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Abstract During seismic slip, the elastic strain energy released by the wall rocks drives grain
fragmentation and flash heating in the slipping zone, resulting in formation of (nano)powders and melt
droplets, which lower the fault resistance. With progressive seismic slip, the frictional melt covers the slip
surface and behaves as a lubricant reducing the coseismic fault strength. However, the processes
associated to the transition from grain fragmentation to bulk frictional melting remain poorly
understood. Here we discuss in situ microanalytical investigations performed on experimentally produced
solidified frictional melts from the transition regime between grain fragmentation and frictional melting.
The experiments were performed on granitic gneiss at seismic slip rates (1.3 and 5 m/s), normal stresses
ranging from 3 to 30 MPa. At normal stresses <12 MPa, the apparent friction coefficient u,,, (shear stress
versus normal stress) evolves in a complex manner with slip: u,p, decreases because of flash weakening,
increases up to a peak value up, ~0.6-1.0, slightly decreases and increases again to a second peak value
Mp2 ~0.44-0.83, and eventually decreases with displacement to a steady-state value ugs ~0.3-0.45. In situ
synchrotron observations of the solidified frictional melt show abundance of ultrafine quartz grains
before w, and enrichment in SiO, at .. Because partial melting occurs on the ultrafine quartz grains
and, as a consequence, it suggested that the second re-strengthening (i) is induced by the higher
viscosity of the melt due to its enrichment in Si from melting of the ultrafine quartz grains derived

from grain fragmentation.

1. Introduction

Numerous physical and chemical processes have been theoretically and experimentally proposed to justify
fault lubrication during seismic slip, for example, flash heating (Beeler et al., 2008; Goldsby & Tullis,
2011; Rice, 2006), powder lubrication (Han et al., 2010; Reches & Lockner, 2010), frictional melting (Di
Toro et al., 2006; Spray, 2005), silica gel formation (Di Toro et al., 2004), elastohydrodynamic lubrication
(Brodsky & Kanamori, 2001; Cornelio et al., 2019), grain size- and temperature-dependent processes (De
Paola et al., 2015; Green et al., 2015; Rowe et al., 2019; Spagnuolo et al., 2015), and thermal decomposition
(Collettini et al., 2013; Han et al., 2007). In particular, on a fault patch in silicate-built rocks, flash heating
and melting (Goldsby & Tullis, 2011), or grain fragmentation of the rock (Chen et al., 2017a; De Paola
et al., 2015; Green et al., 2015; Rowe et al., 2019; Spagnuolo et al., 2015) may occur during the initial stages
of seismic slip at the passage of the earthquake rupture propagation front. With progressive slip, the continu-
ously generated melt droplets can accumulate to form a continuous melt layer possibly resulting in melt
lubrication (Shimamoto, 2005; Spray, 1995). Therefore, studies on powder generation, flash heating and
melting, and the formation of a continuous melt layer provided criteria for understanding fault lubrication
(Reches & Lockner, 2010; Chen, Madden, & Reches, 2017a; Spray, 1995, 2005; Di Toro Hirose, Nielsen,
Pennacchioni, et al., 2006; Rice, 2006; Beeler et al., 2008; Goldsby & Tullis, 2011).
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Figure 1. (a) Geological setting of the Hoping area with complex tectonic structures. The inset box shows the location of
the Hoping area in northeast Taiwan. The study area consists mainly of marble, granitic gneiss, and schist. The Hoping

pseudotachylyte (red star) and its surface structure “brushlines” (green box; the surface was coated by Pt for SEM analysis)
and the Hoping borehole are located alongside the Hoping River and are hosted in granitic gneiss. The attitude of foliation
is mostly parallel or subparallel to the direction of fold axis. (b and c) Specimen assembly for LHVR and SHIVA. Note that
the specimen size for LHVR is 25 mm in diameter and for SHIVA, the outer diameter is 50 mm and the inner diameter is 30
mm. Specimens were bound with iron wires and jacketed with aluminum rings for LHVR and SHIVA, respectively.

However, the transition between fault rock comminution and frictional melting remains unclear. More rele-
vantly, how do the associated frictional properties derived from both fault comminution and frictional melt-
ing affect the fault strength during fault rupture is not well-constrained. Here we address these questions by
conducting rock friction experiments on granitic gneiss at seismic rates and further discuss how the presence
of fragmented grains and the chemical evolution of the friction melt influence the frictional behavior of the
experimental fault.

2. Materials and Methods
2.1. Starting Materials

The exhumed pseudotachylyte-bearing fault, which crosscuts the granitic gneiss of the Tananao
Metamorphic Complex (TMC), crops out in the Hoping area, northeast Taiwan (Chu et al., 2012;
Figure 1a). The fault zone rocks are mainly cataclasites and mylonites overprinted by pseudotachylytes.
Pseudotachylytes were generated at depths >4 km about 1.6 Ma ago (Chen et al., 2017) in faults accom-
modating displacements by up to 220 mm (corresponding to earthquakes of My, 6.4 + 0.4 if all the dis-
placement would be associated to a single seismic slip event; Korren et al., 2016). Pseudotachylytes form
vein and injection veins networks that intrude the host granitic gneiss, and they were used to infer
earthquake source parameters (e.g., slip vectors (Korren et al., 2016) and brushlines (Ferré et al.,
2016)). We used the granitic gneiss from the Hoping borehole cores drilled by the Industrial
Technology Research Institute (ITRI) as the starting materials for the rotary shear experiments
(Figures 1b and 1c). The mineral composition of the core granitic gneiss is 35-40% quartz, 15-25% feld-
spar, 20-25% micas (muscovite dominant), and 5-10% other accessory minerals (estimated by optical
microscope analysis of thin sections). This estimated composition is similar to the modal content of
the granitic gneiss cropping out in the area with 30-35% quartz, 20-25% feldspar, 30-35% micas (both
muscovite and biotite), 3-5% clinozoisite-epidote and titanite, and 2% of other accessory minerals
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Table 1

Normalized average chemical composition of the granitic gneiss, glass matrix at four states, and chemically-based melt viscosity. Noted that the bulk composition of the
granitic gneiss is cited from Kuo (2016) which using XRF to analyze four rock samples.

Estimated melt

viscosity
n Si Mg Ca Na K Ti Fe Mn P Total  range (Pas)

Granitic gneiss 4  65.6+242 162+067 18+013 28+044 274005 38+028 10+014 58+121 01+000 02+005 10000 -
(Kuo, 2016)

State A 39 5834587 186+264 21+039 42+077 29+051 62+082 0.6+063 72+125 - - 100.00 1050731
(LHVR0484)

State B 40 5304347 204+135 26+046 49+112 27+085 71+063 10+059 84+148 - - 10000 1077727
(LHVR0552)

State C 39 6134591 17.5+2.63 22+042 44+122 30+052 61+092 02+039 53+120 - - 10000 1052733
(LHVR0452)

State D 40 5014302 172+154 25+03 135+192 28+031 63+095 06+134 70+162 - = 100.00 1071727
(LHVR0438)

n, number of analyses.

