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In recent works on the determination of pseudotachylyte within the principal slip zone (PSZ) of the Chelungpu
fault (Taiwan), we demonstrated that frictional melting occurred at shallow depths during the 1999 Mw 7.6
Chi-Chi earthquake. Thus, the characteristics of melts are of paramount importance to investigate processes con-
trolling dynamic fault mechanics during seismic slips. We conducted rock friction experiments on siltstone re-
covered from the Taiwan Chelungpu fault Drilling Project (TCDP) at a slip rate of 1.3 m/s and a normal stress
of 1MPa. Here we not only target to characterize experimental pseudotachylyte and evaluate the associated fric-
tional behavior, but also compare it with natural frictional melts of TCDP. Our results show that (1) initial shear
stress drop was related to the generation of low viscosity melt patches, (2) the evolution of shear stress in the
postmelting regime was congruent with frictional melt rheology, and (3) the slip strengthening presumably re-
sulted from the extremely low content of water of the frictional melt. In particular, the state-of-art of in situ syn-
chrotron analyses (X-ray diffraction and Transmission X-ray Microscope) determine the presence of ultrafine
spherical quartz (USQ) grains (~10 nm to 50 nm) in the glassymatrices presumably produced at high temperature.
Our observations confirm that the USQ grains formed in rock friction experiments do occur in natural faults. We
surmise the USQ is the result of frictional melting on siltstone and represents the latest slip zones of the Chelungpu
fault, and further infer that the viscous melts may terminate seismic slips at shallow crustal conditions.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Determination of the physical and chemical processes having oc-
curred during fast fault slips and associated products remains highly
challenging due to heterogeneous fault zone properties and geometry.
Integration of field geology, rock friction experiments, and theoreti-
cal simulation is a way to better address earthquake mechanics
(Di Toro et al., 2012; Niemeijer et al., 2012). In particular, with the
efforts of rock friction experiments in the last two decades several
physical and chemical processes have been suggested to result in
coseismic fault lubrication (Tsutsumi and Shimamoto, 1997; Rice,
2006; Di Toro et al., 2004, 2006; Han et al., 2007, 2010; Brantut et al.,
2008; Goldsby and Tullis, 2011), but with the exception of frictional
melting (pseudotachylyte) evidence for these processes in natural
fault zones is scarce (Di Toro et al., 2006). Pseudotachylyte determined
li District, Taoyuan City 32001,
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both in nature (Sibson, 1975) and rock friction experiments (Spray,
1987; Tsutsumi and Shimamoto, 1997) has been used to infer the seis-
mically natural fault zones, and is allowed to obtain key parameters of
the earthquake source (Di Toro et al., 2009). Therefore, the fault me-
chanics of active faults can be revealed with the presence of the robust
seismic indicators such as pseudotachylyte.

The Chelungpu thrust fault was northward ruptured ~90 km as a re-
sult of the Mw 7.6 Chi-Chi earthquake which struck central Taiwan on
21st September 1999 (Fig. 1a) (Lee et al., 2001; Ma et al., 2000). After
the 1999 Chi-Chi earthquake, the urgent need for investigating the
catastrophically active fault drove the initiation of Taiwan Chelungpu
fault Drilling Project (TCDP). TCDP was conducted in 2005 and drilled
two holes to a depth of 2003 m for Hole-A (Fig. 1b) and 1353 m for
Hole-B. Currently, on the basis of continuous coring (Sone et al., 2007;
Song et al., 2007a; Yeh et al., 2007), a suite of geophysical measure-
ments (Hirono et al., 2008a; Hung et al., 2007; Wu et al., 2007, 2008),
microstructural observation (Boullier et al., 2009; Ma et al., 2006), min-
eral anomalies (Chou et al., 2012a,b; Hirono et al., 2008b; Kuo et al.,
2009, 2011), chemical composition and physical parameters (Hirono
et al., 2006a,b; Ishikawa et al., 2008; Kano et al., 2006; Mishima et al.,
2006, 2009; Mizoguchi et al., 2008), the active fault zone of the
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Fig. 1. Geological setting of the 1999 Mw 7.6 Chi-Chi earthquake and location of the TCDP-A drilling site. (a) Location of the TCDP-A drilling site and the 90-km-long surface ruptures as-
sociated with the Mw 7.6 earthquake at the central part of western Taiwan. The TCDP site is indicated by a red star. The focal mechanism of the Chi-Chi main shock is located at the hy-
pocenter of the Chi-Chi earthquake. The insert box is the tectonic setting of Taiwan. (b) An E–Wcross section of the TCDP-A showing the Chelungpu fault zone and surrounding formations
encountered in the borehole (after Hung et al., 2007). The rectangle displaying the principal slip zone active during the 1999mainshockwas identified in the borehole at 1111.29m depth
and the images of fault core samples of the TCDP-A were enlarged in the right panel as (c). (C) The image exhibiting major portions of the Chelungpu-fault along the borehole of TCDP.
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Chelungpu fault corresponding to the 1999 at the depth of 1111 m (de-
scribed as FZ1111 hereafter) in Hole-A (Fig. 1c) and 1137 m in Hole-B.

