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Most previous experiments conducted on water-saturated clay-rich gouges sheared under extreme deformation
conditions (including seismic slip rates e.g., 1 m/s, and displacements exceeding several meters) relied on gouge
confinement using Polytetrafluoroethene (Teflon). Use of Teflon restricts such experiments to low normal stresses
(<2 MPa), which represents a significant limitation in our understanding of earthquake physics and seismic
hazard assessment. To understand how normal stress and fluid affect the frictional behavior and deformation
processes of clay-rich slipping zones, we performed rotary shear experiments using a purpose-built sample holder
on water-saturated kaolinite gouges at a slip rate of 1 m/s and normal stresses ranging from 2 to 18 MPa. Results
show that the apparent friction coefficient, 4, increases up to a peak value, pp, of ~0.17-0.46, associated with
marked gouge compaction. This is followed by dramatic weakening with increasing displacement to a steady-
state value, pz ~0.02-0.26 accompanied by gouge dilation. In-situ synchrotron X-ray diffraction and field-
emission scanning electron microscopy show that clay aggregates within the gouge layer have a random fab-
ric and do not experience mineral phase changes. On the basis of temperature measurements made during the
experiments combined with a thermo-hydro-mechanical model, our results suggest that pore fluids within the
gouge layer were mainly in liquid form during shearing. We conclude that dramatic weakening of kaolinite
gouges at seismic rates under impermeable conditions is due to thermal pressurization, resulting in fluidization of
the gouges. Our new experimental approach could be used to better understand earthquake physics and frictional
processes of geological and civil interest.

et al., 1996; Vrolijk and van der Pluijm, 1999; Kuo et al., 2009; Si et al.,
2014). The frictional properties of water-saturated clay-rich gouges

1. Introduction

Catastrophic events such as earthquakes, tsunamis, and landslides
are often associated with large coseismic slip localized to relatively thin
fault and slip zones (Ma et al., 2006; Chester et al., 2013; Li et al., 2013).
Therefore, understanding the strength and frictional behavior of slip-
ping zones, and the associated deformation mechanisms, is crucial for
earthquake physics and seismic hazard assessment (Scholz, 2000; Morre
and Rymer, 2007; Collettini et al., 2009; Schleicher et al., 2010; Car-
penter et al., 2011; Di Toro et al., 2011; Niemeijer et al., 2012).

At shallow crustal depths, water-saturated clay-rich gouges are
common components of fault slipping zones (Chester et al., 1993; Caine

have been experimentally investigated under a wide range of deforma-
tion conditions, including (1) slip rates of 1 pm/s to 1 mm/s and normal
stresses ranging from 1 MPa to 200 MPa (Bos et al., 2000; Boulton et al.,
2014; Brown et al., 2003; Carpenter et al., 2009, 2011, 2012; Chen et al.,
2015; Faulkner et al., 2011; Ikari et al., 2009; Lockner et al., 2011; Logan
and Rauenzahn, 1987; Morrow et al., 2000; Niemeijer and Collettini,
2014; Takahashi et al., 2007) and (2) intermediate (1 mm/s to 10 cm/s;
Chen et al., 2017; Ferri et al., 2011; Lavallée et al., 2014; Yao et al.,
2018) to high (10 cm/s to 10 m/s; Boulton et al., 2017; Chen et al., 2013;
De Paola et al., 2011; Ferri et al., 2010, 2011; Lavallée et al., 2014; Ujiie
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and Tsutsumi, 2010; Yao et al., 2018) slip rates and normal stresses
ranging from 0.3 to 2 MPa (Fig. 1). Experimental studies of rock and
gouge friction at intermediate to high slip rates have mainly been con-
ducted with rotary shear-type experimental assemblies (e.g. Tsutsumi
and Shimamoto, 1997).

In high-slip-rate rotary shear experiments, clay-rich gouges are
typically contained in cylindrical or ring-shaped holders by Polytetra-
fluoroethene (Teflon) sleeves, which have a very low friction coefficient
when in contact with Teflon or other materials (e.g., Mizoguchi et al.,
2007; references therein). However, gouge extrusion is difficult to pre-
vent in high-velocity experiments, which often results in additional
friction between the Teflon and other sample pieces (see the detailed
discussion of Teflon sleeve in Sawai et al., 2012). For this reason, most of
the rotary-shear friction experiments on water-saturated clay-rich
gouges have been performed at relatively low normal stresses (<2 MPa;
Fig. 1a).

The addition of confining fluids to the gouge layer in the rotary shear
configuration has represented a major challenge. Only a small number of
rotary shear apparatus are capable of conducting experiments at

(a)
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elevated temperatures in the presence of fluids, and at intermediate slip
rates with relatively short displacements (e.g., <1 m; Niemeijer et al.,
2008). Additionally, pore fluid pressures within gouge layers deformed
at high-velocity are expected to transiently increase by shear-induced
compaction (Faulkner et al., 2018), thermal pressurization (Faulkner
et al., 2011), or thermochemical pressurization of water expelled from
the crystal structure (Ferri et al., 2011). Rapid and extreme pressuriza-
tion of pore fluid can result in decreasing contact between confining
rings and other sample holder pieces, which facilitates gouge extrusion
and a decrease of pore fluid pressures within the gouge layer. Because of
the poor control on pore-fluid-pressures, most previous rotary shear
experimental studies report the frictional strength of water-saturated
gouges as the apparent friction coefficient (the ratio of measured
shear stress over applied normal stress) (Yao et al., 2018; Rempe et al.,
2020), which differs from the effective friction coefficient (the ratio of
measured shear stress over effective normal stress (i.e., applied normal
stress minus pore fluid pressure); Aretusini et al., 2021; Hunfeld et al.,
2021) (Fig. 1b).

