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ABSTRACT 27 
The 2008 Mw 7.9 Wenchuan earthquake generated ~270 km- and ~80 km-long 28 
surface ruptures along the Longmenshan fault belt, namely the Yingxiu–Beichuan 29 
fault (YBF) and the Guanxian–Anxian faults (GAF), respectively. So far, most of the 30 
frictional investigations were performed on the YBF gouge materials. Here we present 31 
the results of rotary shear friction experiments performed on the GAF gouges 32 
recovered from the depth of ~1.25 km of the Wenchuan earthquake Fault Scientific 33 
Drilling project-3 (WFSD-3) along the GAF. The fault gouges, mainly composed of 34 
quartz, illite, chlorite and kaolinite, were sheared at slip velocities V ranging from 10-5 35 
m/s to 2 m/s and normal stresses from 8.5 to 10 MPa under both room humidity and 36 
wet conditions. At any imposed slip velocity, the wet gouges have an apparent friction 37 
coefficient lower than the room humidity one. In addition, enhanced velocity-38 
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strengthening behavior at intermediate velocities (10-2 m/s < V ≤ 10-1 m/s) was 39 
recognized. We characterized the products using field-emission scanning electron 40 
microscopy combined with synchrotron X-ray diffraction analysis. These 41 
microanalytical investigations evidence the formation of size-reduced particles 42 
(without mineral phase changes) and R- and Y-shears in the principal slip zone (PSZ). 43 
Regardless of the ambient conditions, the width of PSZ was proportional to the input 44 
frictional work density (the product of shear stress times displacement). Our results 45 
support the hypothesis that the GAF preferentially ruptures through wet fault gouges; 46 
however, the enhanced velocity-strengthening regime at intermediate velocities may 47 
act as a barrier to slip acceleration during fault rupture propagation. 48 
 49 
Plain Language Summary 50 
During the 2008 Mw 7.9 Wenchuan earthquake, two surface ruptures were generated, 51 
namely the ~270 km long Yingxiu–Beichuan fault (YBF) and the ~80 km-long 52 
Guanxian–Anxian faults (GAF), respectively. This earthquake triggers mechanisms 53 
that weaken fault-zone rocks, allowing the rupture to propagate. While the frictional 54 
behavior of the YBF fault gouges and the possible mechanisms were investigated in 55 
detail, the GAF materials have not been studied yet. Here we shear fault gouges of the 56 
GAF from low to high velocities and characterize the products. Results show that at 57 
any imposed slip velocity, the wet gouges are weaker than the room humidity ones. In 58 
addition, GAF fault gouges show high frictional resistance at intermediate velocities 59 
(10-2 m/s < V ≤ 10-1 m/s). The microanalytical investigations evidence the similarity 60 
between the experimentally formed principal slip zone (PSZ) and the reported natural 61 
observation of GAF fault gouges. Our results support the hypothesis that the GAF 62 
preferentially ruptures through wet fault gouges; however, the high frictional 63 
resistance at intermediate velocities may act as a barrier to slip acceleration during the 64 
Wenchuan 2008 Mw 7.9 earthquake. 65 
 66 
Keywords: frictional property, rotary shear, Wenchuan earthquake Fault Scientific 67 
Drilling (WFSD), Longmenshan fault belt 68 
 69 
1. Introduction 70 

The Longmenshan fault belt located near SE-Tibet and bordering the western 71 
margin of the Sichuan basin in China, ruptured in the Mw 7.9 Wenchuan earthquake 72 
on 12th May 2008 (Liu-Zeng et al., 2009). The large in magnitude earthquake 73 
generated a ~270 km- and a ~80 km-long surface rupture along the Yingxiu–Beichuan 74 
fault (YBF) and the Guanxian–Anxian faults (GAF), respectively (Fig. 1; Xu et al., 75 
2009; Li et al., 2013). The GAF is sub-parallel and crops out 20 km east of the YBF. 76 
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Seismic wave inversion analysis estimated a maximum fault displacement of ~ 7.3 m 77 
at an average slip rate of 1.25 m/s for this earthquake (Zhang et al., 2009). In addition, 78 
field observations measured vertical coseismic surface offsets along the YBF and 79 
GAF of ~11 m and ~4 m, respectively (Xu et al., 2009). The seismic energy radiated, 80 
the length of the surface rupture and the magnitude of coseismic slip make the 2008 81 
Wenchuan Mw 7.9 earthquake the largest instrumentally recorded earthquake 82 
associated to a high-angle reverse fault within the continental interior (Zhang et al., 83 
2010). The integration of geological field surveys with data from the Wenchuan 84 
earthquake Fault Scientific Drilling project (WFSD-1) and from seismic inversion 85 
showed that the YBF is a high-angle thrust fault striking NW with a dip angle of ~65° 86 
(Li et al., 2013). Instead, the interpretation of seismic inversions studies and the 87 
results of the WFSD-3 core analyses showed that the slip surface of the GAF is a 88 
thrust fault with a dip angle of ~38° (Li et al., 2015). The YBF and GAF have 89 
different fault-zone thicknesses in total (~100 m and ~50 m, respectively) and fault 90 
structures (Li et al., 2013, 2015; He et al., 2018). In the two faults, the evolution of 91 
frictional strength and its associated dynamic weakening mechanism played a pivotal 92 
role in the determination of such large coseismic displacements. 93 

Experimental studies to determine the frictional properties of both cohesive and 94 
non-cohesive (i.e., gouges) rocks at high velocities (> 0.01 m/s) commonly exploit 95 
rotary shear machines to achieve large displacements (a few meters) (Tsutsumi and 96 
Shimamoto, 1997; Di Toro et al., 2004; Mizoguchi et al., 2007; Reches and Lockner, 97 
2010; Smith et al., 2013; Ma et al., 2014). After the 2008 Wenchuan earthquake, high-98 
velocity rotary shear experiments were conducted on natural gouges collected from 99 
different segments of the YBFs (Fig. 1a), including (1) in the locality of Pingxi (Chen 100 
et al., 2013a; Yao et al., 2013a, b), (2) in the locality of Zhaojiagou (Chen et al., 101 
2013b, 2017; Hou et al., 2012), and (3) in the locality of Hougkou (Togo et al., 2011, 102 
2016). In addition, after the accomplishment of the Wenchuan earthquake Fault 103 
Scientific Drilling project (WFSD), rotary shear experiments were also conducted on 104 
the drilling borehole materials (WFSD-1) along the YBF, e.g., the gouge within the 105 
active fault zone (Kuo et al., 2014a, 2017; Togo et al., 2016). These experimental 106 
studies report dynamic weakening associated with frictional heating and suggest the 107 
activation of thermo-mechanical reactions (e.g., the graphitization of carbonaceous 108 
materials; Kuo et al., 2014a, 2017). 109 

While the frictional behavior of the YBF fault gouges and the possible associated 110 
“deformation” mechanisms were investigated in detail, the GAF materials have not 111 
been studied yet. To this end, we present here a suite of low- to high-velocity rotary 112 
shear experiments performed on fault gouges recovered from the Wenchuan 113 
earthquake Fault Scientific Drilling project-3 (WFSD-3). The experiments were 114 
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performed under room humidity and water-saturated (wet) conditions at imposed slip 115 
velocities V ranging from 10-5 m/s to 2 m/s. The integration of the mechanical data 116 
with the microstructural analysis of the sheared materials allow us to produce a 117 
reference dataset of the frictional properties of the GAF materials and speculate about 118 
the deformation mechanisms associated to seismic faulting. Importantly, the 119 
microstructures produced in the experiments, which include the formation of principal 120 
slip zone (PSZ) and associated size-reduced particles and R- and Y-shears, are 121 
remarkably similar to the natural microstructures found in the WFSD-3P (He et al., 122 
2018). The interpretation of the mechanical data suggest that flash heating and pore 123 
fluid thermo-mechanical pressurization likely operated in the GAF at shallow depth 124 
during the Wenchuan 2008 Mw 7.9 earthquake, even though the enhanced velocity-125 
strengthening regime at intermediate velocities may act as a barrier to slip 126 
acceleration during fault rupture propagation. 127 
 128 
2. Materials and methods 129 
2.1 Starting materials 130 
    To investigate the physical processes associated with seismic faulting during the 131 
2008 Mw7.9 Wenchuan earthquake, four WFSD boreholes were conducted aimed at 132 
penetrating the Longmenshan fault belt at depth, including both the YBF and GAF 133 
(Fig. 1a; Li et al., 2013; Li et al., 2016). The WFSD-1 and WFSD-2 boreholes, located 134 
at ~40 km north-east of the epicentral area, were drilled in the YBF hanging wall. At 135 
570 m depth of WFSD-1, the borehole passed from the Precambrian Pengguan 136 
complex (diorite, porphyrite, volcanic rocks, and pyroclastics) into the Triassic 137 
Xujiahe Formation (coal-bearing sandstones, siltstones, and shales), broadly marking 138 
the location of the Longmenshan fault zone. Based on the observations from the 139 
WFSD-1 and WFSD-2, it was inferred that seismic faulting along the YBF likely 140 
occurred in a fault dipping at high angle (~65°) at shallow depths (Li et al., 2013). 141 