Boullier et al. (2009) determined the Chi-Chi principal slip zone
(PSZ) as a ca 2 cm thick isotropic layer in which the pseudotachylyte-
bearing layer is included. Kuo et al. (2009) presented the evidence of
frictional melting within the PSZ of FZ1111: (1) lower clay content
than surrounding rocks; (2) thermal decomposition of illite, chlorite
and kaolinite, and enrichment of smectite; and (3) amorphous mate-
rials resulting from transient frictional heating, and suggested that
pseudotachylyte was generated and transferred to smectite with hot
fluid during the 1999 Chi-Chi earthquake. In addition, on the basis of
the determination of pseudotachylyte within the PSZ of the Chelungpu
fault, the key parameters related to the earthquake source were
obtained such as (1) the temperature (900 °C to 1100 °C) generated
during fast fault slips (Kuo et al., 2011), and (2) the localized interval
of pseudotachylyte (1 mm) and associated surface fracture energy
(Fig. 2a in Kuo et al., 2014a). Recently, rock friction experiments show
that frictional melting does occur in clayey gouge during seismic fault
slips (Han et al., 2014). Microstructures of the PSZ of TCDP show the
transformation from pseudotachylyte to smectite (Janssen et al.,
2014). Integrated with natural observation of TCDP and laboratory
rock experiments mentioned above, we surmise that pseudotachylyte
was generated at shallow depths and promptly altered to smectite in
the Chelungpu fault.

In particular, ultrafine spherical quartz (USQ) grains ranging from
50 nm to sub-microns in sizes and pyrite aggregates were obtained
from pseudotachylyte within the PSZ of TCDP Hole-A (Fig. 2b and c,
and also see Fig. 2b in Ma et al., 2006; see Supporting information
Audio S1 for the 3D tomography of Chi-Chi PSZ constructed by TXM). Re-
sults of high-velocity friction experiments on clayey gouge show that
clay minerals were melted by flash heating at asperities, but USQ was
not observed (Han et al., 2014). Results of milling experiments on silt-
stone of TCDP display that ultrafine particles covered by amorphous
surface layers can be generated by comminution (up to 6 h) and fit the
mineral anomalies of the PSZ obtained in Hole-B (Hirono et al., 2014).
However, the combination of pseudotachylyte with clay anomalies,
clay-clast aggregates (CCAs), vesicles, and USQ observed within the
Chi-Chi PSZ (Boullier et al., 2009; Kuo et al., 2009, 2011; Ma et al.,
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Fig. 2.Microstructural observation of black gouge hosting the Chi-Chi PSZ from TCDP-A. (a) The scan of the thin section of black gouge indicating the PSZ. (b–c) TXM images of the PSZ
contains ultrafine spherical quartz in pseudotachylyte shown in b, and pyrite aggregates shown in c.
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2006) seems unlikely to be interpreted as the consequence of either long
time comminution or flash heating at asperities, and other evidence and
the associated mechanism for seismic slips must be identified.

Considering the fault-zone heterogeneity and/or asperity, both fault
gouge and surrounding bare rocks could be potential sources to com-
pose the Chi-Chi PSZ during faulting. Since the rock friction experiments
on fault gouge could not fully interpret the characteristics of the Chi-Chi
PSZ, it suggests that the composition of the active fault zone might be
partially derived from the deformation on bare rocks during coseismic
slips. Therefore, in an effort to understand fault processes during fast
fault slips at shallow depths, we conducted rock friction experiments
on siltstone recovered from TCDP (the wall rocks surrounding the
PSZ) at a slip rate of 1.3 m/s and a normal stress of 1MPa.We examined
the mineralogy and the macro- and micro-structures of the simulated
fault rocks, integrated with the one of the PSZ of TCDP, address the dy-
namic frictional behavior, discuss possible signatures for determining
the PSZ and, by extension, other exhumed fault zones hosted in sedi-
mentary rocks.