In this paper, we performed rotary shear friction experiments on
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Fig. 1. Summary of rock friction experiments conducted on water-saturated gouge materials. (a) Normal stresses and slip rates of reported rock friction experiments,
and (b) the associated steady-state (apparent or effective) friction coefficient versus slip rates. Red area in (a) and the red symbols in (b) show the experimental
conditions and the associated apparent friction coefficients, respectively, used in this study. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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simulated fault gouges made of pure kaolinite using a purpose-built
sample holder capable of reaching very high shear strains at high
normal stresses (up to 18 MPa) and water-saturated conditions. Because
pore fluid pressure could not be monitored or controlled, we report
apparent friction coefficients and investigate transient mechanical and
thermal pressurization processes using a thermo-hydro-mechanical
model. We aim to investigate how normal stress and the presence of
fluid affect the frictional behavior of a slipping zone, and to better
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understand the effects of thermal pressurization and gouge fluidization
processes on the frictional behavior of pure kaolinite gouges at seismic
slip rates under impermeable conditions. Our results may be applicable
to frictional processes resulting in earthquakes or landslides because
these commonly contain a considerable amount of clay minerals in their
slipping zones (e.g., Kuo et al., 2009; 2011; Wu et al., 2005; 2017; Yang
et al., 2014).

(b) stage 3: push out the rotary cylinder after the experiment
gouge layer — 4_

stationary base
filter paper

stage 2: compact the oversturated sample

stage 1: before and after filling samples

(d)

Fig. 2. The purpose-built sample holder and the low to high velocity rotary shear apparatus (LHVR) at NCU, Taiwan. (a) Photograph of the disassembled gouge
holder. (b) Steps of sample preparation for the LHVR experiments. (c) Photograph and scale diagram of assembled gouge holder. (d) The LHVR equipped with the
purpose-built sample holder.
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2. Methods
2.1. Clay gouge sample holder and sample preparation

The sample holder was constructed to perform experiments on clay-
rich gouges deformed under shallow crustal earthquake-like conditions:
slip velocity of V > 0.1 m/s and normal stresses of 2 < ¢ < 20 MPa
(Figs. 1a and 2). Clay-rich gouges are confined by a phosphor brass ring,
a cylinder of stainless steel (rotary cylinder; 25 mm external diameter)
and a stationary base of stainless steel (Fig. 2a). Rotary motion of the
cylinder is driven by an axial locker connected to the rotary column of
the low to high velocity rotary shear apparatus (LHVR). Normal load to
the gouge layer is applied by the loading column of LHVR (Kuo et al.,
2015).

The methods used to prevent gouge extrusion (or water leakage) and
to obtain water-saturated conditions during the experiments are
described in detail below. The stationary base and the cylinder are
etched with a cross-hatch pattern to provide roughness at the boundaries
of the gouge layer (Fig. 2b). The side wall of the cylinder is excavated to
allow insertion of a V-shaped oil seal to confine water during the ex-
periments (the green part of the rotary cylinder in Fig. 2a). There is 2
mm between the cross-hatch pattern on the rotary side and the exca-
vation on the opposing side. Because air exists in the V-shaped space of
the oil seal, water was piped into the V-shaped oil seal to expel air. The
phosphor brass ring, the outer ring, and the cylinder of stainless steel
(and other parts) are assembled before the wet clay samples are added
(left portion of stage 1 in Fig. 2b). After adding the wet clay samples
(right portion of stage 1 in Fig. 2b), we (1) cover the gouge layer with
filter paper which allows for pore fluid drainage without gouge injection
through the fluid outlet, (2) put the stationary base on the top of the
sample holder, (3) mount the bolts to connect the stationary base and
the outer ring, (4) confirm that air is expelled through the fluid outlet in
the stationary base by manually compacting the cylinder and observing
pore fluid drainage (Fig. 2b and c), and finally, (5) load the sample
holder in to the LHVR (Fig. 2d).

The gouge samples are then compacted at the desired normal load for
30 min. During compaction, pore fluid can drain through the fluid outlet
to the atmosphere or it can be compressed into the V-shaped oil seal
(Fig. 2c). In the latter case, the V-shaped oil seal is expected to be
pressurized by the fluids. The pressurized V-shaped oil seal prevents
gouge extrusion when the cylinder rotates and slides over the ring-
shaped phosphor brass during experiments, but also results in addi-
tional friction between the cylinder and the confined ring-shaped
phosphor brass. Therefore, calibration tests using a gouge sample
holder containing only water at various normal loads are required. After
compaction of the gouge layer, the fluid outlet is closed. After the
experiment, the V-shaped oil seal is not damaged or thermally
decomposed.

2.2. Experimental procedures

We conducted experiments on 2 g of pure kaolinite with the LHVR
installed at the National Central University (NCU), Taiwan. Because of
the rotary configuration of the machine, both slip and slip rate increase
towards the outer radius of the gouge layer. By following Hirose and
Shimamoto (2005), we define the equivalent slip rate V,:

_ARR(rL, + Tewlin + 1

ext e)cr) [ﬂ} (l )

Ve
3 (rz’xt + rinr) s

where R is the revolution rate of the motor (i.e., the target R is 1149 rpm
in this study), rext the external radius (12.5 mm), and riy; the internal
radius (0 mm) of the samples (Fig. 2b). The aforementioned experi-
mental conditions resulted in a target V. of 1 m/s. Hereafter we refer to
the “equivalent slip rate” as the slip rate. By assuming shear stress 7 is
nearly constant over the entire slip surface (Hirose and Shimamoto,
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2005), the measured torque (M) is converted to the shear stress (7):
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From Eq. (2), the apparent friction coefficient y is shear stress
versus normal stress o:
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The measured torque is the sum of the torque generated by defor-
mation within the kaolinite gouge layer and the torque generated by
friction due to contact between the cylinder (including the V-shaped oil
seal) and the phosphor brass ring (referred to below as the intrinsic
torque). In this study, we used calibration tests to determine the intrinsic
torque and subtracted this from the total measured torque.

The experiments were conducted at normal stresses of 2, 5, 10, 15,
and 18 MPa, at a target equivalent slip rate of 1 m/s and under water-
saturated conditions. The acceleration and deceleration rates are 3.5
m/s%. Mechanical data (torque, angular rotation, and axial displace-
ment) were acquired at a frequency of 1 kHz. The initial gouge layer
thickness was measured after compacting the gouge layer before the
onset of shear. All experiments had an initial gouge layer thickness of
1.5 + 0.2 mm prior to deformation. Because the state of the pore fluid
within the gouge layer is crucial for recognizing its role in dynamic
weakening, we conducted an additional experiment with a thermo-
couple to illustrate the temperature evolution with displacement. For
this experiment, we drilled a hole at radial distance of ~8.3 mm from the
center of the gouge layer (~two third of the radius of the gouge layer)
and manually embedded a K-type sheath thermocouple (Ni-Cr ther-
mocouple wires) into the stationary base. The tip of thermocouple was
~0.5 mm from one edge of the gouge layer and allowed for temperature
to be estimated within the gouge layer during the experiment.