The pilot borehole WFSD-3P, located at ~550 m northwest of the surface rupture 142 
along the GAF, was drilled in the GAF hanging wall to a depth of 551.51 m (Fig. 1b). 143 
Integration of both the surface rupture and the core observation suggests that the 144 
active fault zone of the GAF likely was encountered at the depth of ~507 m of 145 
WFSD-3P (He et al., 2018). The microstructures of the active fault zone of WFSD-3P 146 
showed the pervasive distribution of Riedel shears and pressure solution seams within 147 
numerous fine-grained clay-rich layers (Fig. 2a, b). 148 

WFSD-3 was located at ~820 m northwest of WFSD-3P (Fig. 1b). Drilling of the 149 
WFSD-3 was stopped at 788.00 and 1096.00 m depth because of borehole collapse. 150 
Two sidetracks (WFSD-3-S1 and WFSD-3-S2) were drilled to reach the target depth 151 
of 1500 m. Therefore, WFSD-3, WFSD-3-S1, and WFSD-3-S2 (named as WFSD-3 152 
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hereafter) reached 1186.77, 788.00–1187.28, and 1096.00–1502.3 m depth, 153 
respectively (Fig. 4a in Li et al., 2016). The ~1500 m-long borehole cores of the 154 
WFSD-3 are within the Triassic Xuijiahe Formation (Fig. 1b; Li et al., 2016). The 155 
interpretation of the logging data and the observation of the borehole cores showed 156 
five fault zones in the coring depth interval (Li et al., 2016). Based on the 157 
interpretation of the seismic reflection profiles across the GAF (Fig. 2 in Li et al., 158 
2016), the active fault zone was expected to be encountered at the depth of 1100–1300 159 
m, including two of the five fault zones located at the 1205–1229m and 1236–1250m 160 
(FZ1250) depth, respectively.  161 

The FZ1250 is ~14-m-thick, and, towards the bottom, includes a ~1-m-thick 162 
fault core made by gray and black in color gouges (Fig. 1c). Besides that, the detailed 163 
characterization of FZ1250 is lacking. Here we simply speculate the FZ1250 as the 164 
possible active fault zone that ruptured during the 2008 Wenchuan earthquake (Li et 165 
al., 2016). We collected gray gouges from the depth of 1248 m and adjacent to the 166 
black gouge as the starting material for the low- to high-velocity rotary shear 167 
experiments (Fig. 1c). The gray gouge samples are composed of quartz (~55 wt.%), 168 
clay minerals (~32 wt.%: illite, chlorite, and kaolinite), and minor albite (~8 wt.%), 169 
calcite, dolomite and carbonaceous materials (<5 wt.%) (Fig. 2c).  170 
 171 
2.2 Low- to high-velocity rotary shear experiments 172 

Rock deformation experiments were conducted in the slow‐to‐high velocity 173 
apparatus (SHIVA) at the Istituto Nazionale di Geofisica e Vulcanologia (INGV, 174 
Rome), Italy (Fig. 3a; Di Toro et al., 2010), and the low‐to‐high velocity rotary shear 175 
friction apparatus (LHVR) installed at the National Central University (NCU), Taiwan 176 
(Fig. 3b; Kuo et al., 2015). Both the rotary shear machines are equipped with a metal 177 
sample holder for confining gouges (Fig. 3c-d; Smith et al., 2013; Kuo et al., 2021). 178 
All rock deformation experiments were performed at room temperature and at normal 179 
stresses of 8.5–10 MPa under drained conditions (i.e., one atmosphere condition). 180 
Experiments were performed both under room humidity conditions (LHVR and 181 
SHIVA) and under water-saturated (wet) conditions (LHVR). After the experiment, 182 
we did not observe presence of extruded gouge from the vessel. 183 

The gray gouge samples were first gently crushed and sieved to a grain size of 184 
<250 μm. For SHIVA, 5 g of gouge were poured into a ring-shaped (35 mm internal 185 
and 55 mm external in diameter) sample holder, resulting in an initial layer thickness 186 
of ~3±0.4 mm (Fig.3a; Smith et al., 2013; Kuo et al., 2014a). For LHVR, 2 g of gouge 187 
were mixed with water and poured into a disk-shaped (25 mm external in diameter) 188 
sample holder (see the detail in Kuo et al., 2021 for sample preparation). Before 189 
shearing, the gouge was first compacted by applying a normal load of 1 MPa and 190 
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allowing for water drainage, and then pre-sheared by sliding at a slow slip rate (1 191 
mm/s) for ~10 s to suppress the pressurization effects due to gouge compaction 192 
(Faulkner et al, 2018). After the pre-shearing, the gouge was further compacted under 193 
a constant normal stress of 8.5 MPa until the axial displacement transducer recorded a 194 
constant value which was achieved in less than one hour. During compaction, pore 195 
water in the gouge layer was drained out through the fluid outlet. The initial thickness 196 
of gouge layer was ~2±0.4 mm (Fig. 3b; Kuo et al., 2021; the detailed process is 197 
described below), and the water content was ~ 26 wt.%. The initial thickness for the 198 
LHVR room humidity experiments was similar to the wet one. Both the stationary 199 
base and the rotary cylinder were etched with a cross-hatch pattern to provide 200 
roughness at the gouge-holder contact and inhibit slippage along this interface. 201 
Gouges (confined by the filter paper) were not extruded during compaction.  202 

Both slip and slip velocity increase towards the outer radius of the gouge layer. 203 
We define the equivalent velocity Ve (Hirose and Shimamoto, 2005): 204 

𝑉𝑉𝑒𝑒 =  4𝜋𝜋𝜋𝜋(𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒2  + 𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟𝑖𝑖𝑖𝑖𝑒𝑒 + 𝑟𝑟𝑖𝑖𝑖𝑖𝑒𝑒
2 )

3 (𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑟𝑟𝑖𝑖𝑖𝑖𝑒𝑒)
 [𝑚𝑚

𝑠𝑠
] Eq. 1 205 

where R is the revolution rate of the motor. For LHVR, the target Ve is 1 m/s. 206 
Hereafter we refer to the "equivalent velocity" as the velocity V.  207 

Both sample holders (i.e., the friction of the metal sample holder or spurious 208 
friction) contributed <30% torque in the range of normal stresses of 8.5–10 MPa 209 
(Smith al., 2013; Kuo et al., 2021). Because the contribution to the measured torque 210 
from the sample holder was constant and slip rate independent, we reported the 211 
mechanical data without subtracting this contribution. In addition, we considered the 212 
mechanical data as apparent friction coefficient μ because pore fluid pressure within 213 
the slip zone was not measured, though pore fluid pressures and temperatures were 214 
modeled for few experiments, see section 3.2. 215 

We conducted twelve velocity-stepping and single (trapezoidal function) velocity 216 
experiments (Table 1). The velocity-stepping experiments were paused to reset the 217 
motor speeds to target values and then continued toward total displacements of 0.30–218 
0.36 m for 10-5 m/s ≤ V ≤ 10-2 m/s or of ~3 m for 0.05 ≤ V ≤0.5 m/s. The single 219 
velocity experiments were performed at target V ranging from 100 μm/s to 2.0 m/s 220 
with total displacements of 0.5–1.2 m. In addition, for the single velocity experiments, 221 
the gouge samples were compacted at 1 MPa and pre-sheared at 1 mm/s with slip of 1 222 
cm by either SHIVA or LHVR. Six experiments used gouges at room humidity 223 
(namely room humidity gouges hereafter) and the others used water-saturated gouges 224 
(namely wet gouges hereafter). Mechanical data were recorded at 10–1000 Hz 225 
depending on the imposed velocities (Table 1). The experimental results are presented 226 
as the coefficient of friction to facilitate comparison between the experiments 227 
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conducted with our two rotary shear machines. Aretusini et al. (2017) compared full 228 
and hollow cylinders gouge holders. Because the differences of data were small, they 229 
suggested that the evolution of friction coefficient is almost independent of the type of 230 
gouge holder used. This allows us to compare the mechanical data obtained with 231 
SHIVA with those with LHVR. 232 