2. High-velocity rock friction experiment and analytical methods

2.1. High-velocity rock friction experiment (HVRFE)

The specimens were made of siltstone recovered at a depth of
~1000 m, and the geometry of specimens is a pair of solid cylinders
with an outer diameter of 24.8 mm (Fig. 3a). We conducted rock fric-
tion experiments with a rotary shear, high-velocity frictional testing
apparatus at the National Central University (see Yang et al., 2014 for
the details of themachine and sample preparation). All the rock friction
experiments reported here were conducted at a normal stress of 1 MPa,
at an equivalent slip rate (V) of 1.3 m/s (see Han et al., 2007 for the
details of equivalent slip rates), and at room temperature and room
humidity. Before we started each friction test, the rotary cylinder of
the pair of specimens loaded in the testing apparatus was rotated at
a low slip rate (0.03–0.05 m/s) and under low normal stress (up to
0.5 MPa) until the sliding surfaces of both cylinders had become as per-
fectly parallel as possible. We calculated mechanical data from the raw
output data, specimen size, and data-sampling rate (see Hirose and
Shimamoto, 2005 for the details of data processing). All our mechanical
data are comparable to those of previous HVRFE experiments.

2.2. Scanning electron microscope with energy dispersive spectrometer
(SEM/EDX)

To obtain information of the surface texture of frictional melts and
its semi-quantitative chemical composition generated by HVRFE, we
used FEI QUANTA 200F scanning electronmicroscope coupled to an en-
ergy dispersive spectrometer (SEM/EDX) quantitative analysis at 10 kV
with the standardized processes at the National Taiwan University.

2.3. Micro-Raman spectroscopy

To determine if water was present in the pseudotachylyte, we ana-
lyzed frictional melts by micro-Raman spectroscopy, and focused on
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the 100–4000 cm−1 region of Raman spectrum. The Raman spectra
were directly measured on frictional melts with a Horiba Jobin Yvon
UV–VIS Labram HR micro-Raman spectroscopy at the National Taiwan
Museum. A 532 nm laser was used as the excitation source and beam
size was 1–2 μm with a ×100 objective, with a final laser power of
100 mW at sample surface. A microscope was used to focus the excita-
tion laser beam on the analyzed sample (glass plus ultrafine particles)
and to collect the backscattered Raman signal with a charge-coupled
device (CCD) detector. Acquisition time was 15 s and 5 spectra were
measured for each sample.

2.4. Transmission electron microscope (TEM)

Transmission electron microscope produced by FEI Company
(TECNAI G2) at the National Taiwan University was performed to re-
trieve information of ultrafine quartz grains and the associated selected
area diffraction pattern (SADP) in experimental products by HVRFE.

2.5. In situ synchrotron transmission X-ray microscopy (TXM)

We collected samples from both siltstone and pseudotachylyte,
impregnated those with resin, and cut into about 20 μm thick sections
for TXM observation. The TXM facility (Yin et al., 2006) of beamline
BL01B (Song et al., 2007a,b) at the National Synchrotron Radiation
Research Center (NSRRC) in Taiwan provides 2D micrograph and 3D
tomography at spatial resolutions of 50 nm, with first-order diffraction
of a Fresnel zone plate at an X-ray energy of 8 keV. The field of view of
the image is 15 × 15 μm2 for the first-order diffraction of the zone
plate. The phase term can be retrieved by the Zernike's phase contrast
method that the morphology was obtained from the change of density
contrast in analyzed materials. The gold phase ring is positioned at the
back focal plane of the objective zone-plate retards or advances the
phase of the zeroth order diffraction by π/2 resulting a recording of
the phase contrast images at the detector. A millimeter-scale field of
view of the sample can be generated by stitching images from a series
of observed positions. After acquiring a series of 2D micrographs with
the sample rotated stepwise azimuthally, the 3D tomography data sets
were reconstructed by applying a filtered back-projection algorithm
based on 181 sequential image frames takenwith the azimuth angle ro-
tating from −90° to +90°. The final 3D tomography structures were
generated using Amira 3D software to enhance the visualization.

2.6. In situ synchrotron X-ray diffractometer (XRD)

To characterize mineral assemblages of frictional melts, all cylindri-
cal samples sandwiched melts were examined by in situ synchrotron
XRD analysis. The in situ X-ray powder diffraction was performed at
the XRD end-station of beamline BL01C2 of the NSRRC in Taiwan to

Image of Fig. 3
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investigate the in situ mineral assemblage in different parts of experi-
mental products by HVRFE (Kuo et al., 2014b). The synchrotron X-ray
radiation was generated from the superconducting wavelength shifted
magnet of 5.0 T with ring energy of 1.5 GeV typical ring current of 200
to 120 mA. The X-ray wavelength was 0.774908 Å which was delivered
by a double crystal monochromator with two Si (111) crystals. The
frictionalmeltwas selectively analyzedwith the beam size of 500 μmdi-
ameter during the X-raymeasurement. Two dimensional powder X-ray
diffraction patterns were recorded by using Mar345 imaging plate de-
tector with the pixel size of 100 μm and the typical exposure time of
60 s. The one dimensional XRD profile was converted using FIT2D pro-
gram of a cake type integration.