(Chu et al., 2012). The bulk chemical composition of the granitic gneiss is also shown in Table 1. The
granitic gneiss has a heterogeneous mineralogical distribution due to the presence of a foliation
enriched in muscovite or in quartz and feldspar (Figures 1b and 1c). To achieve more homogenous
mineralogy of the sliding surface, the samples prepared for the experiments were drilled with the
long axis oblique (approximately 25° to 30°) to the gneissic foliation.

2.2. Rock Deformation Experiments

Rock deformation experiments were conducted with the low-to-high velocity rotary shear friction apparatus
(LHVR) installed at the National Central University (NCU), Taiwan (Kuo et al., 2015; Yang et al., 2014), and
the slow-to-high velocity apparatus (SHIVA) at the Istituto Nazionale di Geofisica e Vulcanologia (INGV,
Rome), Italy (Di Toro et al., 2010). The latter was used to extend the applied normal stresses up to 30 MPa
and perform an experiment under vacuum conditions.

For LHVR, the samples were solid cylinders (25-mm external diameter) which were tightly confined with
iron wires (Figure 1b). For SHIVA, the samples were hollow cylinders (50-mm external, 30-mm internal dia-
meters) which were jacketed with an external aluminum ring (Figure 1c; Niemeijer et al., 2011; Nielsen et al.,
2012). To improve the alignment of two mounted samples before the experiments, for LHVR, we gently
knocked the edge of the upper one until the measured uncentered degree was lower than 10 pwm, and, for
SHIVA, we preground the slip surface of the samples at 1 cm/s and 1 MPa (Niemeijer et al., 2011). The preg-
rinding lasted until the recorded torque achieved a constant value which is associated with the parallelism of
the two opposite sliding surfaces.

Because of the rotary configuration of the two machines used, both slip and slip rate increase with sample
radius. As a consequence, we define the equivalent slip rate V, (Shimamoto, 2005; Shimamoto &
Tsutsumi, 1994):

_ 47R(r2, + Fextline + 12y) [m]
s

Ve= @
¢ 3 (rext + rint)

where R is the revolution rate of the motor (i.e., the target R in the experiments presented here were
1,500 rpm for LHVR and 3,000 rpm for SHIVA), re the external radius (12.5 and 25 mm for LHVR
and SHIVA, respectively), and r;,, the internal radius (0 and 15 mm for LHVR and SHIVA, respectively)
of the samples (Figure 1). The experimental conditions above resulted in target V. of 1.3 and 5 m/s for
LHVR and SHIVA, respectively. Hereafter we refer to the “equivalent slip rate” as slip rate. The mea-
sured torque (7) allows us to determine the shear stress (7) by assuming that 7 is constant over the
entire slip surface (Shimamoto, 2005):
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Table 2
List of experiments, experimental conditions, mechanical data, and mechanically-constrained apparent viscosity.

First Second  Average Apparent Apparent
Peak  peak steady Slip Total  Acceleration/ Melt viscosity Clast viscosity
On Tp1 Tp2 state 75 velocity slip D Deceleration thickness 7,,, (Pa content corrected with Ambient
Experiment (MPa) (MPa) (MPa) (MPa) V(m/s) (m) (m/! 52) w (mm) S) ¢ (%) clasts 7. (Pa S) condition
LHVR0484 3 4.7 - - 1.3 1.6 3.5 0.27 613 20 229 RH
(State A)
LHVR0487 3 2.9 - - 13 1.5 3.5 - - - - RH
(State A)
LHVRO0534 3 3 - - 13 2.6 35 - - = - RH
(State B)
LHVR0552 3 3 = = 1.3 2.7 35 0.33 548 18 232 RH
(State B)
LHVRO0452 3 2.5 1.55 - 1.3 2.1 3.5 0.17 203 11 125 RH
(State C)
LHVRO0438 3 2.8 2.5 1.5 1.3 5.7 3.5 0.23 265 20 99 RH
(State D)
LHVR1097 3 1.6 2.1 14 1.3 53 3.5 - - - - RH
(State D)
LHVRO0439 4.6 34 2.8 1.3 4.7 3.5 - - - - RH
LHVR0440 5.3 4 2.8 1.3 3 3.5 = = = = RH
LHVRO0441 12 6.7 = 33 1.3 6 3.5 = = = = RH
LHVRO0443 19 7.5 - 34 1.3 1.9 3.5 - - - - RH
51286 3 3 2.4 1.6 5 75 6.5 - - - - Vacuum
s1289 30 12.7 = 4.7 5 1.5 6.5 = = = = RH
RH, room humidity
e 27T
T = | 27rrdr = = (Fly=riy) IN m] )

Tint

Given the strong assumption of a constant shear stress over the entire slip surface, which cannot be the case
as the shear stress varies with slip rate (e.g., Di Toro et al., 2011) and in the cylindrical configuration the slip
rate increases with the sample radius, mechanical data obtained with hollow cylinders are more accurate
than those obtained with solid cylinders. From equation (2), the friction coefficient u is

3T

T
o 210(r3—r},)

y 3)

Hereafter, we refer to u as apparent friction coefficient u,pp, for the following description.

The LHVR experiments were conducted at normal stresses of 3, 6, 9, 12, and 19 MPa, at a target slip rate of
1.3 m/s, and under room humidity conditions. The SHIVA experiments were conducted at the normal stres-
ses of 3 and 30 MPa, respectively, and at a target slip rate of 5 m/s under both vacuum and room humidity
conditions (Table 2). All mechanical data (torque, angular rotation, and axial displacement) were acquired at
a frequency up to 1 and 25 kHz for LHVR and SHIVA, respectively. The friction coefficient of the granitic
gneiss evolved in a complex manner with slip. Because of this, we conducted slip-stepping experiments or
experiments that were stopped at the about the maximum or minimum values of the friction coefficient.

2.3. Analytical Methods

1. We impregnated the experimental products of LHVR with epoxy resin and prepared petrographic thin
sections and rock slices, both cut across the diameter of the sample and perpendicular to slipping surface.
The petrographic thin sections were prepared with a thickness of 30 wm, mounted on silica glass, and
polished by 0.3-um-thick alumina powder for optical and scanning electron microscopy analysis. The

HUNG ET AL.
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3.

thickness of rock slices were ~1 mm for in situ synchrotron X-ray diffraction (XRD) and micro-Raman
spectroscopy analysis.

Three-lens optical microscopy (OM; Leica DMLP) coupled with an image capture system, and field emis-
sion scanning electron microscopy, coupled with an energy dispersive spectrometer (FESEM/EDX; JSM-
7000F model) equipped at the National Central University, Taiwan, were used to investigate the micro-
structures and determine the semiquantitative chemical composition of the solidified frictional melt. For
SEM-EDX, the petrographic sections were sputtered with platinum at 5-nm thickness and semiquantita-
tively analyzed at 15 kV with a focused beam of ~1 um in diameter.

