure 7. Textures of gouge zones with 15.3 wt % smectite, sheared at (a–d) V = 30 μm/s with gabbro host rocks;
(e–h) V= 22mm/s, gabbro; and (i–l) V= 22mm/s, sandstone. The first image of each group is a panoramic, plane-polarized
light photo; the right end corresponds to the outer edge of the cylinder and half arrows indicate the shear direction. All other
images are close-up, backscattered electron SEM photos. Red arrows in Figure 7h show quartz-quartz grain contacts.
Solid lines in Figure 7i denote host rock-gouge boundaries.
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In the high-velocity friction experiments, pore pressure can be elevated during the shearing in the following
ways: dehydration of hydrousminerals and vaporization of pore fluids due to frictional heat, and shear-enhanced
compaction [see Brantut et al., 2008; Ujiie et al., 2011; Faulkner et al., 2011]. In this section, we examine the former
case. The vaporization of water is considered to occur due to locally elevated temperature within the gouge
zone that results from flash heating at sliding asperity contacts between grains, even though the bulk
temperature remained below 100°C (see Hirose and Bystricky [2007] for the case of serpentine dehydration).
The flash temperature at asperity contacts can be estimated as follows:

ΔT ¼ 0:345
μπpm
ρCp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aVa

2κ=ρCp

s
(3)

where μ is the coefficient of friction, ρ is density, Cp is the heat capacity, Pm is the compressive yield
strength, κ is thermal conductivity, a is the asperity contact radius, and Va is the sliding velocity at asperity
contacts [Archard, 1959; O’Hara, 2005]. We used the following values to calculate the temperature at
quartz-quartz grain contacts: ρ= 2700 kg/m3, Cp= 760 J/kg K, Pm = 8GPa [Masuda et al., 2000], and
κ = 1.38W/mK. We estimated a= 10 μmbased on textural observations (see Figure 7h). For V = 22mm/s, we
assumed Va = 2mm/s, because slip seemed to be distributed within the gouge zone and about 10 large
grains of quartz are usually recognized perpendicular to the zone (see Figure 7f, with an assumption of
homogeneous strain). The calculated temperature ΔΤ at V= 22mm/s is 309°C, high enough to vaporize the
pore water at a pressure of 2MPa (boiling temperature = 210°C, calculated using the Antoine equation).
Also, the calculated temperature is high enough to cause dehydration of smectite [Colten-Bradley, 1987],
which may enhance fluid pressure. In contrast, ΔΤ at V= 150 μm/s is suppressed to <84°C (even if we
assume Va = 150 μm/s), which cannot lead to vaporization (and significant dehydration of smectite) and
resultant weakening.

Friction showed variable behavior for mixtures with 7.7–19.1 wt % smectite sheared at V=1.3mm/s, and for
a mixture with 7.7 wt % smectite sheared at V=22 and 56mm/s. In cases where friction showed variable
behavior, we did not find visible gouge leakage and/or evidence of episodic rotation of the Teflon sleeve, which
would cause an irregular change in traction between the host rocks and Teflon sleeve. Although observations
of texture during the variable behavior are lacking, the behavior can be considered a “transitional behavior”
that occurs between conditions where microscopic thermal pressurization is ineffective and where it becomes
effective. Va of about 1mm/s is a threshold at which the temperature of asperity contacts becomes equal to
boiling temperature under a pressure of 2MPa. Thus, the variable behavior at V = 1.3mm/s may be caused
by episodic activation/deactivation of vaporization due to slight decreases/increases in the width of the
active slip zone (temporal slip localization) during shearing, which causes a fluctuation in sliding velocity at
the asperity contacts. On the other hand, the behavior observed for a mixture with 7.7 wt % smectite at
V=22 and 56mm/smay be explained by the competing effects of pressurization and diffusion during shearing,
due to the high permeability of the gouge.