3. Results

3.1. Frictional evolution in the postmelting regime

The study targets to evaluate the mechanical response of pseudo-
tachylyte derived from sedimentary rocks during fast fault slips at
shallow crust conditions in comparison with the observation of TCDP
investigated to date (Kuo et al., 2009, 2011, 2014a). To this end, fresh
siltstone core retrieved from TCDP was collected, as it is a presumable
source rock, surrounding the PSZ of 1999 Chi-Chi earthquake. The
average mineral assemblage of siltstone samples utilized in this study
contains about 50 wt.% quartz, 10 wt.% plagioclase, 3 wt.% carbonate,
0.5 wt.% pyrite, and 36.5 wt.% clay minerals (see Kuo et al., 2009 for
the details of clay mineral assemblages). We manually terminated ex-
periments when frictional melts were generated (a displacement of
11.8 m and 38.5 m in this case).

Initially, the shear stress increased up to a peak value, and then de-
creased with displacement (described as the peak friction hereafter)
(Fig. 3b). In the beginning of the peak frictionwearmaterials (powders)
were extruded from the slip surface, and then followed with melt
patches generated on the slip surface in the late stage of the peak fric-
tion (Fig. 3c). After the peak friction, shear stress progressively in-
creased with displacement and appeared to regularly oscillate to the
end (Fig. 3b). The experimental data and optical images show that the
frictional melt layer was developed during the slip strengthening (de-
scribed as postmelting regime hereafter). It suggests that the frictional
evolution in the postmelting regimewas likely related to the generation
of a melt layer (Fig. 3b–d). Apparent coefficient of friction was calculat-
ed by the ratio of shear stress to normal stress during the HVRFE. The
values of friction coefficient of peak friction were increased from 0.2
to ~0.7, and then decreased to ~0.2 (Fig. 3b). However, the friction
coefficient during the postmelting regime increased from 0.2 to 1.0
and oscillated until the end of the experiment (Fig. 3b). In particular,
the frictional behavior after the onset of amelt layer is similar to that in-
ferred for argillite (Ujiie et al., 2009), instead of those previous HVRFE
on crystalline rocks (Di Toro et al., 2006; Hirose and Shimamoto,
2005; Tsutsumi and Shimamoto, 1997). Because the frictional melt
layer was developed during the slip strengthening stage, we suggest
that apparent coefficient of friction in the postmelting regime is as the
mechanical response of the melt layer controlled by frictional melt
rheology.

3.2. Microstructures and chemistry of frictional melts

The experimental slip zone, by comparing the optical observation of
the frictional melts under the microscope (Fig. 3c and d), shows a
growth of the melt layer during the postmelting regime: (1) the gener-
ation of melts of ~0.6 mm thickwas discovered at the edge in the initial
postmelting regime (Fig. 3c), and (2) the formation of a melt layer of
~0.5 mm thick was determined along the slip surface after large dis-
placement in the end of the experiment (Fig. 3d). The melts and the
melt layer on the slip zone appear to be dark, and contain both vesicles
and clasts.
Back-scattered electron (BSE) images show the physical and chemi-
cal characteristics of the pseudotachylyte (Fig. 4). The pseudotachylyte
contains quartz, veryminor amount of feldspar and spherical to ellipsoi-
dal vesicles in the glassymatrix. Quartz and feldspar grains exhibit sub-
angular to sub-rounded margins, and vesicles in the matrix of the
pseudotachylyte are ranging from sub-micron to 15 μm in size (Fig. 4a
and b). In particular, the vesicles in pseudotachylyte generated at the
displacement of 38 m (LHVR037) are more irregular and bigger than
that derived from the initial generation of melts (LHVR032) (Fig. 4b).
We analyzed only the matrices with SEM/EDX to obtain chemical com-
position, and adopted an average of 46–64 points as a representative
chemical composition of pseudotachylyte (the same analytical condi-
tion as that in the study of Kuo et al., 2011). The EDS spectra of matrices
from the generation of melts (LHVR032) and the formation of a melt
layer (LHVR037) show no clear spatial compositional variation
(Table 1). In addition, the chemical composition of the pseudotachylyte
matrices is similar to that of clay minerals (Kuo et al., 2012), but is
slightly enriched in Si, Al, K, and Ca and absent in Fe.