The in situ synchrotron XRD installed at the beamline BLO1C2 in the National Synchrotron Radiation
Research Center (NSRRC), Taiwan, was used to determine the mineral assemblages of both the solidified
frictional melt and the host rock. The analyses were operated at a wavelength of 0.774910 A, with an elec-
tron beam energy of 1.5 GeV and a beam size of 150 um in diameter. Because of the presence of large
grains (~1.0 mm in size) of quartz, the samples of gneiss, differently from the solidified frictional melts,
were reduced into powders and analyzed. This prevented the presence of intensity anomalies in the XRD
spectra due to the occurrence of crystals (e.g., quartz) larger than the X-ray beam (Kuo et al., 2014; Kuo
et al., 2014). However, the intensity anomalies can still be observed in the results of the glass matrix
owing to the presence of large survivor quartz or feldspar grains. To reduce the effect of intensity anoma-
lies and representatively present the synchrotron XRD data, the spectra were reported as the average
values of three analyses on the same sample.

The micro-Raman spectroscopy (Horiba Jobin Yvon UV-Vis Labram HR) at the National Taiwan
Museum was used to determine the presence of water within the solidified frictional melt. We focused
on the region from 100 to 4,000 cm™' on the Raman spectrum. The analysis was operated with a 532-
nm laser as an excitation source with a beam size of 1-2 um in diameter under a 100X objective with a
final laser power of 100 mW on the sample surface. A charged-coupled device (CCD) detector was
installed in the microscope used to focus the excitation laser beam to collect the backscattered Raman
signal. We collected three data of the matrix per deformed sample for the solidified frictional melt at
an acquisition time of 15 s per analysis. We added the Raman spectra of pure water and quartz for
comparison.

The synchrotron transmission X-ray microscopy (TXM) at the beamline BLO1B1 (Song et al., 2007; Song
et al., 2007; Yin et al., 2006) at the NSRRC, Taiwan, was used to obtain X-ray radiographies to determine
the particle size distribution (PSD) of the survivor clasts hosted in the solidified frictional melt. The ana-
lysis was conducted on a 30-um-thick sample collected from the petrographic thin sections over an area
of 375 x 75 um. The beam X-ray energy was 8 keV and the analysis had a spatial resolution of 50 nm (see
Song, Chang, et al., 2007; Song, Kuo, et al., 2007).

The software ImageJ (available at https://imagej.nih.gov/ij/) was used to process the images of both the
back scattering electron (BSE) and the TXM to estimate the PSD of the survivor grains within the solidi-
fied frictional melt. ImageJ allowed us to measure the size of quartz grains by exploiting the gray contrast
between the glass matrix and the quartz grains in the BSE images (Kuo et al., 2015). On the contrary, we
draw by hand the survivor grains from the TXM images due to the difficulty of the contrast identification
between glass matrix and grains. By doing this, the overlapping of the survivor grains could be also
clearly identified.

One experiment (LHVR1097) performed on granitic gneiss from the outcrop was recorded with an infra-
red thermal-sensing camera (thermoIMAGER TIM160, MICRO-EPSILON) to measure the temperature
evolution of the experimental fault with slip. The infrared camera, integrated with the TIMConnect soft-
ware, provided an instantaneous measurement of the temperature from 150 °C to 900 °C over an area of
0.6 mm in diameter at an acquisition rate of 10-500 Hz. Since the slipping zone is <0.3 mm in thickness
and the temperature is measured from outside, the measured temperatures yielded a minimum estimate
of the temperatures achieved in the slipping zone.

Results

3.1. Frictional Behavior and Temperature Evolution During Fast Shear Experiments

The mechanical data exhibit a complicated evolution of u,p, with slip, which varied with normal stress
(Figure 2a). At slip initiation, once the static friction w, was overcome, p,p, decreased rapidly to a first
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Figure 2. Mechanical and compiled data from experiments performed with
LHVR and SHIVA machines. (a) Apparent friction coefficient as a function
of displacement under normal stresses from 3 to 30 MPa and slip velocity at 1.3
m/s (LHVR) and 5 m/s (SHIVA) under room humidity (LHVR) and vacuum
(SHIVA) conditions. The static friction, initial weakening, first peak, and sec-
ond peak are indicated by the arrows. (b) Shear stress of the first peak (red
circle), second peak (blue diamond), and steady-state value (black square)
varied with normal stress. Note that the dynamic shear strength for peak states
and steady state is well below Byerlee's friction values (0.6 < p < 0.85) (Byerlee,
1978).

minimum value (possibly associated with flash heating and
weakening; see section 4). Then the frictional evolution varied with
normal stress:

At large normal stresses (>12 MPa; e.g., experiment s1289; Figure 2a)
Mapp increased to a peak value up; = 0.66 and then dramatically
decreased to a low value of 0.16 + 0.01 (an average value of friction
coefficient after peak friction and before the sample was broken)
defined in the literature as steady state friction ug (e.g., Di Toro
et al., 2011). At the end of slip, during sample deceleration, wuapp
increased again. In general, this frictional evolution with slip is con-
sistent with previous experiments performed on silicate-built cohesive
rocks sheared at seismic slip rates (Di Toro et al., 2006; Di Toro,
Hirose, Nielsen, Pennacchioni, & Shimamoto, 2006; Niemeijer et al.,
2011; Passelégue et al., 2016; Shimamoto, 2005).

At low normal stresses (<12 MPa; e.g., experiments LHVR 0438 and
LHVRO0452; Figures 2a and 3), after slip initiation and initial flash weak-
ening, uapp, first increased to a peak value at (~1.0, then decreased to
0.8-0.5, then increased again to a second peak value at yp,~0.44-0.83,
and eventually decreased with displacement to ps~0.3 + 0.01-0.45 +
0.08. Then, similarly to the large normal stress experiments, iapp
increased again at the end of slip (Figure 2a). This complicated evolu-
tion, though observed in previous experiments, has been only partly dis-
cussed (e.g., Shimamoto, 2005; Di Toro Hirose, Nielsen, Pennacchioni,
et al., 2006).

With the aim of investigating the process responsible for the up; and
Mp2, We analyzed the slipping zone produced in dedicated experiments
stopped, with increasing slip (slip-stepping experiments; Figure 3), after
(1) 1.5 m of slip corresponding to up,; (State A, experiment LHVR0487),
(2) 2.6 m of slip corresponding to the frictional strength decrease
between p,; and pp, (State B, experiment LHVR0534), (3) 2.1 m of slip
corresponding to approximately u, (State C, experiment LHVR0452),
and (4) 5.7 m of slip during the final weakening (State D, “steady-state”
conditions, experiment LHVR0438).