5.2. Effect of Compaction-Induced Pressurization on Weakness at Intermediate to High Slip Rates

For V= 150μm/s, mixtures with ≥23 wt % smectite exhibited low friction values within the first 1m of
displacement, then the friction gradually increased to a steady state through 1–2m of displacement. Flash
heating at a sliding asperity cannot explain this low friction because the estimated temperature is insufficient
to vaporize pressurized pore water. In addition, the strength recovery during slide-hold-slide tests at
V= 22mm/s occurs over a much longer time than the decay of measured slip zone temperature. This implies
that not only frictional heating but also other factors have an effect on weakening at intermediate velocities.
Therefore, we examine the effect of compaction-induced pressurization on weakening.

Compaction-induced pressurization is efficient when the compaction (porosity loss) proceeds faster than
the diffusion of the pore fluids. The slip rate and displacement at the center of the specimen is zero, so
shear-enhanced compaction should be negligible there, but they gradually increase to a maximum
approaching the periphery of the gouge zone. The pressurized pore fluids near the periphery of the gouge
may be released by either drainage through the gap between the cylinders and the Teflon sleeve or by
migration into the center of the gouge, due to the low permeability of the gabbro host rocks. Torque due
to the shear stress acting on the outer half of the gouge zone is as large as 87.5% of the total torque produced
by shear stress acting on the entire surface, if the shear stress is uniform. Thus, we estimate the time required
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for the pressurized fluids in the outer half of the gouge zone to migrate to the center or the periphery of the
gouge (a distance of radius/2), to assess the time taken for the outer half of the gouge zone to recover to an
unpressurized state.

The characteristic diffusion time, tD, for the radial flow of pressurized fluids can be estimated as follows:

tD ¼ d2=Dh (4)

where d is the characteristic distance and Dh is hydraulic diffusivity [Ingebritsen and Sanford, 1998]. Dh is
given by Dh= k/φη(βf+ βm), where k is permeability, φ is porosity, η is the viscosity of pore fluid, and βf and βm
are the compressibility of pore fluid and matrix, respectively. These relationships define the time, tD, at which
the pressure change at d will be 1/10 of the pressure change at the pressure sink. We assumed the following
values to calculate the tD of pore water: d=6.25×10

�3m (radius/2), βf =0.45×10
�9m2/N, βm=2.1×10�6m2/N

(compressibility of soft clay) [Domenico andMifflin, 1965], φ=0.26, and η=1×10�3 Pa s. Because the permeability
of the gouge changes as shearing progresses, we adopted values of k of both the unsheared gouge
(1.62 × 10�18m2) and the sheared gouge (7.78 × 10�19m2) of the mixture with 15.3 wt % smectite (Table 1).
The calculated tD is 1.31–2.75 × 104 s, which is comparable to the duration of compaction, tC, of about
1 × 104 s at V=30μm/s (Figure 8a) but longer than tC of about 1–3×10

3 s at V=150μm/s (Figure 8b).

These results suggest that the pore pressure rise due to shear-induced compaction was not generated for
experiments at V ≤ 30μm/s, because the pressurized fluids diffused at almost the same time as compaction
occurred. In contrast, for the experiments at V= 150μm/s, rapid compaction, which progressed faster
than diffusion, may cause a rise in pore pressure and resultant low frictional strength in the first ~1m of
displacement; subsequent diffusion may promote slip strengthening. Since pressurization may increase
when gouge permeability decreases and/or shear compaction progresses rapidly, pressurization may also
have contributed to reducing the friction for the experiments using mixtures with >15.3 wt % smectite and
at V> 150μm/s (see the shortening curves for higher sliding velocities in Figure 8c). However, this process
only occurs if the fault zone possesses high initial porosity that can be lost with slip. In fact, we have confirmed
that the low friction in an early stage of sliding was suppressed when we slid the same specimen again
(see mechanical behavior and axial shortening of hvr3513-2 in Figures 5b and 8b). The calculated diffusion
time also indicates that the strength recovery during slide-hold-slide tests, which were completed after a hold
time of about 104 s, can be explained by diffusion of elevated pore pressure.

5.3. Effect of Permeability on the Intermediate Velocity Frictional Behavior of Fault Zones

Most of the friction at intermediate to high slip rates reported in this paper is not a material property of the
gouge but rather an “apparent friction” as a consequence of fluid overpressure, as numerically demonstrated
by Tanikawa et al. [2013] in the case of high-velocity sliding. The permeability of the gouge zones shows a
rapid decrease with increasing smectite content up to only 20wt %, and the rate of permeability reduction
was more significant when the gouge experienced shearing (Table 1). Our SEM images of these gouges
show a densely packed, fine matrix of quartz and smectite, and this may explain the low permeability at low
smectite contents. The high permeability of the pure quartz gouge may explain why this gouge did not
weaken at intermediate slip rates.