We introduce the frictional work density (FWD) and the frictional power density 233 
(FPD), representing the total work dissipated in the slip zone and the total power 234 
dissipated within the gouge layer (e.g., Di Toro et al., 2011; Aretusini et al., 2017), 235 
respectively. FWD and FPD can be defined as: 236 

𝐹𝐹𝐹𝐹𝐹𝐹 =  ∫ 𝜏𝜏(𝑥𝑥)𝑑𝑑𝑥𝑥𝑋𝑋
0       (1) 237 

with X the total displacement and τ(x) the shear stress evolution with displacement x, 238 
and  239 
 240 

FPD = FWD / ∆t        (2) 241 
with ∆t the duration of the experiment (Table 1). 242 
The calculated FWD and FPD from the mechanical data will be correlated with the 243 
microstructure of the gouge layer described below. 244 
 245 
2.3 Analytical methods 246 

After the single velocity experiments, the sheared gouges were dried out in an 247 
environmental chamber and impregnated with a low viscosity epoxy resin. Most 248 
microstructures may be disturbed by the drying methodology (i.e., shrinkage may 249 
occur) either or after shear deformation (Aiyama et al., 2019). The impregnated 250 
samples were prepared into 30 µm thick petrographic thin sections, cut across the 251 
diameter of the sample and perpendicular to the slip surface. The thin sections were 252 
coated with platinum to increase the electrical conductivity for scanning electron 253 
microscopy analysis. In addition, the thin sections were analyzed with in-situ 254 
synchrotron X-ray diffraction (XRD) for bridging microstructural and mineralogical 255 
observations (e.g., Hung et al., 2019; Wu et al., 2020). 256 

We utilized field emission scanning electron microscopy, coupled with an energy 257 
dispersive spectrometer (FESEM/EDX) (JSM-7000F model) at the National Central 258 
University, Taiwan. The FESEM was operated at 15‐kV acceleration voltage and 2.8 · 259 
10−4‐Pa vacuum. We used the in-situ synchrotron XRD installed at the beamline 260 
BL01C2 in the National Synchrotron Radiation Research Center (NSRRC), Taiwan. 261 
The X‐ray wavelength was 0.5166 Å delivered by a double crystal monochromator 262 
with two Si(111) crystals and transferred the wavelength of 0.5166 to 1.540 Å (CuKα) 263 
for the later data processing. The analyses were operated with an electron beam 264 
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energy of 1.5 GeV and a beam size of 150 μm in diameter (e.g., Kuo et al., 2014b). To 265 
reduce the intensity anomalies derived from heterogeneous mineral assemblage 266 
distribution within the slip surface, the synchrotron XRD spectra were reported as the 267 
average values of three analyses along the same horizon of the same sample (Kuo et 268 
al., 2015). 269 
 270 
3. Results 271 
3.1 Frictional behavior 272 

The results of representative experiments from low to high velocities (10-5 m/s ≤ 273 
V ≤ 2 m/s) are reported in figure 4. In velocity-stepping experiments (10-5 m/s ≤ V ≤ 274 
10-2 m/s and 0.05 m/s ≤ V ≤ 0.5 m/s, Fig. 4a-d) μ did not achieve “steady state” 275 
values. Therefore, we plot the average μ for a given velocity step, with the error bars 276 
representing the range in μ during the velocity step (Fig. 5). The mechanical results of 277 
“steady state” μ are summarized in Figure 5 where data for room humidity and wet 278 
conditions are reported as a function of slip velocity. In single velocity experiments 279 
(Fig. 4e-j) we calculate the average steady state μ over a slip interval of ~0.4 m (see 280 
box in Fig. 4), with the error bars representing the range in μ within the slip interval 281 
(Fig. 5).  282 

In general, wet gouges are weaker than room humidity gouges at all investigated 283 
velocities (Fig. 4, 5). At low velocities (V ≤ 10-2 m/s), room humidity gouges have μ 284 
between 0.33–0.50, while μ for wet gouges is 0.17–0.49. At intermediate velocities 285 
(10-2< V ≤ 10-1 m/s), in room humidity gouges μ increases up to 0.81, while in wet 286 
gouges up to 0.59. At high velocities (V > 0.1 m/s), the friction coefficients of both 287 
room humidity and wet gouges decrease to 0.09–0.18. In the single velocity 288 
experiments for V > 1 m/s, during deceleration at the end of slip, re-strengthening of 289 
both room humidity and wet gouges occurs, resulting in a final μ slightly higher than 290 
the steady state one (Fig. 4i, j). In Figure 5, both room humidity and wet gouges 291 
exhibit velocity-neutral to -strengthening behavior for V ≤ 10-3 m/s, enhanced 292 
velocity-strengthening behavior 10-2< V ≤ 10-1 m/s and pronounced velocity-293 
weakening behavior for V > 0.1 m/s (Fig. 5). 294 

 295 
3.2 Microstructure of the sheared gouges 296 

Optical microscope. To examine the textural evolution of the WFSD-3 gouges 297 
with imposed velocity and displacement, we characterize the microstructures 298 
produced in the single velocity experiments which are stopped once the steady state 299 
friction coefficient is reached (i.e., room humidity versus wet experiments from low 300 
to high V). The representative microstructures of both the starting material and the 301 
sheared gouges are shown in Fig. 6. Under cross-polarized light, the starting 302 
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compacted WFSD-3 gouges have randomly oriented angular to sub-rounded clasts of 303 
quartz and minor plagioclase and calcite immersed in a yellowish in color clay-rich 304 
matrix (Fig. 6a). 305 

Independently of environmental conditions (room humidity vs. wet) and 306 
cumulative displacement, at the end of the experiments the gouge is dark brownish 307 
close to the rotary cylinder, while close to the stationary side is yellowish and similar 308 
to the starting material (Fig. 6b-g). The dark brownish gouge includes rounded fine 309 
clasts wrapped by the clay-rich matrix and is here referred as the principal slip zone 310 
(PSZ) (Fig. 6b-g). The matrix of the PSZ is isotropic under cross-polarized light, and 311 
has an irregular contact, with local mixing, with the yellowish gouge (Fig. 6). Some 312 
open fractures form sub-parallel to the gouge layer boundaries. 313 
 314 

Scanning electron microscope. The microstructure of the starting materials after 315 
compaction and pre-shear includes angular to sub-rounded clasts of quartz and 316 
plagioclase with grain size ranging from 10 to < 250 μm, randomly distributed within 317 
the clay matrix (Fig. 7a). Close to the rotary cylinder, the grain size of clasts decreases 318 
to few micrometers. The reduction in grain size is due to comminution at the 319 
boundary with the metal holder during pre-shear (Fig. 7b).  320 

Irrespective of environmental conditions and cumulated displacement, a 321 
continuous layer of PSZ forms the gouge/cylinder interface. The microstructure of 322 
PSZ is homogeneous, with rounded to sub-rounded clasts of quartz and feldspar 323 
immersed in the submicron-clay-rich matrix (Fig. 7c-h). In places, the PSZ is cut by Y 324 
or R shears (see definition in Logan et al., 1992).  325 

We assessed the widths of PSZ (measured and averaged along the entire thin 326 
section length) with the error bars representing both the range of mixing region and 327 
the variation across the thin section of the gouge layer. Regardless of the 328 
environmental conditions, the width of PSZ is <1 mm thick at both low (V ≤ 100 329 
μm/s) and high (V > 1 m/s) velocities, and ~2-mm-thick at intermediate velocities (5 330 
mm/s; Table 1). The measured widths of the PSZ are plot versus both frictional work 331 
density and frictional power density (Fig. 8). 332 
 333 
3.3 Mineralogy of the sheared gouge layer 334 
    We conducted in situ synchrotron XRD analyses to determine the mineral 335 
assemblages of the PSZ in the thin sections (e.g., Kuo et al., 2014a, b). The intensity 336 
of X-ray spectrum includes both minerals and glass because of the penetration of X-337 
rays through the minerals and in the thin section beneath (Fig. 9a). Therefore, to 338 
remove the contribution of the thin section from the bulk XRD spectrum, we first 339 
collected the spectrum of the glass (i.e., thin section itself) adjacent to the sample 340 