2.3. Microanalytical methods

After the experiments, the gouge layers deformed in wet conditions
were poorly cohesive (shown as stage 3 in Fig. 2b). Therefore, we
impregnated the gouge layers with an epoxy resin after the experimental
products were dried in an environmental condition (at room tempera-
ture). We prepared petrographic thin sections and gouge layer slices
~1.5 mm thick which were cut perpendicular to the slipping surface for
scanning electron microscopy. We used the field emission scanning
electron microscope equipped with an energy dispersive spectrometer
(FESEM/EDX; JSM-7000 F model) at the National Central University,
Taiwan, to investigate the microstructures of the gouge layers. For SEM
observations, both the petrographic sections and gouge slices were
sputtered with a 10 nm thick platinum coat.

In addition, the gouge layer slices were also used for in-situ syn-
chrotron X-ray diffraction (XRD). We utilized the synchrotron XRD
installed at beamline BLO1C2 in the National Synchrotron Radiation
Research Center (NSRRC), Taiwan, to determine the mineral assem-
blages of the gouge layer before and after the LHVR experiments. The
gouge layer slices were analyzed with X-rays at a wavelength of
0.774910 A, with an electron beam energy of 1.5 GeV and a beam size of
100 pm diameter (e.g., Si et al., 2018; Hung et al., 2019; Wu et al.,
2020).

3. Results
3.1. Starting materials

We used crystallized kaolinite particles (KA0O0O1) received from
Green Version Technology Ltd. as the starting materials. The liquid limit

and plastic limit of kaolinite powder (CAS number: 1332-58-7) are 60
and 41, respectively (Alshibli and Akbas, 2007). The kaolinite (>90% in
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volume) is < 14.65 pm in diameter with the mean diameter of 5.20 pm
(Fig. 3), measured using a particle size laser diffraction analyzer
(Beckman Coulter LS 13 320). The kaolinite (>90% in volume) after an
experiment at 10 MPa (LHVR1223) is < 6.33 pm in diameter with the
mean diameter of 2.70 pm (Fig. 3). This suggests that breakage of
kaolinite grains occurred (i.e. smearing of kaolinite particles) during this
large displacement experiment. Further details of the microstructure
and mineralogy of kaolinite both in the starting materials and deformed
samples are included below.

3.2. Calibration and limitation of the clay-gouge sample holder

To obtain the intrinsic torque of the sample holder (i.e., the friction
derived from the contact between the cylinder (including the V-shaped
oil seal) and the ring-shaped phosphor brass), we conducted a series of
LHVR experiments using water only at a slip velocity of 1 m/s and a
range of different normal stresses from 2 to 18 MPa (Fig. 4). All exper-
iments and their corresponding conditions are listed in Table 1. During
the experiments, no water leaks were observed.

The intrinsic torque evolves with displacement and varies slightly
depending on the normal load (Fig. 4a), but overall, the strength trend is
similar at different normal loads (Fig. 4b). Between 2 and 18 MPa
normal stress, the measured torque initially increases to a peak value of
~1.95-3.14 Nm and then decreases with displacement to reach a steady-
state value of ~1.35-1.85 Nm (Fig. 4a). We plot the measured peak and
steady-state torques as a function of normal stress (Fig. 4b). This shows
that the peak torque depends weakly on the applied normal stress. In
contrast, the steady-state torque shows a relatively constant value and is
independent of normal stress. There is constant dilation with increasing
displacement (a total of ~0.1 mm of dilation after 20 m slip) which is
independent of normal stress (Fig. 4a).

The metal sample holder contains almost constant intrinsic steady-
state frictional resistance (the torque from the contact between metal
and the V-shaped oil seal) from 2 to 18 MPa (Fig. 4). The presence of
extruded gouge particles at the edge of the layer (Fig. 2b) likely results in
additional shear resistance during sliding. The combination of intrinsic
torque and the extruded gouge will contribute significantly to the

100
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Fig. 3. Cumulative grain size distributions of the tested kaolinite samples
before and after experiments (deformed at 10 MPa; LHVR1223) determined
with a commercial laser diffraction particle size analyzer (Beckman Coulter LS
13 320).
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measured torque if experiments are performed at low normal stresses (e.
g., 2 MPa). Therefore, the gouge sample holder was designed for gouge
materials deformed at normal stresses >2 MPa. The conditions used in
previous rotary or ring shear apparatuses are listed for comparison with
the new sample holder in Table 2.

3.3. Correction of the mechanical data of clay-gouge sample holder

Fig. 5a shows the torque before and after the correction to account
for the intrinsic torque of the sample holder in experiment LHVR1215
(water-saturated kaolinite gouge, 1 m/s, 15 MPa). A comparison of the
calibration test with the measured torque in experiment LHVR 1215
(Fig. 5a) shows that the contribution to torque from the sample holder in
this experiment was equivalent to ~33% of the measured torque during
steady-state sliding. Because the intrinsic torque of the sample holder is
similar at all measured normal stresses (2-18 MPa; Fig. 4), this indicates
that the contribution to torque from the sample holder will increase at
lower normal stresses. In this study, we report mechanical data
following a correction to account for the torque contribution from the
sample holder. For each experiment, we corrected the measured torque
values by subtracting the intrinsic torque of the gouge sample holder at
the same normal stress. A summary of the experimental conditions and
the mechanical data from the calibration tests is shown in Table 1.