The experiments with sandstone host rocks clearly demonstrated that impermeable surroundings are
necessary to bring about weakening at intermediate velocities. In the case of experiments with sandstone
host rocks, pressurized fluids are considered to escape into the host rocks by migration perpendicular to
the zone, due to the high permeability of the sandstone. The calculated tD for this configuration (using
d=0.5 × 10�3m, gouge thickness/2, and k= 1.62 × 10�18 to 7.78 × 10�19m2) is 84–176 s, rapid enough to
diffuse the elevated pressure (and thus produce slip-strengthening behavior) during the experiment. Those
results imply that we have to be careful about the effect of pore pressure when we measure the intrinsic
frictional properties of such an impermeable material even under several tens or hundreds of μm/s. Overall,
we conclude that the abrupt strength reduction observed for mixtures with ≥15.3 wt % smectite at
intermediate velocities and with gabbro host rocks was caused by microscopic thermal pressurization and
compaction-induced pressurization assisted by the low permeability of the gouge and host rocks. Those
weakening processes at intermediate velocities may also be important for impermeable natural fault gouge,
such as clay-rich and/or extremely fine-grained fault gouge.
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5.4. Implications for Subduction
Zone Earthquakes

Although seismic slip is basically a pulse-like
rupture with various rates of acceleration and
deceleration, our results of constant slip rate
experimentsmay have important implications
for understanding the frictional responses
of the shallow plate interface to updip
rupture propagation. During interseismic
periods, faults poor in smectite (roughly
<30 wt %) (e.g., the megasplay fault in the
Nankai Trough; [Guo and Underwood, 2012])
may have high friction values of μ=0.5–0.6
under low slip rates, whereas smectite-rich
faults (>30 wt %) developed in hemipelagic
sediments (e.g., the décollement in the
Nankai Trough; [Underwood and Guo, 2013])
have lower values of μ< 0.3 (see Figure 9).
At an early stage of seismic sliding, faults
with relatively low smectite content
(15–30 wt %) likely lose strength abruptly
at intermediate velocities of mm/s to cm/s
due to microscopic thermal pressurization
plus compaction-induced pressurization.
This characteristic accelerates a fault slip
in response to rupture propagation and
potentially facilitates large coseismic slip
and stress drop (red arrow in Figure 9).
Impermeable surroundings are needed
for fault weakening to operate, and the
permeability of marine sediments is usually as
low as the gabbro used in our experiments
[Gamage et al., 2011]. Faults with >50 wt %
smectite content have been found in pelagic
claystone on incoming oceanic plates
(e.g., the décollement in the Japan Trench;
[Kameda et al., 2014]). In such a fault, small
but perceptible stress drops will be expected
to occur (blue arrow in Figure 9) during an
earthquake owing to the weaknesses at low
slip rates and the velocity-weakening
characteristics at intermediate to high slip
rates (Figure 3a).

To activate weakening at intermediate slip
rates, faults need to slip ~1m beyond the
slip-strengthening stage (see Figure 3a;
slip-strengthening behavior in first 0.3–0.8m
displacement at V=1.3 and 22mm/s) and
that strengthening is expected to represent
a barrier to rupture propagation. This
property possibly leads to slow slip (less than
mm/s) if a fault motion does not overcome
the barrier. On the other hand, if a fault can
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Figure 8. Axial shortening of themixed gouge layer plotted against time
(and slip displacement) for the experiments at (a) V=30μm/s and
(b) V=150μm/s. The term “wt %” in the figure refers to the content of
smectite. Progressive shortening, mainly due to shear-induced compac-
tion, was observed in the first 10,000 s and 1000–3000 s of the experi-
ments at V=30 and 150μm/s, respectively, although we observed large
shortening, probably due to leakage of the gouge, in several experi-
ments. The hvr3513-2 (see Figure 5b, a slide-hold-slide test with the
longest hold time of about 53,000 s) was sheared at V=150μm/s after
the first run of about 2.6m in displacement. (c) Axial shortening of the
mixed gouge layer with 15.3 wt % smectite plotted against time for the
experiments at V=30μm/s to 1.3m/s (logarithmic scale).
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overcome the barrier by slip, large coseismic slip
may propagate updip along a plate boundary fault
toward a trench, like the 2011 Tohoku earthquake.