10 
 

(background intensity) and, by assuming a constant thickness of the thin section, we 341 
subtracted the glass spectrum from the obtained sample spectrum. Then, we compared 342 
the XRD (powders) spectrum of the starting materials (Fig. 2c) with the spectra (thin 343 
sections) of the experimental products from the single velocity experiments. The in 344 
situ synchrotron XRD analyses has ca. 1 wt.% detection limit. 345 

The beam size of synchrotron XRD analyses is 150 μm in diameter. The width of 346 
PSZ varies from 0.2 mm to 2 mm based on the SEM observations. Therefore, the 347 
XRD spectra are related to the mineral assemblage of the PSZ. In all cases (both room 348 
humidity and wet conditions experiments), the investigated areas of PSZ and the 349 
starting material are composed of quartz, clay minerals, and minor albite, calcite, 350 
dolomite and carbonaceous materials (Fig. 9b, c). No new phases are recognized in 351 
the post-experiment samples, nor increase of the background signal, which may 352 
suggest the absence of amorphous material. In situ synchrotron XRD analyses shows 353 
the similarity of the mineral assemblages between the starting materials and the 354 
experimental products, independently of the imposed loading, environmental 355 
conditions, and velocities (Fig. 9b, c). It is notable that all the intensity of XRD peaks 356 
at V =5 cm/s are smaller than the ones from both low (V = 100 μm/s) and high (V > 1 357 
m/s) velocities. 358 
 359 
4. Discussion 360 
4.1 Comparison to previous experimental observations 361 

To our knowledge, there is lack of experimental studies on the frictional 362 
properties of GAF gouges. Below we compare our mechanical data to previous results 363 
of experiments performed on similar mineral assemblages (mixtures of quartz and 364 
clay minerals, e.g., illite and chlorite, Table 3). It is notable that our results at low V 365 
show either slip weakening or strengthening with an increase of displacement in the 366 
experiments (Fig. 4a-b and e-f). The friction coefficient data we obtained at low V but 367 
large displacements (i.e., > 0.3 m) should be compared with caution with friction data 368 
from the literature obtained in small displacement (< 0.01 m) experiments (e.g., Ikari 369 
et al., 2009; Moore and Lockner, 2004; Tembe et al., 2010). In general, our results are 370 
consistent with the previously published friction data on clay-rich gouge materials, 371 
but our dataset includes more experiments performed at high normal stress (up to 10 372 
MPa; Table 3) in the intermediate to high velocity regimes (i.e., V > 10-2 m/s).  373 

 374 
4.1.1 Data from low velocity experiments (V ≤ 10-2 m/s)  375 

At a normal stress of 10 MPa, the powdered WFSD-3 gouges have μ of 0.38–376 
0.52 and 0.30–0.41 under room humidity and wet conditions, respectively. This is 377 
consistent with experimental data of similar in composition gouges (Ikari et al., 2007; 378 
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Morrow et al., 2000; Moore and Lockner, 2004), according to which water saturation 379 
of phyllosilicate minerals reduces frictional strength by as much as 60 %.  380 

Ikari et al. (2009) preformed double direct shear experiments on powdered 381 
samples of illite shale and chlorite schists under water-saturated conditions. Ikari et al. 382 
(2009) sheared these gouges under an effective normal stress of 12 MPa and at 383 
velocities from 10-6 m/s to 3x10-4 m/s and reported μ of 0.29 (illite shale) and 0.32 384 
(chlorite schists), respectively. These μ values overlap with the lower μ value of 0.30 385 
measured under wet and similar loading conditions for our WFSD-3 gouges, which 386 
have a similar mineralogical assemblage. Brown et al. (2003) performed ring-shear 387 
seawater-saturated experiments on both mineral standards and natural clay-rich 388 
samples from subduction thrusts. They reported a μ value of 0.42 for illite/quartz 389 
mixtures sheared under an effective normal stress of <2 MPa and at velocities of 390 
1.5x10-6 m/s; this μ value overlaps with the higher μ value of 0.41 measured under 391 
wet and similar loading conditions for our WFSD-3 gouges.  392 

Tembe et al. (2010) reported friction data obtained in triaxial compression tests 393 
according to which the friction coefficient decreased linearly with increasing clay 394 
content for illite/quartz mixture. For their synthetic 2-mm-thick wet sample of illite 395 
and quartz, they reported μ of 0.55 and 0.44 for 25% and 50% of illite, respectively, 396 
with the displacement of 9 mm slip. Based on the result of Tempe et al. (2010), an 397 
estimate of μ for illite content ~32 % (in our study) was about 0.52 and is significantly 398 
higher than our observations. Mizoguchi et al. (2008) performed saw-cut triaxial 399 
compression friction experiments on borehole core samples stem from > 1 km depth 400 
in the Taiwan Chelungpu fault Drilling Project (TCDP), Taiwan. The TCDP clay-rich 401 
gouge samples (namely 1134HR, 1136BZ, 1194BGZ and 1243BGZ in their study) 402 
were qualitatively described as rich in quartz, illite and chlorite (figure 3 in Mizoguchi 403 
et al., 2008). For these clay-rich gouges they reported μ of 0.38–0.52 at an effective 404 
normal stress of 14 MPa and velocities of 10-6 m/s to 10-5 m/s; two likely explanations 405 
for this difference is either jacketing (for triaxial compression experiments) and 406 
apparatus effects that cause strain hardening in the triaxial experimental configuration 407 
(Moore and Lockner, 2004), or the slip weakening behavior that the values of friction 408 
coefficient were obtained after dozens of centimeter of displacement in the 409 
experiments (Fig. 4a-b and e-f). 410 

Tanikawa et al. (2009) performed double direct shear experiments on clay-rich 411 
fault gouge from 286 m depth in the northern borehole of the Chelungpu fault, 412 
Taiwan. The clay-rich fault gouge was qualitatively described as a material rich in 413 
quartz, illite and chlorite (in their figure 3a). They reported μ for the clay-rich gouge 414 
of ~0.70 and 0.30–0.38 under room humidity and wet conditions, respectively, when 415 
sheared at a normal stress of 14.6 MPa and velocities of 1.5x10-7 m/s to 1.5x10-4 m/s. 416 
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The μ measured in our “wet” experiments (0.30-0.41) are consistent with the μ values 417 
measured in their “wet” experiments. However, in our experiments performed under 418 
room humidity and similar loading conditions, the μ values are significantly lower 419 
(e.g., 0.38-0.52, Fig. 5). This discrepancy could be related to the higher quartz content 420 
in the gouge samples from the Chelungpu fault.  421 
 422 
4.1.2 Data from intermediate velocity experiments (10-2< V ≤ 10-1 m/s) 423 

Below we compare our data with experimental data obtained with rotary shear-424 
type experimental machines, commonly used to shear solid rocks and gouges at 425 
intermediate to high velocities (e.g., Tsutsumi and Shimamoto, 1997; Mizoguchi et 426 
al., 2007). 427 
    At intermediate velocities, the μ of the powdered WFSD-3 gouges increases with 428 
velocity from 0.50 to 0.81 and 0.37 to 0.59 under room humidity and wet conditions, 429 
respectively. This velocity-strengthening behavior is consistent with results from 430 
previous experiments performed on clay-rich gouges (e.g., Remitti et al., 2015; Ferri 431 
et al., 2011). Ferri et al. (2011) conducted both velocity-stepping and single velocity 432 
experiments on clay-rich gouges (60–70% Ca-smectite, 30–40% of calcite and minor 433 
quartz) from the Vaiont landslide slip zone under room humidity conditions in this 434 
intermediate velocity regime. They reported that room humidity gouges exhibit 435 
velocity-strengthening behavior with μ increasing from 0.49 to 0.79 at an imposed 436 
velocity approaching 0.04 m/s. Our μ values for the clay-rich gouges sheared under 437 
room humidity conditions are consistent with their data though the mineral 438 
assemblages of the studied materials are different. 439 