We use the empirical equations of Hirose and Shimamoto (2005) and
Mizoguchi et al. (2007) to fit the slip-weakening behavior observed in
the experiments (example of LHVR 1215 at 15 MPa shown in Fig. 5b).
Three key parameters are: the peak friction yy, the steady-state friction
Uss, and the critical slip weakening distance D:

H= o+ (i, )OO @

In fitting equation (4), values of y, and u; were manually deter-
mined. yp in experiment LHVR 1215 was at a displacement of ~1 m, and
D. was determined using equation (4). The parameter D, is defined as
the slip distance needed to achieve 95% of the total weakening towards
steady-state friction, and is often interpreted as the distance needed for
the slipping zone to weaken during an earthquake (Hirose and Shima-
moto, 2005).

3.4. Mechanical data from deformed kaolinite gouge layers

The apparent friction coefficient, y, evolves with displacement and
varies as a function of normal stress (Fig. 6a). y increases to a peak value
up of ~0.17-0.46 and then dramatically decreases to a lower steady-
state value of ~0.02-0.26 (an average value during the steady-state
sliding). Regarding the entire experimental dataset, the peak shear
stress 7, and steady-state shear stress 7 increase linearly with normal
stress, resulting in an apparent friction coefficient of ~0.15 and ~0.05
for pp and p, respectively (Fig. 6b). Because our samples are initially
noncohesive, the relatively small cohesive terms can be attributed to the
presence of the V-shaped oil seal (Fig. 4a) or to weak Van der Waals or
hydrogen bonds between clay particles (Brantut et al., 2008).

The axial displacement, ¢, evolves with slip and varies at different
normal loads. During the initial 1.5 m of displacement, the gouge layers
compact ~0.10-0.18 mm due to shear-induced compaction of the clay
particles. After 1.5 m of displacement, the gouge layer gradually dilates
until the end of sliding. Following initial compaction, the gouge layers
dilate by ~0.14 (LHVR1216) to ~0.61 mm (LHVR1214). Our experi-
ments show that the onset of dilation corresponds to the initiation of slip
weakening (Fig. 6a). Mechanical work rate (power density; ® =7 V) is a
key parameter controlling the rate of temperature increase in the slip-
ping zone, which can trigger mechanically and thermally activated
weakening processes (Di Toro et al., 2011). Therefore, we plot the total
dilation (i.e. following initial compaction) of the gouge layers as a
function of the calculated power density (z5s V) in Fig. 7. The total
dilation increases linearly with increasing power density (Fig. 7).



L.-W. Kuo et al.

Journal of Structural Geology 150 (2021) 104419

(a) i — 2 MPa 1
— 5 MPa 404
] _ =10 MPa A 1
compaction ——15MPa 702
49 - axial displacement., ——18MPa J oo E | °
1 v, . 10251 @
N dilation 4-02 = @
= 5 4 o 46 &
= peak s % >
o steady-state -.-0.6 (_% . §
g ‘ 1 % 14 é
5 40835
d-10 -8
15 MPa-7 < 18 MPa _ 1.2 ® 17
~~ velocity laa ]
0 T T T T ' . ) J -0
0 5 10 15 20
displacement (m)
(b)  5-
m  peak
& steady-state
4 4
M =0.036, +1.92
. R>=0.35
E 3-
= ;
o /#//'%”i
>
g 24
s K ¢
s * $ ¢
14 M =-0.0036, + 1.54
R?*=0.13
0 T T ¥ T ) : ) i

normal stress (MPa)

Fig. 4. Intrinsic shear resistance of the sample holder (water inside only). (a) Measured torque, axial displacement, and velocity versus displacement at different
normal stresses. (b) Measured torque versus normal stress obtained at peak and steady state from experiments deformed at 1 m/s.

In addition, by fitting our mechanical data with Equation (4), we
obtain the critical slip weakening distance, D., which ranges from ~1.15
to ~4.23 m. Fig. 8 shows D, plotted as a function of normal stress,
together with a summary of previous studies conducted on dry and
saturated clay-rich gouges (Boulton et al., 2017; De Paola et al., 2011;
Ferrietal., 2011; Chenetal., 2013, 2017; Togo et al., 2011, 2016). Fig. 8
shows that at normal stresses >2 MPa, D, of dry and wet clay gouges is
independent of the applied normal stress. In addition, D of dry and wet
clay gouges at normal stresses <2 MPa is longer than the one from
normal stresses >2 MPa.

3.5. Mineralogy of starting materials and deformed gouges

Mineralogical phase changes are most likely to be detected around
the external edge of the gouge layer because of the highest rotational
velocity and temperature rise experienced there. Mineralogical phases

were determined through successive XRD analyses of thin sections cut
perpendicular to the slipping surface (Fig. 9a). No mineral phase
changes were observed in the XRD data, regardless of the applied normal
stresses or the position within the gouge layer (Fig. 9b). The results
indicate that all of the deformed gouge layers contain only the typical
crystal structure of kaolinite, identical to the starting materials (Fig. 9b).

3.6. Microstructural observations

Microstructures were observed in radially cut thin sections (Fig. 9b)
through the cylindrical gouge layers. As microstructural observation
was conducted using radial thin sections perpendicular to the shear di-
rection, shear-related structures such as Riedel shear and foliated zone
may not be observable. We conducted one compaction experiment at a
normal stress of 18 MPa for comparison with deformed gouges. We show
representative SEM and back-scattering electron images of products
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Table 1
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List of experiments, conditions, and mechanical data, including the critical slip weakening distance D.. All listed experiments were conducted at a slip rate of 1 m/s
under water-saturated conditions.