Micro-Raman spectroscopy was utilized to obtain the information
on the presence of water which make great influence on the melt vis-
cosity and associated rheology of frictional melting. We examined the
matrices of pseudotachylyte, and integrated those results with the one
of pure water and quartz. The Raman spectra of matrices of pesudo-
tachylyte show thepresence of quartz and absence ofwater (or contains
very few water that the signal was vey tiny and cannot be separated
from background in the Raman spectrum) (Fig. 5).

TXM provides three-dimensional information which clearly shows
internal structures of analyzed samples that complements the two-
dimensional SEM images. The TXM image of host rock shows that an
abundant fine-grained matrix composed of platy clay minerals support
rounded to sub-angular clasts (Fig. 6a). Instead, the TXM image of thema-
trix of pseudotachylyte displays that homogeneous glass supports round-
ed grains of ~10 nm to 15 μm in size, which ismuch smaller than those of
the surrounding host rock (Fig.6b). The representative shape of grains
was shown (Fig. 6c) and was reconstructed by utilizing the FEI Amira
3D software (Fig. 6d) (see Supporting information Audio S2 and S3 for
the 3D tomography of experimental pseudotachylyte constructed by
TXM). Similarity to the occurrence of the PSZ of TCDP (Fig. 2b), the TXM
images suggest that numerous ultrafine spherical quartz grains were
suspended in the glassy matrices (Fig. 6c), instead of being aggregates
such as pyrites observed in TCDP (Fig. 2c). The TEM imageof glassymatrix
shows similar occurrence of USQ grains to the TXM images, and also de-
tects the crystallinity of quartz grains, instead of being vesicles (Fig. 6e).

Similarity to the sample preparation for the TXManalysis, we collect-
ed impregnated thin sections of experimental products and selectively
determined pseudotachylyte and the host rock with in situ synchrotron
XRD shown in Fig. 7. The XRD spectra of the host rock were plotted as
gray lines, and the ones of pseudotachylyte were drawn as black lines.
In situ synchrotron XRD results suggest that the mineral phases of the
host rock (siltstone) were composed of quartz, feldspar, calcite, illite
chlorite, kaolinite, and pyrite. In contrast to the host rocks, the mineral
phases of pseudotachylyte were dominantly composed of quartz, and
very few feldspar and calcite. No progressive variation ofmineral phases
fromedge to center of the sampleswas observed (Fig. 7). In addition, the
bump from 15 to 40 of two theta resulted from glass was not observed
because the tiny signal of glass was depressed by the high detected
intensity of quartz. In general, the mineralogy of the matrices of
pseudotachylyte determined by in situ synchrotron XRD is identical to
the one of both micro-Raman spectroscopy and TEM.

4. Discussion

4.1. Formation of ultrafine spherical quartz (USQ)

Themain question that we address here concerns the natural obser-
vation of USQ obtained in the PSZ of the Chelungpu fault (Ma et al.,
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2006). Ultrafine grains in sheared rocks have been previously reported
from both field (Chester et al., 2005; Siman-Tov et al., 2013; Viti,
2011; Wilson et al., 2005) and experiments (Han et al., 2010; Hirono
et al., 2014; Tisato et al., 2012), but their origin still remains unclear
because the limitation of the grain size by a fragmentation process
(Griffith cracks) is larger than ~1 μm. Therefore, several physical and
chemical processes during faulting were suggested to form ultrafine
grains (Han et al., 2007, 2010; Hirono et al., 2014; Koch, 1997). For
instance, Han et al. (2007) conducted HVRFE on carbonate rock and
found that the thermal decomposition occurred during shear heating
and generated ultrafine particles of tens of nanometers in size.

Microstructurally, the USQ grains of TCDP-A were discovered in the
aphanitic glassy matrix (Fig. 2a and b) accompanied with numerous
vesicles (see Fig. 8 in Kuo et al., 2011) and clayey anomalies (Kuo
et al., 2009). It seems that the combination of the characteristics of the
USQ was unlikely interpreted as the result of previous mechanisms
inferred above. Boutareaud et al. (2010) conducted HVRFE on clayey
gouge similar to TCDP gouge at thenormal stress of 1.2MPa and showed
the formation of clay clast aggregates. Besides which, Han et al. (2014)
Table 1
Normalized average chemical composition of matrices of pseudotachylyte generated by frictio

an Na Mg Al

LHVR032 46 2 ± 0.45 2.6 ± 0.24 13.6 ± 1.10
LHVR037 64 2.1 ± 0.49 2.8 ± 0.33 14.2 ± 1.21

an, number of analyses.
conducted HVRFE on clayey gouge at the normal stress of 5 MPa and
showed the generation of pseudotachylyte with sub-angular quartz
clasts ranged from 1 to 60 μm in size. Neither of them found the USQ
grains formed by HVRFE on clay gouge. Instead, the occurrence of our
experimental products by HVRFE on siltstone, showing USQ grains in
the aphanitic glassy matrix (Fig. 6c) accompanied with numerous vesi-
cles (Fig. 4a and b) and clayey anomalies (Fig. 7), is extremely similar to
the natural observation of TCDP-A.