Remitti et al. (2015) conducted both velocity-stepping and single velocity 440 
experiments with SHIVA on smectite-rich gouges from the J-FAST drilling project 441 
(Tohoku 2011 Mw 9.0 earthquake) under room humidity and water-dampened 442 
conditions, respectively. They reported that the water-dampened gouges were 443 
extremely weak with μ around 0.05. In contrast, room humidity gouges exhibited 444 
velocity-strengthening behavior with μ increasing to 0.3–0.35 at a velocity 445 
approaching 0.1 m/s. The trend of increasing μ values with increasing velocity 446 
measured in our experiments (Fig. 5) is consistent with their observations, though our 447 
μ values are systematically and significantly higher (up to 0.8) than their reported 448 
values. The higher values of μ are likely due to the higher abundance of quartz in the 449 
WFSD-3 gouge samples and to the presence of the weaker Na-smectite in the J-FAST 450 
gouges. The aforementioned reported mechanical data suggests that our observed 451 
velocity-strengthening behaviors at the intermediate velocities are universal. 452 
 453 
4.1.3 Data from high velocity experiments (10-1 m/s < V) 454 
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Our data show a dramatic drop of μ from 0.81 to 0.14 and 0.59 to 0.01 with 455 
increasing slip velocities under room humidity and wet conditions, respectively. The 456 
measured μ at seismic rates is consistent with results from the aforementioned works 457 
and many others (see Di Toro et al., 2011). For example, Ferri et al. (2011) reported μ 458 
of ~0.14 and 0.01 under room humidity and wet conditions, respectively, for gouges 459 
sheared at a normal stress of 1 MPa and a velocity of 1.3 m/s. Remitti et al. (2015) 460 
reported μ of ~0.12–0.16 and 0.07 under room humidity and water-dampened 461 
conditions, respectively, for gouges sheared at normal stresses of 3.53–8.39 MPa and 462 
velocities > 1 m/s. Their reported mechanical data also showed a dramatic drop of μ 463 
with an increase of slip velocities. 464 

Regarding single-velocity experiments, Boutareaud et al. (2008) reported that μ 465 
of clay-rich gouge (mainly quartz and feldspar with minor phases of calcite, kaolinite, 466 
and illite-smectite mixed layers) from the Usukidani fault, Japan, was of ~0.30 and 467 
0.19 under room humidity and wet conditions, respectively, when sheared at a normal 468 
stress of 0.6 MPa and a velocity of 1.3 m/s. Tanikawa et al. (2009) reported that μ of 469 
clay-rich fault gouges from the boreholes of the Chelungpu fault, Taiwan, was of 470 
~0.20–0.30 when sheared under room humidity conditions at normal stresses of 0.6–471 
0.9 MPa and a velocity of 1.06 m/s. Sone and Shimamoto (2009) reported that μ of 472 
clay-rich fault gouge from the deep borehole of the Chelungpu fault, Taiwan, 473 
decreased from ~0.60 to 0.10 with an increase of slip velocities (0.1 m/s to 2 m/s) 474 
under room humidity at normal stresses of 0.56 MPa. Our μ are lower than their 475 
reported values. This discrepancy could be related to (1) the different amount and 476 
mineralogy of the clays; (2) the larger normal stress applied in the experiments, which 477 
would result in lower dynamic friction coefficient (Kuo et al., 2021); and (3) the 478 
possibility of more intense compaction and fluid pressurization. 479 
 480 
4.2 Mechanisms of deformation in the three friction-velocity regimes 481 

The friction coefficient of the WFSD-3 samples evolves with increasing velocity 482 
and water content, suggesting the activation of either strengthening or weakening 483 
mechanisms at different friction-velocity regimes. Below, we will propose 484 
deformation mechanisms active at different friction-velocity regimes. The 485 
interpretation is based on the combination of both mineralogical and microstructural 486 
observations, and on the estimate of the temperature and pore fluid pressure evolution 487 
in the PSZ in the high velocity regime. 488 

The frictional strength of room humidity WFSD-3 gouges is systematically 489 
higher than the one of wet gouges at any investigated slip velocity (Figures 4 and 5). 490 
WFSD-3 gouges are made of quartz, illite, chlorite, and kaolinite which do not have 491 
interlayer water, so water is likely present (adsorbed) as a thin film on the grain 492 
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surfaces. Schuttlefield et al. (2007) estimated about 10–75 mg water/g kaolinite and 493 
150–225 mg water/g illite at 50–60 % relative humidity. We verified this range of 494 
adsorbed water in room humidity experiments of our powders (<1 wt.%) and found 495 
that the weight difference of water between ambient room condition (~50% humidity) 496 
and water-saturation condition (~ 26 wt.%) is larger than 25 %. We envision that the 497 
water saturation state is the dominant controlling parameter of gouge shear strength 498 
leading to the contrasting behavior features between room humidity and wet WFSD-3 499 
gouge samples (Figures 4 and 5), and also discuss the water-related weakening 500 
mechanisms below. 501 
 502 
4.2.1 Velocity neutral to strengthening behavior at low velocities 503 

Both the mineral phases determined and the microstructures observed in the 504 
three friction-velocity regimes indicate the occurrence of cataclasis (grain 505 
comminution) and possibly shear along Y-shears (Figs. 6, 7, 9). The obtained curves 506 
of axial displacement (compaction; Fig. 4) are typical for loading and shearing of 507 
materials with the occurrence of cataclastic process (Niemeijer et al., 2010). This 508 
interpretation is supported by the fact that the observed compaction rates decrease 509 
with increasing slip distance (or time) because of porosity reduction by cataclastic 510 
process. 511 
    In the room humidity gouge samples the initial shear deformation is likely 512 
accommodated by slip at the contact between grains or along the basal planes of clay 513 
minerals, similarly to wet gouge samples (Figures 6 and 7). Because of the 514 
experimental configuration (e.g., Rempe et al., 2017), cataclastic processes and shear 515 
localization occur at the contact with the rotary side and results in grain size 516 
reduction. Comminuted grains form also during the initial pre-shear stage of the 517 
experiment (Fig. 6b). The reduction of grain size increases the probability of 518 
interaction of grain edges between neighbor clasts and facilitates the redistribution of 519 
gouge materials, leading to the increase of grain contact area and the associated slip 520 
strengthening behavior. With progressive slip, the cataclastic processes continue and 521 
subsequently leads to the formation of a through-going horizontal shear (Y-shear), 522 
located near the shear zone boundary. All deformation likely localized into this Y-523 
shear. Because quartz particles are embedded in the clay matrix, they act as high‐524 
strength “barriers” for the development of thoroughgoing R-shear within the clays. In 525 
addition, in the absence of evidence for quartz precipitation, the activation of pressure 526 
solution processes seems unlikely (Bos et al., 2000). This implies that a significant 527 
contribution of intergranular slip within the PSZ should indeed occur. 528 
    The progressively increasing frictional strength of the gouge suggests the 529 
increase of grain contact area, prevent localization and cause more pervasive 530 
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deformation (grain comminution) of the gouge (Bos et al., 2000) and, as a 531 
consequence, the growth of the PSZ. This is consistent with the observation of the 532 
reduction of the compaction rate and the velocity-strengthening behavior observed at 533 
low velocities. Therefore, we suggest three main processes that could lead to the 534 
systematic velocity-neutral to -strengthening behavior of both room humidity and wet 535 
gouge samples: frictional sliding of grain boundary (i.e. intergranular slip within the 536 
PSZ), increasing reduced-size grains by cataclasis, and the development of R- and Y-537 
shears. However, with increasing slip, extreme localization may occur along a 538 
principal Y-shear (Marone, 1998), and further experiments are required to investigate 539 
this issue. 540 
    Water acts as a lubricant in phyllosilicates (Morrow et al., 2000; Moore and 541 
Lockner, 2004). For example, Morrow et al. (2000) performed triaxial friction 542 
experiments on phyllosilicate-, quartz-, albite-, and calcite-rich gouges under both 543 
vacuum-dried and water-saturation conditions. They found that the friction coefficient 544 
dropped by 20–60% for phyllosilicate-rich gouges after the addition of water. The 545 
magnitude of friction drops for phyllosilicate grains correlated with the tendency for 546 
the phyllosilicate to adsorb interlayer water. Instead, the friction coefficient remained 547 
constant for quartz, albite, and graphite regardless of water content. For saturated 548 
phyllosilicates, the frictional strength is controlled by the shear through the structured 549 
water films formed between the plate surfaces (Moore and Lockner, 2004). In 550 
addition, adsorbed water was theoretically proposed to play a role on the friction of a 551 
submicron-particle layer (Sammis et al., 2011). Therefore, the presence of water-552 
saturated clay minerals (or submicron particles) could partially reduce the shear 553 
strength between grains and is responsible for the difference of overall strength 554 
between the room humidity and wet gouge samples. 555 
 556 
4.2.2 Enhanced velocity-strengthening behavior at intermediate velocities 557 
    Although, for a given slip distance and normal stress, the PSZs formed at 558 
intermediate velocities are characterized by the same mineral assemblage (Fig. 9) and 559 
similar microstructures (presence of Y-shears, Fig. 6 and 7) as the PSZs formed at low 560 
velocities, the PSZs are thicker (Fig. 6 and 7). The similar mineral assemblages and 561 
microstructures suggest that the deformation mechanisms (grain comminution, 562 
intragranular flow, etc.) at low and intermediate velocities are possibly the same, 563 
though the weighting by which they formed is slightly different. In addition, 564 
amorphization of gouge can be driven by high frictional work density (Aretusini et al., 565 
2017) but cannot be verified in our results due to the analytical limitation, though all 566 
the intensities of XRD peaks at intermediate velocity regime are slightly smaller than 567 
the other velocity regimes. 568 
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    Since quartz grains are larger than clay particles by several order of magnitude, 569 
in the case of the WFSD-3 samples (i.e., a quartz-rich mixture with low clay content), 570 
the clay minerals would tend to collect in the pores of the matrix framework made by 571 
the quartz grains. Therefore, during initial slip, the applied stresses are primarily 572 
accommodated by force network chains between the contacting quartz grains, 573 
similarly as in the low velocity regime. However, the imposed velocities in the 574 
intermediate regime are orders of magnitude higher than in the low velocity regime. It 575 
can be expected that the contacting grains may undergo significant microcracking and 576 
comminution due to the shorter contact lifetime at higher strain rate. As a result, the 577 
pervasive grain size reduction would occur following the force network chains within 578 
the PSZ, the through-going horizontal shear (Y-shear). Therefore, the mechanism 579 
operating at low velocity cannot keep with the strain rate at intermediate velocities, 580 
and this results in more intense fracturing of the grains and with the increasing 581 
development of R-shears, which indicate the formation of intergranular fractures in 582 
the gouge layer. 583 