number Normal Total Peak Steady-state Corrected peak Corrected steady- Corrected Corrected D.
stress (MPa)  displacement torque torque (Nm) shear stress (MPa)  state shear stress peak friction steady-state (m)
(m) (Nm) (MPa) friction
LHVR1999-1 2 20.50 2.01 1.36 N/A N/A N/A N/A N/A
(only water)
LHVR1999-2 5 15.78 291 1.85
(only water)
LHVR1999-3 10 12.36 2.62 1.76
(only water)
LHVR1999-4 15 11.90 2.79 1.43
(only water)
LHVR1999-5 18 12.06 2.87 1.41
(only water)
LHVR1999-6 18 15.56 3.12 1.35
(only water)
LHVR1999-7 15 15.52 3.15 1.46
(only water)
LHVR1999-8 10 15.33 2.68 1.39
(only water)
LHVR1999-10 2 20.56 1.95 1.38
(only water)
LHVR1213 2 13.79 4.86 3.52 0.91 0.52 0.46 0.26 1.55
LHVR1214 18 8.12 15.37 6.42 3.23 1.23 0.18 0.07 2.26
LHVR1215 15 10.73 12.26 5.32 2.57 0.95 0.17 0.06 2.51
LHVR1216 5 10.69 6.31 2.96 1.03 0.27 0.21 0.05 2.35
LHVR1217 10 12.01 9.46 4.65 1.79 0.71 0.18 0.07 1.82
LHVR1223 10 10.26 14.11 5.90 2.89 1.01 0.29 0.10 1.15
LHVR1230 5 12.31 8.22 3.10 1.39 0.30 0.28 0.06 1.92
LHVR1232 2 11.73 3.90 1.56 0.63 0.04 0.31 0.02 4.23
LHVR1291 15 9.72 14.07 4.33 2.93 0.71 0.20 0.05 1.38
LHVR1292 18 7.42 15.30 5.65 3.17 1.04 0.18 0.06 2.99
LHVR1614 2 11.38 5.02 2.64 0.82 0.31 0.41 0.15 7.06
LHVR1615 2 10.45 4.96 2.79 0.90 0.34 0.45 0.17 4.14
Notel: steady-state parameter is averaged from 5 m to 7 m (total slip is 7.42) in LHVR1292 (others are averaged from 5 to 7.5 m).
Table 2
Features of other rotary-shear or ring-shear apparatus, compared with the new sample holder presented in this paper.
Sassa et al. (2014) Tomasetta et al. (2013) Lin et al. (2018) Smith et al. (2013) Niemeijer et al. (2008) Yao et al. (2018) This study
Apparatus ICL-2 HT-ASC SHIVA hydrothermal ring shear ~ Rotary shear LHVR
Inner dia. (mm) 100 60 110 35 22 25 0
Outer dia. (mm) 142 118 149 55 28 40 25
Max. normal stress (MPa) 3 0.055 2.71 25 600 (Pp: 300) 1.3 18
Maxi. Slip speed (m/s) 0.5 5*10E-4 3*10E-5 3.2 3*10E-6 2.6 1.3
Undrained condition Yes No Yes No Yes Yes Yes
Pore-pressure controlled Yes No Yes No Yes Yes No
Pore-pressure monitoring  Yes No Yes No Yes No No
Temperature monitoring No Yes No No Yes No Yes
Displacement no limit no limit no limit no limit up to 100 mm no limit no limit

derived from the compaction experiment (Fig. 10a and b), and shear
experiments performed at 2 (Fig. 10c and d), 10 (Fig. 10e and f), and 18
MPa (Fig. 10g and h). The kaolinite had a light cream color before the
experiments. The compacted gouge layer shows a homogenous micro-
structure consisting of aggregates of sub-rounded kaolinite particles <1
pm in size (Fig. 10a and b). After the experiments, the deformation
within the gouge layer is weak: a distinct color variation was absent, and
(assumed) slipping zones (close to the rotary part of the cylinder) were
observed consisting of randomly oriented smeared kaolinite particles
(Figs. 9a and 10c-h). Close to the stationary side, the kaolinite particles
after the experiments exhibited somehow flaking but had a similar size
and sub-rounded shape as the starting materials. Overall, the gouge
layers are characterized by a random distribution of kaolinite particles,
regardless of the radial position within the gouge layer and the applied
normal stress (Fig. 10c-h). Some open fractures formed parallel to the
gouge layer margins, but we could not distinguish between dilation-
related opening during the experiments and opening due to unloading
at the end of the experiment.

4. Discussion
4.1. Frictional strength of water-saturated kaolinite gouges

At a normal stress of 2 MPa, the contribution of torque from the
sample holder to the measured torque ranges from 40% to 52%
(Table 1). Therefore, before further interpreting the mechanical data
from higher normal stresses (5-18 MPa), we compare our data at 2 MPa
to previous results. In general, the frictional strength of kaolinite at 2
MPa in our experiments is consistent with previous experiments per-
formed on water-saturated clay-rich gouges (Fig. 1). The apparent fric-
tion coefficient for saturated kaolinite in our experiments is p, =
~0.31-0.46 and pgs = ~0.02-0.26 (Fig. 6; Table 1), which is comparable
to pp = ~0.33 and pgs = ~0.12 in Ujiie et al. (2011), pp = ~0.16-0.67
and pgs = ~0.03-0.14 in Boulton et al. (2017), and pp = ~0.10-0.19 and
pss = ~0.01-0.05 in Ferri et al. (2011) (all conducted on water-saturated
clay-rich gouges at normal stresses < 2 MPa). We also note several other
similarities between our results and these previous studies, including:
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Fig. 5. Correction of torque of water-saturated
kaolinite samples and the fitting of frictional
strength for D,. (a) Measured torque (and corrected
torque by subtracting the torque from V-shaped oil
seal) versus displacement at a normal stress of 15
MPa and slip rate of 1 m/s. (b) Corrected frictional
coefficient versus displacement at a normal stress of
15 MPa. Blue line showing the least-squares fit to
the data with Equation (4) and the estimated D..
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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(1) a similar frictional evolution (e.g., our Figs. 6 and 4 in Boulton et al.,
2017); (2) similar trends of compaction and dilation in wet gouges (e.g.,
our Figs. 6 and 5 in Ujiie et al., 2011); and (3) the lack of grain
comminution in wet gouges (e.g., our Figs. 10 and 15 in Ujiie et al.,
2011).

The most significant mechanical response of the wet gouge layers at
higher normal stresses (5-18 MPa) is a significant decrease in the fric-
tion coefficient from a peak of ~0.17-0.29 to a steady-state ~0.05-0.10.
The relatively high steady-state friction coefficient of 0.26 measured at
2 MPa normal stress (Fig. 6) implies that experiments performed at
relatively low normal stresses (<5 MPa) may not be representative of the
frictional properties of wet kaolinite gouges at crustal depths (e.g.,
>100 m). These findings are in agreement with preliminary observation
from room humidity friction experiments performed on gouges rich in
carbonaceous-materials at 5-25 MPa (Kuo et al., 2014b).