To illustrate the temperature evolution with slip for loading conditions
identical to those imposed in the reference experiment LHVR0438
where steady-state conditions were achieved, experiment LHVR1097
was equipped with an infrared thermal-sensing camera. Because the
emissivity ¢ of melt varies with temperature, we set two values of ¢,
0.55 and 0.9 for high and low temperature, respectively (Abtahi et al.,
2002). For € = 0.55, the temperature of the slipping zone immediately
increased to ~430 °C (approximately 0.6 m of slip in Figure 3e), slightly
rose to ~500 °C at State A (approximately 1.2 m of slip), slightly
decreased and remained a constant value of ~450 °C during State B

(between 1.2 and 2 m of slip), steadily rose to ~750 °C at State C (between 2 and 3 m of slip), and eventually
increased to a constant value of ~850 °C during State D (from 3 m to the end of slip). There was a loss of tem-
perature measurements (between ~3.5 and 4 m of slip) because of connection issues with the infrared cam-
era. For € = 0.9, with respect to the estimated temperatures for ¢ = 0.55, temperatures achieved in the
different States were lower by about ~100 °C for States A and B, ~200°C for State C, and ~250°C for State D.

Regarding the entire experimental data set, the initial peak (corresponding to u,;) and steady-state (corre-
sponding to uss) shear stress increased linearly with normal stress, resulting in an effective friction coeffi-
cient of ~0.3 and ~0.11 for u,; and s, respectively (Figure 2b). Instead, the second uy,, disappeared with
increasing normal stress (Figure 2a).
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Figure 3. Evolution of the apparent friction coefficient, slip velocity, axial displacement, and temperature with displace-
ment of five slip-stepping experiments. (a) State A (LHVRO0487) stopped at the peak value representing the first slip-
strengthening behavior. (b) State B (LHVR0534) was stopped at the second slip-weakening behavior. (c) State C
(LHVRO0452) stopped at the second slip-strengthening behavior. (d) State D (LHVR0438) was stopped at the steady-state
value. (e) The experiment reproducing the condition of LHVR0438 with outcrop sample coupled with the infrared ther-
mal-sensing camera. The temperature increases with slip from 150 °C (minimum detected value of the infrared camera) at
the slip of ~0.4 m to ~850 °C (¢ = 0.55) and ~600 °C (¢ = 0.9) at the slip of ~5.3 m.

3.2. Microstructures, Mineralogy, and Chemical Composition of the Solidified Frictional Melt

We recovered the experimental products of the slip-stepping experiments and investigated with OM,
FESEM-EDX, synchrotron XRD, and synchrotron TXM. The mineralogy and microstructures of the slipping
zones are shown in Figures 4-6. In general, the thickness of the experimental slipping zones increases from
the edge (were the slip rate is the highest) to the center (were the slip rate is nominally zero) of the circular
slip surface (Figures 4a-4d). In the experiment stopped at State A, the solidified melt patches were discon-
tinuous and meniscus-shaped (Figure 4). In the experiments stopped at States B and C, the solidified melt
formed a continuous and dark-colored donut-shaped feature. In the experiment stopped at State D, the soli-
dified melt covered the entire slip surface (Figure 4). In addition, the boundary solidified melt/host rock was
irregular (presence of embayments, indicated by arrows in Figures 4a-4d) due to selective melting of the
low-melting-point minerals (e.g., muscovite) of the granitic gneiss (see Hirose & Shimamoto, 2003;
Figure 4d). The average thickness of the solidified frictional melt layers was determined by averaging the
value of the real melt thickness obtained at different horizontal positions of the solidified melt on the slip
surface. Although this measurement might result in an underestimate value as it includes the extrusion of
melt at the end of slip, the melt thickness still notably varied at each state from ~270 pum in State A, ~330
um in State B, ~170 pm in State C, and ~230 um in State D (Table 2).

The in situ synchrotron XRD data show that the mineral assemblage of the host rock (black line) was com-
posed of quartz, feldspar, calcite, and muscovite (Figure 4e). Instead, the clasts suspended in the solidified
frictional melts produced in the slip-stepping experiments were mainly composed of quartz and minor feld-
spar (Figure 4e). As observed in both natural and experimental pseudotachylytes, this indicates that quartz is
more resistant than feldspar and muscovite during comminution and melting (see Spray, 2010, for a review).
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Figure 4. Experimental results of four states with corresponding schematic sketch of the solidified frictional melt distri-
bution on the slip surface. The petrographic sections were prepared to be perpendicular to the slip surface and analyzed
from half-way from the center to the edge. (a-d) Open Nicol observation of the experimental products. The frictional melt
distribution evolves from the melt patches in State A, to a donut-shape melt layer in State B (5X intensity for compare) and
C, to a fully covered melt layer in State D, respectively. (e) In situ synchrotron XRD analysis of the host rock and the

experimental products from the simulated fault surface. The disappearance of the diffraction peak of mica and reduction
of the diffraction intensity of feldspar and quartz are reflected in the XRD spectra and show no variation between the four
states. The different colors between the melt spectra are indicated by the calculated bulk temperature where the red line

refers to a higher melting temperature than the pink lines.

Unfortunately, the signals of the presence of amorphous materials (= glass matrix of the pseudotachylytes)
between 15° and 40° of 26 were not detected in the synchrotron XRD spectra because of the strong signal

depression due to the high peaks of quartz.
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State B

Figure 5. BSE images of the frictional melts for four states. (a) In State A, quartz grains (dark gray) with sizes ranging from
2 to 10 pm are abundant within the melt matrix (light gray). For (b), State B, the number of quartz grains with a size lower
than 5 um decreased. For (c), State C, smaller quartz grains (<1 um) appeared while larger quartz grains (>10 um) dis-
appeared. For (d), State D, quartz grains with sizes larger than 10 pm are dominant within the melt. The dark area with
spherical to ellipsoidal occurrence are vesicles, which are particularly larger in State D.

Under the FESEM-BSE, the grains of the undeformed Hoping granitic gneiss are angular and elongated in
shape, with grain size varying from ~0.1 to ~1.0 mm (not shown). The representative BSE images of the soli-
dified melts under identical magnification show a substantial amount of subangular quartz grains and the
presence of vesicles distributed within the glass matrix (Figure 5). It is clear that the grain size distribution
of the survivor grains of quartz varies significantly over the four states of the slip-stepping experiments; that
is, grains <5 um in size in State C are more abundant than in both States B and D (Figure 5 and section 3.5).

The TXM images show the overlapping of rounded to subrounded survivor grains which ranged from 50 nm
to 10 um in diameter within the solidified melts representative of the four states of the slip-stepping experi-
ments (Figure 6). For grains <5 um (size range that is difficult to be clearly observed under SEM-BSE), we
find that the shapes of the survivor grains in the TXM images were in rounded or spherical shape, similar
occurrence to the survivor quartz grains reported from Kuo et al. (2015). These results suggest that partial
melting on the edge of grains likely occurred, in particular, for ultrafine grains (Kuo et al., 2015).

We utilized FESEM/EDS to analyze the matrix of the solidified frictional melts and adopted the average
value of 40 points as representative of the chemical composition of the matrix (Table 1). The analysis showed
no significant chemical variation of the composition of the solidified frictional melts from any of the four
states of the slip-stepping experiments, except for the enrichment in SiO,-content from State A to State C
and particular high CaO content in State D. The Raman spectra of the slip-stepping experiments showed
negligible water content in the solidified frictional melts (Figure 7).