When frictional sliding and melting occurs, preferential melting of
the wall rock grains with a high surface-to-area ratio such as the grains
are sticking out from the wall rocks into the melt. This process is called
Gibbs–Thomson effects (Hirose and Shimamoto, 2003). Three lines of
evidences, including (1) micro-Raman spectra indicated that quartz
was present in thematrices of pseudotachylyte (Fig. 5); (2) TEM analy-
sis showed nano-scale crystalline grains collected from matrices of
pseudotachylyte (Fig. 6e); and (3) in situ synchrotron XRD determined
that quartz is the dominant minerals in the pseudotachylyte (Fig. 7),
suggest that the ultrafine spherical grains are crystalline quartz. Taken
together, it seems to be a reasonable explanation for the formation of
n of siltstone with standard deviations.

Si K Ca Total

66.1 ± 2.33 5.5 ± 0.67 10.2 ± 1.40 100.00
64.5 ± 2.20 6.6 ± 0.74 9.8 ± 1.34 100.00
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Fig. 5. Representative Raman spectra of the matrices of pseudotachylyte, quartz, and
water.
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(d)
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50 µm
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(e)
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Quartz

3 µm 100 nm

Fig. 6. Internal microstructures of siltstone and experimental pseudotachylyte. (a) TXM image
lected from pseudotachylyte matrix showing homogeneous glass surrounds ultrafine spherica
construction of ultrafine spherical quartz. (e) TEM image displays numerous ultrafine quartz gr
with many diffraction spots suggesting the presence of randomly oriented nanoparticles of qu
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USQ that relatively irregular quartz fragments in the wall rock were re-
shaped by Gibbs–Thomson effects after frictional melting and thus be-
come smaller and rounded as we observed the USQ grains in the glassy
matrices. Therefore, the results of both this and previous studies suggest
that the USQ in the PSZ of the Chelungpu fault was plausibly derived
from frictional melting on siltstone rather than being generated from
clay gouge inferred elsewhere.

4.2. Frictional melt viscosity and frictional evolution during the postmelting
regime

The frictional melt generated by HVRFE on siltstone (0.5–0.6 mm) is
thicker than the one on crystalline rocks (0.14 mm) (e.g., Hirose and
Shimamoto, 2005). In addition, our observation shows that the melt
patches are thicker than the surface roughness (Fig. 3c). It seems that
solid–solid contacts on the slip surface during experiments are unlikely
occurred, and it suggests that melt patches and/or a melt layer may be
the main contribution for shear resistance. Here we simply neglect the
contribution from solid–solid friction in the central part of the slip sur-
face. Therefore, the frictional melt viscosity and shear strain rate should
dominantly contribute to the shear resistance of the simulated fault
Host rock

Melt

collected from siltstone showing fine clays support sub-angular clasts. (b) TXM image col-
l quartz. (c) TXM image shows a representative shape of ultrafine spherical quartz. (d) A
ains in the glassymatrix. SADP shows a diffusion ring presented on the patterns associated
artz within an amorphous matrix.
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Image of Fig. 6
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during the postmelting regime, and the associated lubrication approxi-
mation is shown as followed.

τ ¼ η
dy
dt

¼ η
V
w

ð1Þ

where τ is the shear stress, η is the apparent viscosity of the melt layer,
dγ/dt is the strain rate, V is the slip rate, and w is the thickness of
the melt layer. Apparent viscosity of frictional melts was calculated by
the ratio of the measured shear stress to the shear strain rate (Fig. 8
and Table 2), assuming that the frictional melts behave as a Newtonian
fluid. Apparent viscosity increases from ~60 Pa s to 395 Pa s with in-
creasing displacement (solid squares in Fig. 8). The apparent viscosity
of the frictional melts is controlled by (1) the volume fraction of solid
grains and/or vesicles, and (2) chemical composition in the matrices
(Lejeune et al., 1999; Spray, 1993).
For the presence of clasts in the frictional melt layer, we corrected
the apparent viscosity with the empirical equation (Kitano et al.,
1981) to obtain the associated relative viscosity.