9 10 11 12

4.2. Evolution of pore pressure and temperature within the gouge layer

To further understand the temperature evolution with displacement
at deformation conditions identical to experiment LHVR1217 (10 MPa;
Fig. 11), we conducted an experiment (LHVR1223) with in situ tem-
perature measurement by inserting a K-type sheath thermocouple
through the stationary base piece and into approximately the middle of
the gouge layer (Fig. 2b). The temperature of the gouge layer gradually
increased to ~140 °C after ca. 4 m of slip (Fig. 12c), then increased more
slowly to a final value of ~160 °C at the end of the experiment (10.25 m
of slip). The measured temperature only reflects the bulk temperature of
the gouge layer, and it is possible that the local temperature at active
asperities could be higher due to flash heating.

In order to investigate the weakening mechanisms operating during
the experiments, information on pore fluid pressure and temperature
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steady state for all experiments at 1 m/s.

within the gouge layer is required. An increase of pore pressure is ex-
pected in the slipping zone within the gouge layer, where is commonly
close to rotary side of the apparatus. Therefore, direct measurement of
pore pressure close to the slipping zone of gouge layer is challenging
when the experiments are conducted at seismic rates (Aretusini et al.,
2021). As a first-order approximation, we developed a
thermo-hydro-mechanical (THM) model to estimate the local
pressure-temperature conditions inside the gouge layer during sliding.
We utilized the computer program HYDROGEOCHEM 4.3 to develop a
2D axisymmetric finite element model, which provides a coupled model
of water flow (H), thermal transport (T), solute transport (C),
geochemical kinetic/equilibrium reactions (R), and geomechanics (M)

in saturated-unsaturated porous media in two dimensions (Yeh, 1999,
2000; Yeh et al., 2017).

The geometry, mesh, material parameters, and heat sources are
shown in Fig. 11. The thickness of the gouge layer is 2 mm. The total
node and triangular element numbers are 1597 and 3108, respectively.
Four different material types were incorporated in to the model: stain-
less steel, fault gouge, oil seal, and brass sleeve. The key flow, thermal,
and mechanical parameters used in the model are listed in Table 3. The
specific heat of water is 4202 J/(kg-K) and the thermal expansion co-
efficient of water is 2.1 E-41/K. We used a single phase of water in the
modeling (i.e., water cannot be vaporized during the modeling). In
addition, the hydraulic conductivity of the gouge was assumed to be
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Fig. 7. Dilation (the increase of gouge layer) versus power density (shear stress times velocity).

1.6E-13 m/s, and the total porosity of the gouge was assumed to be 30%
(e.g., Bossart, 2005). Because the metal pieces (stainless steel and brass)
and the V-shaped oil seal are impermeable, we set the hydraulic con-
ductivity of these model domains with extremely low values (seven to
ten orders of magnitude lower than the hydraulic conductivity of fault
gouge).

There are two heat sources considered in the numerical model; one is
located at the interface between the rotating cylinder and the gouge
layer (heat source 1), and the other is located at the interface between
the V-shaped oil seal and the brass sleeve (heat source 2; Fig. 11b). Heat
from those sources was calculated from the measured shear stresses of
both the gouge layer and the V-shaped oil seal, respectively. The fric-
tional work was calculated as shear stress (t) multiplied by the slip rate
(V) at a radial position (r) as follows:

)

Total frictional work during an experiment can be distributed be-
tween frictional heating, chemical reactions, phase transitions, grain
deformation, and comminution (Rice, 2006). On the basis of our ob-
servations (Figs. 9 and 10), only the first process is considered in our
modeling because there is no evidence for significant changes to the
grain size or mineralogy in the deformed gouge layers. All frictional
work was thus assumed to be converted into heat during slip. The initial
temperature and pore fluid pressure are set as 25 °C and 1 atm,
respectively. For the flow and thermal modules, we used a no flux
condition at the outer boundary. Finally, for the geomechanics module,
the roller boundary was set at the bottom boundary and the symmetry
axis. Normal stress was set to 10 MPa on the top of the gouge layer.

In a rotary shear configuration, based on the assumption of a
spatially uniform friction coefficient in the slipping zone, 87.5% of the
measured torque is derived from the friction in the outer half of the
gouge layer (Yao et al., 2013). This suggests that thermally activated
deformation processes are more likely to be significant in the outer half
of the cylindrical layer. Therefore, we report the calculated temperature
and pore fluid pressure evolution at a radial distance of 8.33 mm from
the center of the gouge cylinder, which is also the position of the inserted
thermocouple in experiment LHVR1223 (Fig. 12).

Our modeling indicates that experiment LHVR1223 attained a
maximum temperature of ~366.85 °C and a maximum pore fluid

Q(t,r) = T(HV(r,t)

10

pressure of ~9.28 MPa along the outer edge of the gouge layer (Fig. 12a
and b). At the position of the thermocouple (8.33 mm from the center of
the gouge cylinder), the modeled temperature increases to ~105 °C
after < 4 m of slip, and continues to rise gradually during steady-state
sliding, reaching a value of ~156 °C by the end of the experiment
(Fig. 12¢). The modeled temperature is very similar to the temperature
measured in the same position using the thermocouple (Fig. 12¢). Our
model likely overestimates the maximum temperatures because we did
not consider the latent heat associated with the liquid-vapor transition
(Chen et al., 2017).

The modeled pore fluid pressure rapidly increases to ~3.61 MPa
after <0.2 m of slip, and then gradually reaches a value of ~4.17 MPa
after 1 m of slip, before decreasing slightly to a final value of 4.09 MPa
by the end of the experiment (Fig. 12c). The rapid increase of modeled
pore fluid pressure correlates with the measured compaction at the
initiation of sliding (Fig. 6a), suggesting that shear-induced compaction
may cause a rapid increase of pore fluid pressure. In addition, a gradual
decrease of pore fluid pressure is consistent with the observed constant
dilation measured in the gouge layer, suggesting that shear-induced
dilatancy correlates with a pore pressure drop. Our results are consis-
tent with the recently reported data by Hunfeld et al. (2021) which is
also conducted high-velocity experiments on water-saturated gouges at
normal stresses of 2.5-20 MPa.