3.3. Frictional Melt Viscosity and Temperature Estimate

In addition to the measured temperature of the frictional melt during the experiment LHVR1097, we also
estimated the possible viscosity and temperature of the friction melt in the four states following the method
suggested by Wallace et al. (2019). The non-Arrhenian Newtonian temperature-dependence viscosity of the
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30 um

(b) State B

30 pm

(d) StateD

Figure 6. TXM images of the solidified frictional melts for the four states. Internal microstructures all show substantial
ultrafine quartz grains with subangular and angular-to-spherical, and ellipsoidal surrounded by a melt matrix. (a) The
enlarged image highlights the appearance of the fractured grains. (b) The enlarged image highlights the overlapping
occurrence of ultrafine spherical quartz. (c) The enlarged image shows no distinct boundary of ultrafine quartz with a
subangular to the spherical shape. (d) The enlarged image shows a distinct occurrence of ultrafine spherical to ellipsoidal
quartz.

silicate melt can be estimated by the GRD viscosity calculator (available online at https://www.eoas.ubc.ca/
~krussell/VISCOSITY/grdViscosity.html) by inputting the melt composition (Table 1; Giordano et al., 2008;
Lavallée et al., 2012). This calculation is based on the Vogel-Fulcher-Tamman equation:

Logn=A+ (5)

T(K)-C

where the 7 is viscosity (Pa s); A, B, and C are the modeled parameters based on viscosity measurement of
geochemical composition (Giordano et al., 2008); and T is the silicate melt temperature (K). We obtained the
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(see demonstration calculation in Giordano et al. (2008); Table 1).
The presence of vesicles suggests that some volatiles (e.g., OH from
muscovite) were present in the melt, but the water content in the
glass was likely negligible and assumed to be zero based on the
absence of water signal from Raman analysis (Figure 7).

2000 3000 4000 Based on the mechanical data, the apparent viscosity of the frictional
melts (9app) can be directly calculated by the ratio of the measured
shear stress to the strain rate as

Figure 7. Representative Raman spectra of the glass from four states, quartz, and T_mw [Pa s (6)

water. The signal for the presence of water is barely observed for each state.

Tow =5 =,

where 1 is the measured shear stress (Pa), € is the strain rate (s™%), wis
the thickness of the melt layer (an underestimate of the thickness during sliding as it includes the extrusion
of melt at the end of slip), and V. is the equivalent slip velocity (m/s). Because solid particles (= survivor
clasts) are present in the frictional melts, the calculated apparent viscosity could be overestimated (e.g.,
Metzner, 1985). To correct the effect of clasts on the apparent viscosity, we calculated the relative viscosity
(1) using an empirical equation (Kitano et al., 1981):

_ ()"
Ny = (1_2) (7)

with A = 0.54-0.0125r, where ¢ is the volume fraction (volume particles/total volume) of the clasts, A is the
parameter related to the packing geometry of the solid particles, and r is the average aspect ratio of solid
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Figure 8. Non-Arrhenian temperature dependence of viscosity for four states. The viscosity curves were derived using the
GRD viscosity model of the Giordano et al. (2008) based on the chemical composition of the glass matrix. The apparent
viscosity corrected with clast content (7).) was derived from the mechanical data. Intersection points are the estimates of
temperature of chemo-mechanical data for the four states. The temperatures achieved for states A to C were estimated
between the achieved temperature of State D and the melting point of muscovite obtained by slow heating (650 °C) and
fast heating rate (900 °C) experiments. See the main text for further discussion. Two temperatures obtained by infrared
measurement from emissivity () of 0.55 and 0.9 were plotted.
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grains (about 2 in our case). We measured the ¢ using BSE images from the center to the edge of the experi-
mental pseudotachylyte and averaged the value. The value of ¢ ranged from ~0.11 at State C to ~0.20 at
States A, B, and D (Table 2). Moreover, the presence of vesicles should lower the apparent viscosity of the
frictional melt (e.g., Manga et al., 1998). However, the volume fraction of the vesicles is small (<0.1) and
shows no significant variation in the four states. Therefore, the contribution of the vesicles to the apparent
viscosity should be negligible (Lejeune et al., 1999). Based on equations (6) and (7), the mechanically con-
straint apparent viscosities corrected with the presence of clasts (1. = 9app/7:) are ~229 Pa s at State A,
~232 Pa s at State B, ~125 Pa s at State C, and ~99 Pa s at State D (Table 2).

According to the model for non-Arrhenian temperature dependence of melt viscosity (equation (5); Wallace
et al., 2019), the chemically and mechanically constraint apparent viscosities for the four states are consis-
tent with the temperature of ~1,370 °C (State A), ~1,300 °C (State B), ~1,456 °C (State C), and ~1,265 °C
(State D; Figure 8). These chemo-mechanical-constraint temperature estimates are at odds with the tem-
perature measured estimated with the infrared camera, as it will be discussed in section 4.3.

3.4. Particle Size Distribution (PSD)

The PSD was obtained by measuring all clasts (mainly made of quartz) within the solidified frictional melt
from the images of both SEM and TXM. With the FESEM, for each state, we collected 8 to 12 BSE contiguous
images to cover almost entirely slipping zone. Moreover, we collected some images at higher magnification
(1,300X; similar to Figure 5) to obtain more accurate size distribution on finer grains (<10 um). With the
TXM, for each state, we analyzed identical areas of 375 pm in length and 75 um in width, corresponding
to the central part of the slipping zone. Since the TXM images included all the grains over the entire thick-
ness (30 um) of the thin section, the number of particles measured from the TXM images has different unit
compared to that from BSE images (i.e., number of particles per um?® for SEM and per um® for TXM).
Therefore, we further divided the obtained data from the TXM images by the sample thickness (um) to inte-
grate it with the PSD data from the BSE images. To increase the accuracy of the density data in size range of
1-3 um (lower limit of SEM analysis), we extend the TXM results to overlap this size range. The density data
in this overlapping range are reported as the average value of both TXM and SEM results.

The PSD data were plotted as a cumulative frequency diagram for the mean diameter, r, using a logarithmic
scale. Our results (solid dots) were fitted and plotted with solid curves for mean diameters >1 ym and as
dashed lines for diameters <1 um. The particle density, N(r), which represents the cumulative number of
particles per um?, follows a function of mean diameter (r), defined as the geometric mean of the major
and minor axes of an irregular grain, in the form of a power law for frictional melting (not comminution):
N() = N'(1 + r/r')™P, where N is the cumulative number of grain sizes greater than r, that is, N’ (which
depends on the total number of measurements), #’ is constant, and D is the fractal dimension (Shimamoto
& Nagahama, 1992; Tsutsumi, 1999).