Smectite is more abundant in the southeastern
Pacific than in the northwestern Pacific [Griffin et al.,
1968] and is more abundant in the northwestern
Pacific than in the Shikoku Basin [Aoki et al., 2001].
The spatial heterogeneity of smectite content in
sediments may be responsible for differences in
seismicity or rupture mode between the Peru-Chile
Trench, the Japan Trench, and the Nankai Trough.

6. Conclusions

1. We investigated the frictional properties of
water-saturated smectite-quartz mixtures at slip
rates from 30μm/s to 1.3m/s and with gabbro or
sandstone host rocks. At low slip rates of 30μm/s
and gabbro host rocks, the mixtures exhibited
rapid strengthening within the first 0.5m of
displacement, then attained a steady state
friction. The relationship between steady state
friction coefficient and smectite content can be
fitted to a sigmoidal curve, and it decreased
gradually from 0.5–0.6 to 0.1 with increasing
smectite content (from 20 to 50 wt %). At slip

rates higher than 1.3mm/s, friction exhibits marked slip weakening, resulting in low friction coefficients
of 0.1–0.05 even for low smectite contents (roughly <30 wt %). Thus, the relationship between steady
state friction and smectite content suddenly falls to the friction level of pure smectite at a smectite
content of only 10–30 wt %. Drastic slip weakening at smectite contents of 10–30 wt % occurs at slip
rates of ~10mm/s, which is 1 to 2 orders of magnitude less than that at which slip weakening was
observed in previous experiments on various rock types.

2. In contrast, for the experiments with sandstone host rocks, friction at intermediate velocity shows a
completely different behavior: gradually increasing with displacement and then reaching higher
steady state friction coefficients than experiments with gabbro host rocks. The permeability of the
gouge zones showed a rapid decrease with increasing smectite content up to only 20 wt %, and the
reduction in the rate of permeability was more significant when the gouge experienced shearing.
Estimates of both flash heating at asperity contacts and the diffusion time of elevated pore pressure
suggest that weakening was caused by a rise in pore pressure due to shear-enhanced compaction and
microscopic thermal pressurization of pore fluids assisted by the (shear-induced) low permeability of
the gouge and host rocks.

3. For the experiments that exhibited high μss at low slip rates with gabbro host rocks, low μss at intermediate
slip rates with gabbro host rocks, and high μss at intermediate slip rates with sandstone host rocks, fault
zone microstructures did not show clear differences in fabric development. Thus, the weakness of
mixed smectite-quartz gouges at intermediate slip rates and with gabbro host rocks was not primarily
caused by the development of a fabric such as a foliated network of clay particles.

4. Marine sediments along subduction zones usually contain variable amounts of smectite. Based on our
experiments, a fault zone lacking smectite (0–10 wt %) only shows dynamic weakening when the slip
velocity attains a seismic slip rate of m/s. On the other hand, a fault zone with a relatively low smectite
content (15–30 wt %) likely loses strength abruptly at intermediate velocities in response to rupture
propagation from seismogenic depths, leading to an acceleration in fault motion, which potentially
facilitates both large coseismic slip and a stress drop near the trench. For a fault zone with abundant
smectite (>50 wt %), small stress drops are expected to occur during an earthquake owing to the static
weakness and the velocity-weakening characteristics at intermediate to high slip rates.
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5. Our results clearly indicate that the amount of smectite, and related hydrological properties of fault
zones, significantly affects slip behavior at below seismic, subseismic, and seismic slip rates. The wide
diversity of frictional behavior among the mixtures with different smectite contents emphasizes the
importance of a better understanding of the mineral assemblages of incoming sediments and their spatial
distributions along subduction thrust faults.
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