ηr ¼ 1−
ϕ
A

� �� �−2

ð2Þ

whereϕ is the volume fraction of the solid grains, andA is the parameter
related to the packing geometry of the solid grains (2 in our case). To
obtain ϕ in the frictional melt layer, we collected BSE images obtained
from the center to the edge of the frictional melt layer, estimate ϕ in
different places, and then averaged the values. ϕ in the frictional melt
layer is ranged from 0.30 to 0.40, and slightly decreases with increasing
displacement (Fig. 4). In addition,ϕ in the frictionalmelt layer is smaller
than the one in the host rock (0.55–0.65). Melt viscosity corrected for
clasts with the Eq. (2) is ranged from 3 Pa s to 69 Pa s with increasing

Image of Fig. 7
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displacement (solid diamonds in Fig. 8 and Table 2). It suggests that the
increase of viscosity is unlikely resulted from the increase of volume
fraction of solid grains during the postmelting regime. We followed
the same procedure as in the case of solid grains to estimate the volume
fraction of vesicles in the frictionalmelts. Theϕ of vesicleswas increased
from 0.03 to 0.08 with increasing displacement (Fig. 4). Since the
volume fraction of vesicles in the frictional melt layer is very small,
the contribution of vesicles to the viscosity seems to be negligible
(Lejeune et al., 1999). Taken together, the contribution of quartz grains
and vesicles is unlikely to result in slip strengthening behavior in the
postmelting regime.

From current results we could not obtain the exact chemical com-
position of frictional melts including the volatile content and water
content which has important consequences on the melt viscosity.
Therefore, for the consideration of chemical variation in thematrix dur-
ing the postmelting regime, we simply calculated matrix viscosity with
the empirical equation (Fluegel et al., 2004) by inputting the chemical
composition data of the matrices (Table 1) and melting temperatures.
The in situ synchrotron XRD analyses show that all clay minerals and
feldspar disappeared and some quartz partially melted in the products
(Fig. 7). It means that the melting temperature is higher than the melt-
ing point of illite (1100 °C) and feldspar (1400 °C), andmay achieve the
melting point of quartz (1700 °C) in the frictional melt layer during
experiments (e.g., Lin and Shimamoto, 1998). However, the heteroge-
neously increased temperature along the slip surface within several
seconds (Lavallée et al., 2012) suggests that the melting occurs under
non-equilibrium conditions. Those estimated melting temperatures of
minerals under equilibrium conditions are likely to be the lowest
bound in our case. Therefore, we listed the matrix viscosity calculated
with the temperatures ranged from 1500 °C to 1700 °C (Fig. 8 and
Table 2). The matrix viscosity, though varied with different tem-
peratures, is similar during the slip strengthening (Table 2). In addition,
the heating rate of HVRFE under similar experimental conditions was
Table 2
Summary of mechanical and textural data for determining melt viscosity by HVRFE on siltston

Shear stress
(MPa)

thickness of
melt layer
(mm)

Apparent
viscosity
(Pa s)

Melt viscosit
(corrected w
(Pa s)

LHVR032 0.13 0.6 60 3
LHVR037 1.03 0.5 395 69
estimated as ~130 °C per meter of slip (Lavallée et al., 2012), and the
long duration of heating of LHVR037 was expected to achieve higher
temperature than the shorter one of LHVR032. It means that the viscos-
ity of matrix in LHVR037 would be lower than the one of LHVR032 if
temperatures play an important role in the changes of viscosity on fric-
tional melts. Taken together, it seems that the variation of chemical
composition ofmatrix viscosity is unlikely to result in slip strengthening
behavior in the postmelting regime.

The presence of water can play an important role to reduce the vis-
cosity of frictionalmelts. Ujiie et al. (2009) conductedHVRFE on argillite
(clay-rich rocks) and suggested that an increase in the matrix viscosity
was resulted from the dehydration of frictional melts. However, water
solubility in melts is highly functioned of pressure. At higher pressure,
vesicles are observed together with a volatile content of the glassy ma-
trix (Boullier et al., 2001). In our case, although the presence of vesicles
indicates that the glass is saturated with a fluid present in the vesicles
(Fig. 4), the applied normal stress is low (1 MPa). On the basis of the
determination of the micro-Raman analysis, it suggests that the ex-
tremely low content of water was possibly remained in the matrices
of pseudotachylyte (Fig. 5). Similarity to experimentally formed melts
from argillite, slip strengthening in our cases was presumably resulted
from the extremely low content of water in the frictional melt layer.
The precise information of water in the matrices of pseudotachylyte is
still unknown, and additional experiments such as EPMA analysis are
required for estimation of the total amount of fluid in the melt. It is no-
table that the highly viscousmeltsmay tend to terminate slip during ex-
periments, and presumably result in stick–slip behavior shownwith the
oscillation in the end of the experiment.