In the intermediate-velocity experiments deformation was localized into both a 584 
horizontal Y-shear and an oblique R-shear. R-shear formation and orientation is 585 
controlled by the internal friction coefficient of the gouge and may rotate with 586 
progressive shear. The shear accommodation by slip along multiple, mutually 587 
crosscutting R-P surfaces in the intermediate-velocity regime (Figures 6d–e) requires 588 
increasing shear stresses with respect to the localized slip along the smooth Y surface 589 
of the samples. This could well explain the increase of friction coefficient observed at 590 
the intermediate velocities, since sliding along a sub-horizontal shear requires only 591 
overcoming of the grain boundary friction, whereas sliding along an obliquely foliated 592 
gouge requires dilatation in addition to overcoming grain boundary friction, both 593 
contributing to the measured shear stress. As a matter of fact, for similar 594 
displacements (ca. 1 m), gouge compaction is higher at low velocities than at 595 
intermediate velocities, possibly because of the larger contribution due to gouge 596 
dilatancy in the latter velocity regime (compare Figs. 4e-f with Figs. 4g-h). As a 597 
consequence, cataclasis is still the dominant deformation mechanism, but it requires 598 
more shear stress and dilatancy to deform the grains along both Y- and R-shears (here 599 
the increase of the friction coefficient and the reduction of the shortening rate 600 
compared to the experiments performed in the low velocity regime). The other 601 
mechanism, for example, “frictional” grain boundary sliding, is less efficient at the 602 
strain rates typical of the intermediate velocity regime.  603 

Similarly, water may act a lubricant and reduce the shear strength between the 604 
grains as in the low velocity regime. Because gouge-rich samples have low hydraulic 605 
diffusivity which could trap pore fluids pressurized also by compaction during slip, 606 
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the relatively high velocities applied in the intermediate regime may induce the shear-607 
induced pore fluid pressurization, resulting in a reduction of effective normal stress 608 
(Faulkner et al., 2018; Aretusini et al., 2021). Although the pore pressure was neither 609 
controlled nor monitored, three lines of evidence suggest that pore fluid pressurization 610 
may not be dominant in this regime: (1) the abundant voids of the larger framework 611 
quartz grains could allow the pore fluids to drain out efficiently (see also the previous 612 
discussion about the lower compaction of the gouges sheared under this regime with 613 
respect to those sheared in the low velocity regime); (2) the aforementioned 614 
significant microcracking of coarse grains could also be additional fluid path to drain 615 
out; and (3) the gradual increase of frictional strength during the experiments, 616 
implying the absence of pore fluid pressurization. Therefore, we suggest that, rather 617 
than the pressurization of the trapped pore fluids, the water films along the grain 618 
boundaries can contribute to the reduction of the bulk frictional strength between the 619 
room humidity and wet gouge samples. 620 
 621 
4.2.3 Dynamic weakening mechanism at high velocities 622 
    Numerous weakening mechanisms derived from rotary shear experiments have 623 
been reported (see the summary in Di Toro et al., 2011; Niemeijer et al., 2012). They 624 
include flash heating and weakening (Rice, 2006; Beeler et al., 2008, Goldsby and 625 
Tullis, 2011), frictional melting lubrication (Hirose and Shimamoto, 2005; Di Toro et 626 
al., 2006), silica gel production and lubrication (Goldsby and Tullis, 2002; Di Toro et 627 
al., 2004), thermo-mechanical pore fluid pressurization (Sibson, 1973; Rice, 2006; 628 
Brantut et al., 2011; Ujiie and Tsutsumi, 2010; Chen et al., 2013b, 2017; Violay et al., 629 
2015; Faulkner et al., 2017; Aretusini et al., 2021; Kuo et al., 2021), and powder 630 
lubrication (Han et al., 2010, 2011; Reches and Lockner, 2010). Evidence of the 631 
presence of amorphous materials (i.e., silica gel or the products derived from 632 
frictional melting or clay decomposition) was absent in the sheared gouges based on 633 
petrographic microscope, SEM or in-situ synchrotron XRD observations. In addition, 634 
the modeled temperatures (< 450 °C and below the melting point of kaolinite, the 635 
mineral with the lowest melting temperature in the gouge), together with the lack of 636 
phase changes, likely suggest that frictional heating was insufficient to trigger 637 
frictional melting (Spray, 2005; Di Toro et al., 2006). Unlike other similar 638 
experiments on clay-bearing gouges (e.g., Han et al., 2014), we interpret the lack of 639 
evidence of gouge melting (or thermal decomposition) as the result of the short slip 640 
distances and duration of the experiments (<1 m and 1 s, respectively). Therefore, 641 
processes like frictional melting or fluid pressurization induced by thermo-chemical 642 
decomposition of the gouge material seem unlikely to be the cause of the observed 643 
slip-weakening behavior, regardless of the humidity conditions. In addition, the PSZs 644 
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from all the three friction-velocity regimes are characterized by the abundance of 645 
small in grain-size particles. This suggests that powder lubrication may not be active 646 
in our case, as the presence of fine grain particles should result in a reduction of the 647 
frictional strength with slip independently of the imposed velocities. Below we 648 
discuss flash heating and pore fluid pressurization (due to shear-induced compaction 649 
and thermal expansion or vaporization of water from mineral surfaces and pores or 650 
clay dehydration) as potential weakening mechanisms involved in our experiments. 651 
 652 
Flash heating: Because the microstructures of the PSZ are the result of a cumulated 653 
deformation, the mechanism responsible for weakening in the initial stage of the 654 
experiments remains uncertain. As discussed above, before the initiation of frictional 655 
sliding, the applied normal stress is primarily accommodated by force network chains 656 
that connect the contacting quartz grains. At the onset of sliding, the high contact 657 
stresses and high velocities may drive grain fragmentation but also induce intense and 658 
transient heating at grain contacts resulting in dehydration of the clays and melting or 659 
thermal softening of the quartz contacts or asperities (Rice, 2006; Beeler et al., 2008). 660 
As a result, thermal softening of the contacting asperities likely results in low shear 661 
strengths and the associated low macroscopic friction. During flash heating, which is 662 
a very short-living (<< ms) mechanism operating at the asperity scale (<< 1 mm), the 663 
increase of the bulk temperature in the PSZ is extremely difficult to detect with 664 
standard analytical techniques (e.g., Niemeijer et al., 2012; Tisato et al., 2012; Fig. 8). 665 
In addition, with increasing slip distance, other triggered weakening mechanism may 666 
overprint the possible evidence for the activation of flash heating (e.g., formation of 667 
rods of glass at the microscale: Brantut et al., 2016; Violay et al., 2014). As a result, it 668 
is unlikely to recognize the microstructural evidence for flash heating in our 669 
experiments. However, since the activation of flash heating and weakening has been 670 
documented under both room humidity and wet conditions (Tisato et al., 2012; Hirose 671 
and Bystricky, 2007; Violay et al., 2014), we conclude that it might have played a 672 
significant role in our experiments, irrespective of the water saturation state. 673 
     674 
Pore fluid pressurization: Information of temperature within the gouge layer (and 675 
pore fluid pressure for wet gouges) is required for the investigation of the weakening 676 
mechanisms operating at high slip rates. Neither thermocouples nor pore fluid 677 
pressure transducers were used, so a thermo-hydro-mechanical (THM) model was 678 
developed as a first-order approximation to estimate the local pressure-temperature 679 
conditions inside the gouge layer during the experiments (Fig. 10).  680 
    For the room humidity experiment s1127, because pore fluid pressure evolution 681 
can be ignored, we ran a 1D model along the direction orthogonal to the gouge layer 682 
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which was well developed by Aretusini et al. (2021; Fig.10a). For the wet experiment 683 
LHVR1558, we ran a 2D axisymmetric finite element model with the finite element 684 
package COMSOL for simulating both temperature and fluid pressure evolution, 685 
which is well developed by Chen et al. (2013b) (Fig. 10d; the same as figure 11 in 686 
Kuo et al., 2021). The heat sources considered in the numerical models were marked 687 
in red color in figure 3c and 3d. All frictional work was assumed to be converted into 688 
heat during slip (i.e., τ multiplied by V). For the wet experiment, the heat and thus 689 
fluid pressure evolution strongly depend on shear localization. In simulating 690 
LHV1558, the frictional heat was assumed to evenly distribute over a 100 μm-thick 691 
shear band at one boundary of the simulated gouge layer, mimicking the 692 
microstructural observation (as addressed later). The thermal properties (i.e. density, 693 
specific heat, and thermal conductivity) of each component of the sample assembly, 694 
the transport properties of the gouge layer and the seated porous steel (i.e. porosity, 695 
permeability, and specific storage), as well as the water/solid properties (i.e. water and 696 
solid compressibility, water and solid expansivity, and water viscosity), were set based 697 
on our best knowledge, and was given in the Table 2. Besides thermal pressurization, 698 
the effect of dilatancy/compaction was also considered for simulating the fluid 699 
pressure evolution, based on the observation of changes in axial displacement. To test 700 
the parameter sensitivity, we have also varied a few key parameters (e.g. gouge 701 
compressibility) to certain extent. Since a large geometry of the sample assembly was 702 
simulated, we used a fixed temperature boundary condition (equal to room 703 
temperature) and the fluid was assumed to be enclosed within the gouge layer and the 704 
seated porous steel (i.e. no flux boundary conditions). For both experiments, we set 705 
the initial temperature and pore fluid pressure as 25°C and 1 atm, respectively (Fig. 706 
10c and g). For s1127, we output temperature from the central node of the SHIVA 707 
model (e.g., Aretusini et al., 2021). For LHVR1558, we report the calculated 708 
temperature and pore fluid pressure evolution at a radial distance of 8.33 mm from the 709 
center of the gouge cylinder (Fig. 10g; Kuo et al., 2021). In the developed THM 710 
model, we do not consider the effect of grain size reduction by cataclastic process as 711 
the microstructures shown below. 712 