The fitted curves for each state are almost identical; that is, the curves are steep in the coarse-grained size
ranges (>10 um) and gently flatten toward fine size <10 pum, and to some degree the PSDs obey to a power
law (Figure 9). Interestingly, we find that the measured particle density for the grain sizes smaller than 1 um
is larger than the fitted curves, in particular, at States A and B (Figure 9). Based on the previous PSD studies
of the experimentally produced pseudotachylytes, the slope of the PSD curves shows a linearly steep to hor-
izontal evolution in the size range from about 100 to 0.5 um (e.g., Tsutsumi, 1999; Figure 2). These curves
were obtained from the solidified melt with long displacement experiments (hundreds of meters) and the
change of the slope was suggested to be the effect of partial melting of the survivor grains. Therefore, com-
pared to our results obtained from the short-displacement experimental melt (<3 m), the deviation between
measured density data and fitted curves in size <1 pum, particularly significant in States A and B, may suggest
that the ultrafine quartz grains derived from the surface comminution are trapped in the melts. Instead, the
PSD of the clasts from State C is described by a larger value for D. The reduced thickness of the slipping zone
during frictional melting is one of the factors controlling the size reduction of the clasts in the coarse-grained
range and, as a consequence, the fractal dimension of their distribution (Tsutsumi, 1999). In addition, thick-
ness of the melt zone might strongly depend on the viscosity and thus on the temperature of the melt layer.
This may suggest that the high value of D at State C might be controlled by the melt thickness (the thinnest
among the slip-stepping experiments). But here we cannot evaluate how the size reduction and melt viscos-
ity influence the D value due to their complicated correlation and more comprehensive studies are required.
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Figure 9. Particle size distribution of surviving grains within the melt
matrix for four states. Cumulative particle density as a function of mean
diameter. The particle density, N(r) representing the cumulative number of
particles per Mmz, following a function of particle mean diameter (r) in
micrometers with regression lines (solid lines) in a form of power law N(r) =
N'(1 + r/r')"". The obtained particle density from TXM analyses is relatively
higher than the interpolated regression line (dashed line) for the four states.

4. Discussion

4.1. Frictional Evolution During Fast Fault Slip at Low
Normal Stress

We focus on the complicated frictional evolution of granitic melts at low
normal stress. Chen et al. (2017b) performed frictional experiments on
granitic rocks for moderate velocities (0.01-0.11 m/s) to investigate the
complicated frictional evolution with slip at the transition between pow-
der lubrication and melt lubrication. They suggested that the evolution
of the frictional behavior can be divided into three stages based on differ-
ent physical mechanisms: the initial weakening stage (Stage 1: powder
lubrication), the initial strengthening stage (Stage 2: viscous melt
patches), and the final weakening stage (Stage 3: melt lubrication;
Figure 10a). They concluded that this complicated frictional evolution is
the result of thermally activated deformation processes. In the discussion
below, we exploit the conceptual model proposed by Chen, Madden, and
Reches (2017b) to our experimental data set. At slip initiation, during
Stage 1, we propose that flash heating and melting of the asperity contacts
is the dominant weakening mechanism once a threshold sliding velocity
of >0.1 m/s (case for silicate-built rocks) is achieved (Rice, 2006; Di
Toro, Hirose, Nielsen, & Shimamoto, 2006; Shimamoto, 2005; Niemeijer
et al., 2011; Goldsby & Tullis, 2011; Proctor et al., 2014; Violay et al.,
2014; Figures 10b-10e). Then, we divide the Stage 2 of Chen, Madden,
and Reches (2017b) (dynamic fault strengthening in the presence of pow-
ders and melt patches) into States A (first peak), B, and C (second peak)
and keep Stage 3 of Chen, Madden, & Reches, 2017b (weakening due to
the presence of a continuous melt layer) as our State D (see also discussion

in Shimamoto, 2005; Di Toro, Hirose, Nielsen, & Shimamoto, 2006; Niemeijer et al., 2011; Violay et al., 2014;
Proctor et al., 2014; Figures 10b-10e). Below we focus on the complex frictional evolution during Stage 2.

4.2. Initial Strengthening in Stage 2 (State A)

At slip initiation, when flash heating occurs, temperatures significantly rise at the asperity scale and melt the
rock contacts (Rice, 2006). In addition, rubbing of the asperity contacts induces tribo-chemical reactions and
triggers different mechanisms. Therefore, tribo-chemical reactions may occur at lower activation energies
(and thus their kinetics is more efficient at a given temperature) than thermo-chemical reactions (Steinike
& Tkacova, 2000). It is reasonable to assume that flash heating of the granitic gneiss may result in the pre-
ferential fusion of the low melting point minerals (i.e., muscovite, T,, = 650 °C-900 °C at 1 atm; Spray,
2010, see discussion below) but also in the formation of silica-rich melt droplets from fusion of high melting
point minerals as quartz (main mineral of the gneiss, Ty, = 1,720 °C at 1 atm; Spray, 2010). The melt patches
in State A were derived from the accumulation of the melt droplets produced by flash heating and melting at
the asperity contacts, resulting in the formation of relatively silica-rich melts.

In addition, the PSD data of State A show the presence of ultrafine grains, suggesting an additional source of
grains into the melt. When frictional melts occurred and covered the entire slip surface, the survivor grains
were mainly derived from thermal cracking and frictional melting of the wall rocks and sticking out from the
wall rocks into the melt. Based on this, compared to the PSD of State D, we conclude that the additive grains
in State A were the result of mixtures of rock clasts (by rock fragmentation) and melt patches during

initial sliding.

The temperature measured with the infrared camera at State A is ~500 °C, and it is likely an underestimated
because of (1) averaging with the slipping zone and the wall-rocks and (2) slightly unfocused measuring
(outside of the slipping zone). Integrated with the mineralogical observation (Figure 4e), the temperature
at State A should achieve the breakdown point of muscovite (at least >650 °C) and was relatively lower than
the other states (with shorter slip and less frictional work input; see the details in section 4.3). Therefore, the
estimated temperature and corresponding viscosity (Figure 8 and Table 1) indicate that the silica-rich melt
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Figure 10. Frictional evolution with displacement for crystalline silicate rocks. (a) Schematic sketch of the frictional evolution of Sierra white granite sheared at a
slip velocity of 0.048 m/s under a normal stress of 1.22 MPa (after Chen, Madden, & Reches, 2017b). The associated slipping mechanisms corresponding to each
stage were shown. (b) Indian Gabbro sheared at a slip velocity of 0.85 m/s under a normal stress of 1.5 MPa (after Shimamoto, 2005). (c) South Africa gabbro sheared
at a slip velocity of 3 m/s under a normal stress of 20 MPa (after Niemeijer et al., 2012). (d) Tonalite sheared at a slip velocity of 1.3 m/s under a normal stress of 20
MPa (after Di Toro, Hirose, Nielsen, & Shimamoto, 2006). (e) Schematic sketch of the frictional evolution of granitic gneiss sheared at a slip velocity of 1.3 m/s under
anormal stress of 3 MPa. Similar to Chen, Madden, and Reches (2017a), the evolution of powder, melt growth, and temperature with displacement is further added
into our conceptual model and Stage 2 is further delimited into two regimes by the gray line. The four schematic diagrams of the slipping zone summarize how the
PSD, particle volume fraction, melt distribution, microstructures, and clast packing varied with frictional evolution with slip for the reference experiment
LHVRO0438.
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patches of State A were highly viscous and presumably contributed to the resistance of shearing, resulting in
the initial strengthening in Stage 2, similar to the observation reported by Chen, Madden, and
Reches (2017b).