4.3. Potential weakening mechanisms in water-saturated kaolinite gouges

Overpressure of water due to gouge compaction can be likely
neglected because of free path of fluid drainage to atmosphere during
lasting long-term compaction. During the experiments, the local
pressure-temperature conditions within the gouge layers can vary
significantly, and a phase change from liquid water to vapor gas is likely.
Dynamic weakening could involve fluidization of gouge due to water
vaporization (Chen et al., 2017a, b), thermal pressurization (Brantut
et al., 2008; Chen et al., 2013; Hunfeld et al., 2021), and thermo-
chemical pressurization (Brantut et al., 2010; De Paola et al., 2011). The
latter process can likely be excluded because of the lack of mineralogical
phase changes observed within the deformed gouge layers (Fig. 9).

Four lines of evidence support that the interpretation that kaolinite
gouge layers were fluidized due to thermal pressurization: (1) The lack
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of stain localization and the random fabric of smeared kaolinite particles
after the experiments (Fig. 10; Boulton et al., 2017; Kitajima et al., 2010;
Ujiie et al.,, 2011). (2) The modeled and measured temperatures
(<370 °Q), together with the lack of phase changes, suggest that fric-
tional heating was insufficient to trigger processes such as frictional
melting (Spray, 2005; Di Toro et al., 2006), and thermal decomposition
or dehydroxylation of clay minerals (Han et al., 2007; Collettini et al.,
2013; Ujiie et al., 2011) (Figs. 9 and 12). This is consistent with previous
studies showing that thermal pressurization maintains sliding at rela-
tively low temperatures (e.g., Acosta et al., 2018). (3) The axial dilation
of the gouge layers is proportional to the power density (Fig. 7),
consistent with the assertion that the power density is correlated with
thermal expansion of the pore fluid within the gouge layer. Thermal
expansion of pore fluid gradually increases with cumulative slip
(Figs. 6a and 12c), suggesting that thermal pressurization allows clay
particles to rotate and move in suspension with a mean free path larger
than the grain size. Finally, (4) Based on the pressure-temperature
conditions of the water phase diagram (Chen et al., 2017b; Weath-
erley and Henley, 2013), the temperatures for water vaporization at
3.61-4.17 MPa (experiment LHVR1223; Fig. 12) are estimated as
~244-252 °C. The modeled and measured bulk temperatures in this
experiment are far below the temperatures required for vaporization,
suggesting the pore fluids remained mainly in liquid form. In addition,
our modeling suggests that pore pressure initially rises much faster than

temperature such that the pore fluid cannot vaporize before entering a
supercritical phase, suggesting that vaporization can be inhibited by the
thermal pressurization in low permeability gouges (Chen et al., 2017b).
Due to the complete sealing provided by the gouge sample holder
(Fig. 2), water cannot be expelled and drained from the slipping zone
during shear deformation. This suggests that pore pressure derived from
thermal pressurization could be sustained within the gouge layer during
shear deformation, resulting in a decrease of effective normal stress and
the associated weakening behavior (Fig. 12; Hunfeld et al., 2021).
Water vaporization may locally occur in the gouges because a tem-
perature of ~370 °C along the outer edge of the layer would allow pore
fluids at a local pore pressure of ~9.28 MPa to vaporize (Fig. 12).
Additionally, a drop in fluid pressure due to progressive dilation could
trigger a phase change to vapor. Water vaporization is predicted to result
in both significant pressurization and dramatic dilation of the gouge
layer, because the density of vapor water can be three orders of
magnitude lower than that of liquid water in the same conditions (Chen
et al., 2017b). The phase change of water would result in the various
compressibility of water and the associated the specific storage within
the gouge layer, which is required to be considered for the modeling.
Here, the lack of dramatic dilation of the gouge layers during the ex-
periments suggests that water vaporization is relatively minor or
negligible under impermeable conditions. On the other hand, natural
slipping zones are likely to possess lower thermal conductivity (~1 W

11
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Fig. 9. In situ synchrotron X-ray analyses of a gouge layer. (a) The epoxyed gouge layer was cut into a slice (left panel of 11a). The slice of the epoxyed gouge layer
was situated on the sample holder of synchrotron holder (right panel of 11a). The analyzed area of the sample can be selected via visual observation (the blue square
in the bottom right corner). (b) Mineralogical phase of the selected area within the gouge layer. cps—counts per second. The peaks confirm that kaolinite is the only
phase in all of the deformed gouge layers and the starting materials. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

m~! K1) and higher permeability (due to microfractures) than our
impermeable metal sample holder (~40 W m! K‘l; Table 3). Thus,
natural slipping zones may experience higher temperatures and lower
pore pressures than in our experiments, possibly allowing water
vaporization during seismic motion (Chen et al., 2017a, b).

4.4. Implications for frictional processes in nature

Natural slipping zones of shallow faults, subduction thrusts, and
landslides are likely to contain water, and thus water-saturated clay
gouge samples are relevant analogues for natural rock deformation.
Numerous field observations show that gouge-bearing fault cores range
from centimeters to several meters in width (e.g., Caine et al., 1996;
Wibberley and Shimamoto, 2003; Faulkner et al., 2010). Field and
seismological observations indicate that fault displacement at seismo-
genic depths can be localized within slipping zones a few centimeters
thick (e.g., Ma et al., 2006; Wibberley and Shimamoto, 2003), and

12

microstructural studies demonstrate even more extreme localization of
slip within gouge layers less than a few millimeters thick (e.g., Chester
et al., 1993; Smith et al., 2011, 2013; Aretusini et al., 2019). This sug-
gests that coseismic slip at depth can be extremely localized within
clay-rich slipping zones that are embedded within fault cores (e.g.,
Sibson, 2003; Ma et al., 2006; Kuo et al.,, 2009, 2014a,b, 2015).
Gouge-bearing fault cores are likely to have sufficiently low hydraulic
diffusivity (i.e., impermeable condition) that they could trap pressurized
fluids during coseismic slip at depth. This is also consistent with evi-
dence for gouge fluidization observed in natural slipping zones (e.g.,
Boullier et al., 2009; Ujiie et al., 2007, 2008). For example, our resultant
homogeneous texture within the gouge layer, a small temperature rise of
hundreds of degrees and an estimated pore pressure of several mega-
pascals during the experiments, can be comparable to the fluidization
recorded in the ultracataclasite of the Mugi mélange, southwest Japan
(Ujiie et al., 2007, 2008; Kameda et al., 2011).