Our results suggest that slip strengtheningwas presumably resulted
from low content ofwater of the frictionalmelt layer, assuming pure sil-
icatemelts display a Newtonian rheological behavior. However, similar-
ity to our experimental formed pseudotachylyte, crystal-bearing melts
can also exhibit a non-Newtonian behavior mainly depending on the
solid fraction, shear rate, and particle shapes and sizes (Del Gaudio
et al., 2013; Mueller et al., 2010). A suspension of spherical particles in
nano-scale sizes, like ultrafine spherical quartz grains in frictional
melts in this study, would result in low viscosity of melts (Del Gaudio
et al., 2013). Given the experimental observation at which it may be
formed, the rheological behavior of pseudotachylyte with USQ remains
largely unknown, and systematic works of HVRFE on various types of
sedimentary rocks will be required in the future.

4.3. Implications for determining the latest slip zone and seismic slip in
active faults hosted in sedimentary rocks at shallow crustal conditions

In TCDP case, ultrafine spherical quartz grains can be successfully
generated on siltstone from both HVRFE (at a normal stress of 1 MPa
and displacement of dozens of meters in this study) and comminution
(6 h of milling in Hirono et al., 2014). The ultrafine spherical quartz
grains, generated by comminution, are found to be covered with amor-
phous surface layer and can be evident for the broad bump in the XRD
obtained from TCDP-B (Hirono et al., 2008b, 2014). In the other hand,
the ultrafine spherical quartz grains, generated by HVRFE, are found in
a frictional melt layer and in accordance with the characteristics of the
PSZ obtained from TCDP-A (Kuo et al., 2009, 2011, 2014a). Given the ex-
perimental conditions atwhich itmaybe formed, the specific conditions
for the formation of ultrafine spherical quartz of TCDP are still uncertain,
e.

y
ith clasts)

Clast content
(vol.%)

Matrix viscosity (calculated with chemistry)
(Pa s)
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even if ultrafine spherical quartz grains were shown to be formed fric-
tionally. However, it is reasonable to think that multi-fault zone pro-
cesses (frictional heating and comminution) can occur simultaneously
during earthquakes because of heterogeneous physical properties and
geometry along the Chelungpu fault. Ultrafine spherical quartz particles
have high solubility and might dissolve into interstitial fluid during the
seismic cycle (Dove and Rimstidt, 1994). In addition, the ultrafine
spherical quartz of 100 nm in size takes more than 3000 years to grow
double in size (Sammis and Ben-Zion, 2008). The physical and chemical
properties of the ultrafine spherical quartz documented by the re-
searches indicate that regardless of themode of formation, the ultrafine
quartz grains, once generated, are extremely difficult to preserve and
gradually grow in the geological period of time. Therefore, they are
also potentially important indicators for determining the slip zone of
the most recent seismic event.

The HVRFE on siltstone reproduced the microstructures of natural
pseudotachylyte of the TCDP-A, and exhibited the frictional behavior
of slip strengthening. The slip strengthening is attributed to the viscous
melts derived from the extremely low content of water. It suggests that
viscousmelts generated during the Chi-Chi earthquakemay tend to ter-
minate seismic slip at very shallow depths. However, as we mentioned
above, multi-fault zone processes were occurred simultaneously during
earthquakes, and one may result in fault lubrication such as thermal
pressurization (Boullier et al., 2009). To assess the contribution of phys-
ical and chemical processes to shear resistance on slip surfaces, the
physico-chemo-microstructural modeling constrained by natural ob-
servation and experimental data is required to improve our understand-
ing of seismic fault slip in an active fault.
5. Conclusion

We conducted HVRFE at a slip rate of 1.3 m/s and a normal stress of
1 MPa. Experiments were conducted on siltstone as it is a presumable
source rock contributed the PSZ of 1999 Chi-Chi earthquake. Combina-
tion of mechanical, chemical and microstructural results shows (1) ini-
tial slip weakening was related to the generation of low viscosity melt
patches, (2) the evolution of shear stress in the postmelting regime
was congruent with frictional melt rheology, and (3) the slip strength-
ening in the postmelting regime was presumably resulted from the ex-
tremely low content of water of the frictional melt. In particular, the
state-of-art of in situ synchrotron analyses present that ultrafine spher-
ical quartz grains (~10 nm to 50 nm) were formed in the experimental
pseudotachylyte. Our observations confirm that the ultrafine spherical
quartz grains formed in rock friction experiments do occur in the PSZ
of the Chelungpu fault and, by extension, other exhumed fault zones
hosted in sedimentary rocks. In addition, we surmise the ultrafine
spherical quartz is plausibly presented in the latest slip zones of the
Chelungpu fault, and further infer that the viscous melts may terminate
seismic slips at shallow crustal conditions.
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