4.3. Restrengthening in Stage 2 (States B to C)

With progressive sliding, the melt patches accumulated into a donut-shaped melt layer and the two rock spe-
cimen were partly separated from the melt layer (States A to B; Figure 4b). Here we simply neglect the con-
tribution from solid-solid friction in the central part of the slip surface because the torque and thus the shear
stress increase with sample radius (e.g., equation (2)), where the frictional contribution from the inner part
of the cylinder is negligible (Shimamoto, 2005). In addition, because the microstructural observation shows
that solidified melts were thicker than the surface roughness (Figure 4), the solid-solid contacts at the outer
melt regime were unlikely to have occurred. We suggest that donut-shaped melt layer is the main contribu-
tion for shear resistance during the experiment. As a consequence, melt viscosity and shear strain rate are
the dominant parameters that control the shear resistance of the simulated fault during the frictional melt-
ing regime (States B to D).

Melt viscosity is controlled by three parameters: temperature, presence of water, and chemical composition
(Lejeune et al., 1999; Fluegel et al., 2004). According to the mechanically constraint viscosity model (section
3.3), the temperatures achieved in States A to D are about 1,370 °C, 1,300 °C, 1,456 °C, and 1,265 °C, respec-
tively (Figure 8). The estimated temperature of State D (melt lubrication regime) is in good agreement with
previous rock friction experiments conducted at seismic slip rates (Shimamoto, 2005; Di Toro Hirose,
Nielsen, Pennacchioni, et al., 2006; Niemeijer et al., 2011, 2012; Nielsen et al., 2008). The estimated tempera-
ture of State D (1,265 °C) can be set as the upper bound for the temperature achieved in the slip-stepping
experiments. In fact, the temperature achieved in States A to C should be lower than the one achieved during
State D because, under the same conditions, the shorter slip also imply less work input by the motor.
Therefore, according to the evaluation of temperature at State D, the estimated temperature of State C
(1,456 °C) is overestimated.

On the basis of the mineralogy of the survivor clasts (e.g., muscovite was melted through all the slip-stepping
experiments; Figure 4e), we can take the melting point of muscovite into consideration to estimate the tem-
perature of the friction melt. The melting point (Ty,) of muscovite during static heating at a low heating rate
of 1 °C/min is 650 °C (Spray, 2010) and T, increases to 900 °C at a high heating rate of 200 °C/min (Kuo
et al., 2011). Because of the difficulty of evaluating on one side the contribution of grinding processes during
frictional sliding that may further lower the T, of muscovite and, on the other side the heating rate which is
much higher than the aforementioned heating rates tested in the laboratory (e.g., Kuo et al., 2011), we
assume that the lower bound of the temperature achieved during States B and C is ~900 °C.

In experiment LHVR1097 we measured the temperature evolution from States A to D (Figure 3e). The tem-
perature measured by the infrared camera is affected by (1) absorption (i) of emitted radiance by gases pro-
duced during frictional sliding (SO,, H,0, CO,) and (ii) of the powders suspended in the air, (2) variance of
emissivity (¢), and (3) the thickness of the slipping zone which is thinner than the area investigated by the
infrared camera (i.e., the camera measures the temperature over an area that includes both the hot slipping
zone and the cold wall rocks). As a consequence, the temperature measured with the infrared camera is com-
monly considered as an underestimated value. Abtahi et al. (2002) reported that broadband emissivity sys-
tematically rises as the lava cools, from 0.55 at 1,050 °C to 0.85 at <500 °C. In our case, the widespread
preferential melting of muscovite demonstrates that temperatures were higher than 650 °C in the slipping
zones of States A to D. As a consequence, it seems that a low value of emissivity (¢ = 0.55) is more appropriate
for the temperature measurements with the infrared camera, and thus, the associated estimated temperature
is ~850 °C, as the lower bound of temperature of States B and C. Taken together, the achieved temperatures
for States A to C should be in the range of 850 °C to 1,265 °C (the pink area in Figure 8).

In the temperature range of 850 °C to 1,265 °C, the viscosity of the melt in State C is higher than the one
achieved in the other states (10%°-10*! Pa s, 10’7 -10*7 Pa s, 10%2-10% Pa s for States A to C, respectively).
In addition, the slope of the non-Arrhenian temperature dependence of the viscosity curves become less
steep. This suggests that even if the temperature of the melt increases with slip between States B and C
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(i.e., temperature at State C is slightly higher than the one at State B; Figure 3e), the estimated viscosity at
State C can be higher than the one at State B.

To summarize, because of frictional heating, the bulk temperature in the slipping zone increases with slip
(Figure 3e) and likely reduces the melt viscosity, resulting in melt lubrication (Di Toro Hirose, Nielsen,
Pennacchioni, et al., 2006). However, by itself, the gradual temperature increase, which would result in less
viscous friction melts, is at odds with the re-strengthening behavior (i.e., up, occurred at an higher tempera-
ture than up,;; Figures 2 and 3e). On the basis of the temperature-viscosity model (Figure 8), the evolution of
the chemical composition of the frictional melt with slip might be the most plausible explanation for re-
strengthening from States B to C. Although water was present at the initiation of slip (the experiments were
performed under room-humidity conditions) and released by the breakdown of muscovite, because of the
not-confined conditions, gases could escape from the frictional melt. This resulted in the formation of vesi-
cles and in the negligible water content of the pseudotachylyte matrix (Raman spectroscopy data in Figure 7
). As a consequence, water cannot be responsible for the variation of the viscosity of the melt in any of the
States. On the other hand, the experiment s1286 under vacuum conditions (Table 1) may further indicate
the re-strengthening is irrelevant to the humidity and/or oxidation. Taken together, the increase in SiO,
in the frictional melt might be the most plausible contributor for the re-strengthening from State B to
State C (Table 1).

The presence of clasts made of quartz and, to a less extent, feldspar and the absence of muscovite in the soli-
dified frictional melt (Figures 4e and 5) suggest that selective melting of low-melting-point minerals (i.e.,
muscovite) took place (Shand, 1916; Sibson, 1975; Spray, 1987). However, the chemical composition of the
glass matrix at States B and C is higher in SiO, and lower in CaO (Table 1) compared to the composition
of the glass matrix at State D which was produced at higher temperatures (Figure 3e). This chemical varia-
tion suggests that partial melting of quartz was more efficient at States B and C than State D while partial
melting of feldspar was comparatively efficient at State D. In fact, during State D the sliding surfaces were
entirely separated by the frictional melt (Figure 4d) and grain fragmentation due to solid-solid contact of
the asperities was less efficient than during States A to C. Therefore, the presence of rock powders (mostly
made by quartz and feldspar) in the frictional melts likely drove further melting of the small grains by
quasi-equilibrium melting (Lee et al., 2017) or by the Gibbs-Thomson effect due to the high surface-to-area
ratio (Hirose & Shimamoto, 2003). These particular melting processes resulted in the increase of Ca
(although not obvious in our result) and especially Si content in the frictional melt and, as a consequence,
in the increase of the melt viscosity from State B to State C (Table 1). Without the addition of fragmentation
products, the chemical composition of the glass matrix at State D was then mainly derived from the melting
of feldspar and muscovite.