Our modeling indicates that the room humidity gouge layer rapidly increases to 713 
~400°C in 0.2 m of slip, then gradually reaches a value of ~450°C before 714 
deceleration, and eventually slowly decreases at the end of slip (Fig. 4i and Fig. 10c). 715 
On the other hand, the wet gouge layer rapidly increases to a temperature of ~300°C 716 
in 0.25 m of slip and reaches a value of ~310°C at the end of slip (Fig. 4j and Fig. 717 
10g). In addition, the modeled pore fluid pressure rapidly increases to ~4.85 MPa in 718 
0.25 m of slip, gradually decreases to ~3 MPa before deceleration at 0.8 m of slip, and 719 
then drops to 0.1 MPa by the end of the experiment (Fig. 4j and Fig. 10g). In this 720 



20 
 

model the latent heat associated with the liquid-vapor transition was not considered 721 
(Chen et al., 2017). 722 

Experiments performed on wet gouges at seismic velocities suggest fault 723 
weakening to be controlled by the competition of shear-induced dilatancy and 724 
compaction (Proctor et al., 2020). For example, at seismic rates, shear-induced 725 
dilatancy may suppress thermal pressurization during the dynamic weakening of 726 
faults (Brantut, 2020). Aretusini et al. (2021), thanks to a dedicated pressure vessel, 727 
measured the short-lived pore fluid pressures transients occurring within the gouge 728 
layer. They showed the complex evolution of pore fluid pressure during fault slip: 729 
shear-induced dilatancy was observed during initial slip acceleration, manifested by a 730 
gouge layer thickness increase and pore fluid pressure drop. Then pore fluid pressure 731 
increased with slip due to gouge compaction.  732 

The model here proposed for the shearing of wet gouges at seismic velocities 733 
(Fig. 4j) shows the rapid increase of pore fluid pressure (up to ~4.85 MPa) during the 734 
weakening regime. Considering the fact that both mineralogy (low permeability clays) 735 
and slip velocity conditions (high slip velocities) of the experiment may drive the 736 
gouge sheared at undrained-like conditions, although the gouge layer was allowed to 737 
be drained at the boundary condition in our study. It presumably allows to result in an 738 
abrupt increase of pore pressure by shear-induced compaction (Kuo et al., 2021). 739 
Therefore, the increase of the modeled pore fluid pressure, together with the measured 740 
compaction during sliding, was likely as a cause of shear-induced compaction.  741 

Afterwards, a gradual decrease of pore fluid pressure with slip correlates with the 742 
condition of fluid drainage (i.e. the pressurized fluids moved through the gouge layer 743 
and into the fluid outlet). Based on the water phase diagram (Chen et al., 2017b; 744 
Weatherley and Henley, 2013), the temperatures for water vaporization at 3-4.85 MPa 745 
(Fig. 4j) are estimated in ~230–260°C. The modeled bulk temperatures for this 746 
experiment are about the temperatures required for water vaporization, suggesting that 747 
the pore fluids could be in liquid/vapor phase during the weakening regime. If so, 748 
pore water begins to vaporize and pore pressure will increase due to a volume 749 

expansion of ~1700 times (0.001→1.680 m3/kg at 100°C) once the temperature 750 

reaches the boiling temperature. However, significant dilation of the gouge layer was 751 
not observed in our data (Fig. 4). Also, our modeling suggests that pore pressure 752 
increases faster than temperature at slip initiation; the pore fluid cannot vaporize and 753 
be responsible for gouge weakening, even though water vaporization can be triggered 754 
by the drop of pore pressure afterwards (Chen et al., 2017b). Our estimates for high 755 
pore fluid pressures are consistent with the recently reported data by Hunfeld et al. 756 
(2021) and Aretusini et al. (2021), implying pore fluid pressurization (e.g., mechanical 757 
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compaction and thermal expansion of pore fluid) as the potential weakening 758 
mechanism.  759 
 760 
4.3 Implications to the Guanxian–Anxian fault 761 

Investigating the friction strength and stability in fault gouges and the associated 762 
microstructures is crucial to understand individual mechanisms that operated during 763 
fault deformation. Our rock friction experiments, spanning a wide range of slip 764 
velocities, revealed the frictional behavior of WFSD-3 samples, including slip 765 
velocity strengthening at low to intermediate velocities and velocity weakening at 766 
high velocities. 767 