On the other hand, the observations of core collected from the



L.-W. Kuo et al. Journal of Structural Geology 150 (2021) 104419

Compacted

Fig. 10. SEM images of water-saturated gouge layers from both compaction and shear experiments. (a, c, e, g) Petrographic thin sections of a radially cut gouge layer
slices (with some scratches on the surface) and microstructures of both starting and deformed kaolinite samples at different normal stresses. Starting materials were
compacted at 18 MPa. Triangular shapes on the top of gouge layer is as the consequence of compaction by the etched cylinder after the experiments. (b, d, f, h) Porous
regions within a radially cut gouge layer slices and microstructures of both starting and deformed kaolinite samples at different normal stresses.
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Fig. 11. Setup of 2D axisymmetric thermo-hydro-mechanical finite element model. (a) Geometry and material distribution for the model domain as well as the
mechanical boundary settings. (b) Mesh and heat source distribution (right hand side).
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Fig. 12. Modeled evolution of pore fluid pressure (P) and temperature (T), and the T measured with a thermocouple during seismic slip (LHVR1223). (a) Tem-
perature distribution within the gouge layer at the end of the modeling (10.5 s). (b) Pore fluid pressure distribution within the gouge layer at the end of the modeling
(10.5 s). (c) Modeled evolution of both T and P at a radial position of 8.333 mm (the assumed position of the inserted thermocouple). Modeled T (in red color) is
obtained in the middle of the gouge layer thickness, and modeled P is obtained at the contact boundary. Measured T (in pink color) is assumed to be in the middle of
gouge layer. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 3

Flow and thermal properties of different materials used in the LVHR sample holder.

Journal of Structural Geology 150 (2021) 104419

Saturated hydraulic conductivity, [m/s] Porosity Density, [kg/m’] Specific heat, [J/kgK] Thermal conductivity, [W/mK]
Stainless Steel 1.1E-23 0.0005 28000 4500 16
Gouge b1 6E-13 0.3 41231 41269 1.1
Oil Seal (Rubber) 1.7E-20 0.183 1200 2010 0.14
Brass 1.1E-23 0.001 8710 €385 ‘60

Note: superscript a is from Aretusini et al. (2019); superscript b is from Crawford et al. (2008); superscript ¢ is from Bossart (2005); the other values are the assumed

values from references.

Taiwan Chelungpu fault Drilling Project (TCDP) show that the principal
slip zone (PSZ) activated during the 1999 Mw 7.6 Chi-Chi earthquake
was ~1-3 mm thick and surrounded by a ~1-m thick gouge-bearing
fault core at a depth of 1111 m (Ma et al., 2006; Sone et al., 2007;
Song et al., 2007; Kuo et al., 2014a). Boullier et al. (2009) presented a
detailed microstructural analysis of the fault gouge from the PSZ,
showing a random crystallographic grain orientation and an isotropic
texture without clear evidence for shear bands or localization. Addi-
tionally, they observed a concentration of relatively large grains towards
the top of the PSZ, and suggested that this microstructure formed as a
result of the “Brazil nut” effect. They proposed that the PSZ experienced
flash heating and thermal pressurization, with the gouge layers under-
going coseismic fluidization. In addition, estimated values of ug from
experiments conducted on PSZ gouges ranged from 0.18 to 0.5 (Sone
et al., 2009; Mizoguchi et al., 2008), and estimated values of D, were
~1-20 m (Sone et al., 2009; Tanikawa et al., 2009). Although the
grain-size segregation and clay-clast aggregates observed in the Chi-Chi
PSZ zone is lacking in the experimental products, the observed micro-
structures and measured experimental values are mostly consistent with
our observations, supporting the interpretation that the Chi-Chi PSZ
behaved as a fluidized layer due to thermal pressurization (or water
vaporization; Chen et al., 2017b) under impermeable conditions during
seismic slip.

Our experimental results, which are relevant to fluid-saturated and
undrained conditions, suggest that fluidization of pore fluids is likely to
be an important deformation process in deep-seated landslides (at depth
> 100 m) and faults that contain low-permeability, gouge-bearing
slipping zones. To summarize, our experimental data would be useful in
understanding the frictional response associated with earthquake-
rupture propagation within gouges at depth, consistent with natural
and theoretical observation showing thinner gouge thicknesses with
better efficiency for triggering thermal pressurization (Boullier et al.,
2009; Noda and Shimamoto, 2005).

5. Conclusions

In this study, we developed a novel sample holder to deform fluid-
saturated and clay-rich gouge samples at high-velocity and normal
stresses up to 18 MPa. At a slip velocity of 1 m/s and normal stresses of
2-18 MPa, saturated kaolinite samples showed a dramatic friction drop
from an apparent peak friction coefficient of c. 0.15 to a steady-state
friction coefficient of c. 0.05. This was associated with progressive
dilation of the gouge layers, and a measured and modeled bulk tem-
perature increase of <160 C. A weak dependence of 75 on normal
stresses suggests fluid-like mechanical behavior of the gouges. Micro-
structural and mineralogical analyses show random clay fabrics in all
experiments, and no phase changes compared to the starting materials.
Modeling of pore pressure and temperature suggests that pore fluids
likely remained mainly in the liquid state. Overall, the mechanical,
microstructural, and modeling data suggest that frictional weakening
involves thermal pressurization and fluidization of the kaolinite gouges.
Our results provide support to interpretations that some natural clay-
rich slipping zones — for example fluidization records in the ultra-
cataclasite of the Mugi mélange, southwest Japan, and the PSZ of the
1999 Mw 7.6 Chi-Chi earthquake — can be fluidized during coseismic
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deformation. Overall, our results indicate that pressurization and gouge
fluidization may be important processes in low-permeability gouge
zones, and that once frictional resistance is overcome, saturated gouge-
bearing slip zones may provide little resistance to the propagation of
large ruptures.
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