‘We propose that the enrichment in Si in the frictional melt associated to grain-by-grain fragmentation at the
initiation of simulated seismic slip may explain the observed fault re-strengthening observed in previous
experiments performed at seismic rates (Di Toro, Hirose, Nielsen, & Shimamoto, 2006; Shimamoto, 2005;
Niemeijer et al., 2011; Figure 10). Moreover, this process of chemical evolution of melt composition with slip
also support the model proposed by Fialko and Khazan (2005) according to which thermal-activated slip
strengthening is likely to occur in quartz-rich rocks at shallow depths.

4.4. Final Weakening During Stage 3 (State C to D)

The final fault weakening is observed in all the experiments, but of course not in the short slip-stepping
experiments (Figure 2b), and is associated to the formation of a continuous frictional melt layer
(Figure 4d). In fact, frictional melts with high temperatures and low silica content (Table 1) are an efficient
lubricant, consistently with previous experimental and theoretical studies (Di Toro, Hirose, Nielsen,
Pennacchioni, & Shimamoto, 2006; Di Toro, Hirose, Nielsen, & Shimamoto, 2006; Nielsen et al., 2008;
Niemeijer et al., 2011, 2012; Shimamoto, 2005). In addition, our mechanical data are comparable to those
of previous experiments on tonalite (similar mineral assemblages without foliation) where both data show
low effective friction coefficient (0.13 and 0.05, respectively) at the steady-state melting (Di Toro, Hirose,
Nielsen, Pennacchioni, & Shimamoto, 2006; Di Toro, Hirose, Nielsen, & Shimamoto, 2006). This suggests
that the mineralogical heterogeneity of the specimens due to the metamorphic foliation makes only a very
minor influence on the obtained values of shear stress.
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4.5. Rock Friction Experiments and Re-Strengthening Behavior

The mechanical data show a complicated evolution of the friction coefficient (flash weakening, first
strengthening, slight weakening, second strengthening, and eventually weakening) with slip at low normal
stresses (<10 MPa; Figure 2a). This complicated evolution almost disappears and approximates an exponen-
tial decay at larger normal stresses (e.g., 30 MPa; Figure 2a). The most significant change with increasing
normal stress is the reduction of the first peak value u,; and the disappearance of the second peak up;
(Figure 2a). This is the result of the more continuous transition from flash weakening to melt lubrication
with increasing normal stress, but also with increasing slip rate and slip acceleration rate (5 m/s and 6.5
m/s?, respectively, for the experiments performed with SHIVA). In fact, the higher heat production rate, pro-
portional to the product of the normal stress per slip rate, dissipated on the slipping zone results in the fast
generation of the frictional melt and rapid reduction of the friction coefficient. Therefore, at larger normal
stresses and slip rates, the effect of surface comminution becomes negligible during the onset of slip.

In the case of the experiments performed with SHIVA, sample preparation (pregrounding process) can influ-
ence the frictional evolution with slip. Niemeijer et al. (2011) pregrounded the samples with SHIVA to
achieve perfect alignment and obtained a complicated friction evolution afterward. It seems that, by doing
this, ultrafine powders were likely generated and potentially stuck on the asperities of the slip surface, even
though the powder was cleaned with an air brush before the high-speed experiment. Nielsen et al. (2012)
applied a new method to align the SHIVA samples without pregrinding the slip surfaces and obtained a sim-
pler evolution (which approximated an exponential decay) of the friction coefficient at slip initiation (Violay,
Di Toro, et al., 2014,Violay, Nielsen, et al., 2014; Violay et al., 2019). Therefore, both SHIVA and LHVR
results demonstrate the presence of a correlation between the presence of fragments in the slipping zone
and the second re-strengthening behavior.

4.6. Implications for Natural Hoping Pseudotachylyte

We apply our experimental results to the natural observations of the Hoping pseudotachylyte. Ferré et al.
(2016) proposed to use a novel linear structure decorating the slip surfaces of pseudotachylytes, described
as “brushlines,” to identify the coseismic slip direction. The brushlines were suggested to form through vis-
cous brushing between protruding asperities of the host rocks and the viscous frictional melt (solid-liquid
interaction) during rapid cooling at the end of slip. The chemical compositions of the Hoping pseudotachy-
lyte (average 61% silica content; Kuo, 2016) and of the experimental pseudotachylytes from the same rocks
generated in State C (Table 1) are very similar. It implies that the Hoping pseudotachylyte likely formed dur-
ing small seismic slip events or at the initial fault sliding (corresponding to State B to C) and contained rem-
nant grains from fault comminution. If so, our finding about the chemically induced increased viscosity of
the frictional melt might be another explanation for the process of viscous brushing.

5. Conclusions

In this study, we present the mechanical results of slip-stepping experiments performed on solid cylinders of
granitic gneisses sheared at high slip velocities using rotary shear machines (SHIVA and LHVR) coupled
with high-resolution microstructural (scanning electron microscope, transmission X-ray microscopy, image
analysis, etc.) and mineralogical (synchrotron X-ray diffraction analysis, micro-Raman spectroscopy, etc.)
investigations of the experimental fault products. In the case of the experiments performed at seismic slip
rates (1.3 to 5 m/s) but low normal stress (<10 MPa), the mechanical data show a complicated frictional evo-
lution with slip which includes initial weakening, first strengthening followed by a slight decrease, and then
by a second strengthening and a final exponential decay toward a steady state value (Figures 2 and 3). This
complex frictional evolution becomes less pronounced in the experiments performed at larger normal stres-
ses and is associated with the evolution of the viscosity of the frictional melts (chemical composition, tem-
perature, etc.; Figures 4-9 and Table 1). We thus modified the model of Chen, Madden, and Reches
(2017b) for the various friction behaviors (stages 1 to 3) associated with different physical mechanisms
(Figure 10). We propose that the initial fault weakening is due to the grain fragmentation and flash heating
and weakening on bare rock surfaces. The first fault strengthening is due to braking from the formation of a
highly viscous (also because of the low temperature) frictional melt. The second fault re-strengthening is
associated with the increased viscosity mainly because of the SiO, enrichment of the frictional melt. The
increase in SiO, content is probably due by a combination of quasi-equilibrium melting and the Gibbs-
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Thomson effect on the ultrafine quartz grains. The final weakening is due to melt lubrication because of the
formation of a continuous melt layer covering the entire slip surface together with the reduction of the visc-
osity because of the increased temperature of the melt.

Considering the experimental conditions at which the chemically induced high viscosity frictional
melt forms, we suggest that the surging of frictional melts generated behind the rupture front likely
hampers seismic slip during initial earthquake propagation at shallow depths, even though melt
lubrication takes place afterward. As a natural example, although the Hoping pseudotachylytes were
generated at depths >4 km, our result suggests that the chemically induced high viscosity frictional
melt formed in the Hoping area may therefore play a braking role during fault rupture into
shallow depths.
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