Steady state velocity-strengthening behavior under room humidity conditions 768 
was observed in a rather large number of experimental data sets (see the detailed 769 
summary in Bar-Sinai et al., 2014). In addition, slip velocity-strengthening frictional 770 
behavior is known to promote stable slip on faults, to limit the propagation speed of 771 
interfacial rupture fronts and to affect the magnitude of slip events (Weeks, 1993; 772 
Kato 2003; Bouchbinder et al., 2011; Hawthorne and Rubin, 2013; Bar-Sinai et al., 773 
2013, 2014), to limit the thickness of the seismogenic zone (Marone and Scholz, 774 
1988), and to control earthquake after slip and stress drops (Marone et al., 1991). Our 775 
experimental dataset suggests that the observed enhanced velocity-strengthening 776 
frictional behavior of WFSD-3 at intermediate velocities may act as a barrier to slip 777 
acceleration and, instead, could result in stable sliding or slow fault rupture (Bar-Sinai 778 
et al., 2012). On the other hand, the observed slip weakening at high velocities is 779 
similar to the one described in previous studies (Ujiie and Tsutsumi, 2010; Ferri et al., 780 
2011; Faulkner et al., 2011; Chen et al., 2013, 2017; Violay et al., 2015; Aretusini et 781 
al., 2021). In the WFSD-3 gouges, the dynamic weakening mechanism involves the 782 
interplay between flash heating and pore fluid thermo-mechanical pressurization. 783 

The microstructures of the experimental products can be used to indicate where 784 
deformation took place, but are of limited use for constraining fault strength due to 785 
their similarity. The reduction in grain size of our gouges likely suggests the 786 
correlation between the energy dissipation during the experiments and the width of 787 
the individual PSZ. Figure 8 shows that the width of PSZ increased with FWD but is 788 
independent of FPD. These trends suggest that the processes of mechanical cataclasis 789 
were driven by frictional work densities and consequently, control the growth of PSZ. 790 
This is consistent with the previous studies on the production by mechanical wear 791 
(e.g., the production of size-reduced nano-particles and subsequent solid state 792 
amorphization; Aretusini et al., 2017). Meanwhile, the experiments (10 MPa, room 793 
humidity and wet conditions, a range of slip velocities and fluid drained conditions) 794 
presented here are representative of shallow depths and fluid drainage conditions. 795 
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Therefore, both the developed correlation between energy dissipation during 796 
experiments and the microstructures (the thickness of PSZ) and the reduced grain-797 
sized particles may allow extrapolation of laboratory observation to the observed 798 
foliated gouges of GAF (i.e., various grain-sized gouge layers; He et al., 2018), 799 
although the activation of pressure solution processes in the gouge reported in He et 800 
al. (2018) was not reproduced in this study.  801 
 802 
5. Conclusions 803 
     We deform room humidity and wet WFSD-3 fault gouges at slip velocities V 804 
ranging from 10-5 m/s to 2 m/s and normal stresses from 8.5 to 10 MPa. At any 805 
imposed slip velocity, the wet gouges have a lower apparent friction coefficient than 806 
the room humidity ones. In addition, three friction-velocity regimes are recognized: 807 
velocity-neutral to velocity-strengthening regime at low velocities (V ≤ 10-2 m/s), 808 
enhanced velocity-strengthening at intermediate velocities (10-2 m/s < V ≤ 10-1 m/s) 809 
and, velocity-weakening at high velocities (10-1 m/s < V). Microstructural and 810 
mineralogical investigations evidence the formation of size-reduced grains (without 811 
mineral phase changes) and R- and Y-shears in the PSZ. Regardless of the ambient 812 
conditions, the width of PSZ is proportional to the input FWD. Our finding, including 813 
the positive relation between FWD and the width of PSZ and the formation of reduced 814 
grain-sized particles, may allow the extrapolation of the experimental observations to 815 
the observed foliated gouges of GAF. Overall, our results support the hypothesis that 816 
the GAF preferentially ruptures through wet fault gouges; however, the enhanced 817 
velocity-strengthening regime at intermediate velocities may act as a barrier to slip 818 
acceleration during fault rupture propagation. 819 
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 1148 
Figure captions 1149 
Figure 1. Geological setting of the 2008 Mw7.9 Wenchuan earthquake and location of 1150 
all the WFSD drilling sites. (a) Location of the WFSD-3 drilling site (marked in 1151 
yellow) and the two surface ruptures associated with the Mw7.9 earthquake along the 1152 
margin of the Longmenshan mountains and Sichuan basin. The epicenter of the 1153 
mainshock is marked as a red star. The inset box shows a schematic drawing of the 1154 
Tibetan Plateau. (b) Cross-section of the WFSD-3 drilling site showing the GAF fault 1155 
zone and surrounding formations encountered in the borehole (after Li et al., 2016). 1156 
The possible fault zone activated during the 2008 mainshock rupture was assumed in 1157 
the borehole at ~1248 m depth and is plotted as the heavy red line. (c) The core image 1158 
exhibiting the major portions of GAF along the borehole of WFSD-3. The gouge 1159 
materials used in this study is marked in blue rectangle. 1160 
 1161 
Figure 2. Images, microstructures and mineralogical phases of the cores from the 1162 
WFSD-3p. (a) The 493.26- to 493.41-m depths: foliated fault gouge with Y and P 1163 
shears and distributed R1 shears, and some deformed clasts. Red half arrows indicate 1164 
the shear directions and the red arrows show the compression direction (He et al., 1165 
2018). (b) Wavy boundaries between banded carbonaceous materials and clay-rich 1166 
layers with distributed R1 shears. (c) Mineralogical phases of the materials used (at 1167 
the depth of 1249 of WFSD-3) for rotary shear experiment determined by in situ 1168 
synchrotron X-ray diffraction analyses. 1169 
 1170 
Figure 3. Two types of rotary shear apparatus used and the associated purpose-built 1171 
sample holder. (a) SHIVA installed in INGV, Rome, Italy. Yellow rectangle showing 1172 
the SHIVA equipped with the purpose-built sample holder. (b) LHVR installed at 1173 
NCU, Taoyuan, Taiwan. Red rectangle displaying the LHVR equipped with the 1174 
purpose-built sample holder. (c and d) Scale diagram of gouge holder showing rotary 1175 
and stationary parts. 1176 
 1177 
Figure 4. Friction coefficients of WFSD-3 gouges as a function of slip distance. (a-d) 1178 
Slip stepping experiments. (e-j) Single velocity experiments. Red rectangles as the 1179 
interval for the estimate of average friction coefficient of the gouge samples. 1180 
 1181 
Figure 5. Friction coefficients of WFSD-3 gouges as a function of slip velocity. Each 1182 
data point is averaged from multiple data points with standard deviation represented 1183 
by error bars. Room humidity runs in red circles. Wet runs in blue circles. Insets 1184 
report for reference the evolution of μ with displacement for room humidity (red line) 1185 



34 
 

and wet (blue line) runs. 1186 
 1187 
Figure 6. Cross‐polarized light observation of the experimental products formed 1188 
before (a) and after room humidity (b, d, f) and wet (c, e, g) experiments. Fault gouge 1189 
composed of localized size-reduction particle zone and random distribution of clasts 1190 
in optically isotropic, dark matrix.  1191 
 1192 
Figure 7. Backscattered SEM image of the sheared gouge layer cut through part of the 1193 
localized size-reduction particle zone. 1194 
 1195 
Figure 8. PSZ width as function of (a) frictional work density (FWD) and (b) 1196 
frictional power density (FPD). Error bars indicate the variation of PSZ width along 1197 
the observed petrographic thin section. 1198 
 1199 
Figure 9. In situ synchrotron X-ray analyses of a gouge layer. (a) The petrographic 1200 
thin section situated on the sample holder of synchrotron holder (right panel of 11a). 1201 
(b and c) Mineralogical phase of the selected area within the gouge layer. cps—counts 1202 
per second. The peaks confirm that similarity between the sheared gouge layers and 1203 
the starting materials.  1204 
 1205 
Figure 10. Setup and result of 1D and 2D models. (a) Geometry of the 1D model with 1206 
respective to the shear direction during the experiments: internal radius (IR). (b) 1207 
Transect across the gouge layer showing the model domains as well as the mechanical 1208 
boundary settings. The red circle is the model node at which plots in Figures 4i and 1209 
10d are referred to. (c) Result of 1D model. The result is combined with mechanical 1210 
data in Fig.4i for the discussion. (d) Geometry and material distribution for the 2D 1211 
model domain as well as the mechanical boundary settings. (e) Mesh and heat source 1212 
distribution (right hand side). (f) The blue and green circles are the model node at 1213 
which plots in Figures 4j and 10g are referred to. (g) Results of 2D model. The results 1214 
are combined with mechanical data in Fig.4j for the discussion. 1215 
 1216 
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