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Abstract Experimental results demonstrate that amorphous materials can be generated by frictional
sliding at a wide range of conditions and that once formed the frictional strength of the fault is reduced.
Nevertheless, amorphous materials have not been described in many natural faults, and their importance in
natural systems is not well understood. We have identified amorphous materials within a 3-mm-thick slip
zone (i.e., narrow band) in the Chihshang Fault, Taiwan, as well as within a submicrometer thick band

in a distributed network of scaly clays. The scaly clays resemble those developed in other faults that
demonstrably accommodated slow creep, and they also impart very low permeability implying that
fluid-related alteration (which could result in amorphization) will be inefficient. For this reason, and
because of its throughgoing nature and position within a deforming zone, we infer a shear-related origin for
the amorphous materials. Therefore, amorphous materials can be observed in near-surface environments
because they have been formed during recent deformation under limited fluid-circulation circumstances.
The narrow slip zone containing amorphous materials is throughgoing and is interpreted to have acted as a
frictional interface that accommodated brittle deformation at the macroscopic scale, whereas the
surrounding mélange accommodated distributed “ductile” shear. The formation of amorphous materials
therefore typifies the “mixed-mode” style of deformation in this creeping fault zone.

1. Introduction

Fault rocks develop due to a spectrum of deformation mechanisms and styles, ranging from localized
brittle deformation to distributed ductile deformation, which produces distinct microstructures and phase
changes at aseismic (i.e., slip velocities from 10~° to 10™* m/s; Ikari & Kopf, 2017) to seismic (i.e., slip
velocities from 0.1 to 10 m/s; Heaton, 1990) strain rates. Amorphous materials (AMs) are one type of fault
zone material that is rarely exposed in natural faults and difficult to directly observe. Nevertheless,
pseudotachylytes (Di Toro et al., 2006), silica gel (Kirkpatrick et al., 2013), and fault mirrors (Kuo et al., 2016;
Ohl et al., 2020) have been recognized as fault-related rocks containing AMs. It has been recognized that
AMs can occur in faults and simulated creeping zones that formed at aseismic deformation conditions
(Janssen et al., 2010; Pec et al., 2012). In addition to the AMs generated by faulting, AMs could also be
derived from chemical and bacterial weathering at shallow depths (Hellmann et al., 2012; Potysz et al., 2016).
Once formed, they are a metastable phase that can be the precursor to the formation of clay minerals
(Kawano & Tomita, 1996; Kuo et al., 2009).

By investigating deformed fault rocks in the slip zones of natural and experimental faults, a range of
mechanochemical processes has been recognized as important in mineral amorphization, including
frictional melting (Di Toro et al., 2006; Sibson, 1975), comminution of clasts (Janssen et al., 2010; Ozawa
& Takizawa, 2007; Pec et al., 2012, 2016; Toy et al., 2015; Wenk, 1978; Yund et al., 1990), and mechanically
activated disassociation and subsequent precipitation of carbonaceous solids (Delle Piane et al., 2018).
Recently, it was suggested that AMs may be responsible for fault lubrication and healing (Rowe et al., 2019).

Despite progress in understanding the role of AMs in fault mechanics, examples from within the slip zones
of natural faults remain scarce, and the related mechanisms of formation are not well understood. Further
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geological evidence, including the description of deformation textures and possible mechanisms of
formation, is required to improve our understanding of the role that AMs have in controlling fault rheology
during the seismic cycle. Here we report the first occurrence of AMs in the creeping zone of the Chihshang
Fault in Taiwan. We obtain mineralogical and microstructural evidence by analyzing the AMs at
submicron scale via high spatial resolution microscopic and diffraction methods. Based on our
observations, we suggest that gouge amorphization is likely driven by on-fault deformation and the
occurrences of AMs likely exhibit the deformation styles within the Chihshang Fault creeping zone.
Because (1) amorphization processes on fault-zone materials can change the intrinsic physical properties
of fault zones and (2) AMs can be altered to stable phases (e.g., smectite) through fluid-rock alteration,
we suggest that gouge amorphization may alter the physicochemical characteristics of the fault zone and
the strength of the fault during the seismic cycle.

2. Geological Setting and Methods
2.1. The Chihshang Fault and Samples

The Chihshang Fault is located in the southern part of the Longitudinal Valley Fault (LVF) at the
present-day suture between the Eurasian and Philippine Sea Plates. The LVF separates the Central Range
(deformed Chinese margin to the west) from the Coastal Range (the northernmost segment of the Luzon
Arc to the east) (Figure 1b). Long-term geodetic observations indicate an oblique convergent velocity of
~82 mm/yr (Figure 1a) (Yu et al.,, 1997) and shortening of ~31 mm/yr across the Chihshang Fault
(Lee et al., 2003). The shallow creeping segment of the Chihshang Fault lies within the Lichi Mélange in
its hanging wall (Figure 1b) (Angelier et al., 2000; Lee et al., 2006; Thomas et al., 2014). The Chihshang
Fault is an oblique thrust with a significant component of left-lateral strike-slip. It is the only active creeping
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Figure 1. Geological and geodetic setting of the Chihshang Fault (CF) and location of the WAN-2 drilling site
(the hexagon). (a) The Longitudinal Valley Fault (LVF) in eastern Taiwan as a plate boundary. LVF accommodates
~82 mm/yr of oblique convergent motion between the Philippine Sea Plate (PS plate) and the Eurasian plate.

(b) Variation of the Global Positioning System (GPS) velocity field along the Chihshang Fault. GPS data collected
from 2007 to 2015 (circles: continuous mode GPS, cGPS; triangles: survey mode GPS). Velocity contours show that the
Chihshang Fault has accommodated shortening with horizontal deformation rates of ~30 mm/yr within the Lichi
Mélange. The star indicates the epicenter of Chengkung earthquake in 2003. (c) Core images of the WAN-2 borehole and
sampling positions of petrographic thin sections. The Lichi Mélange thrusted toward the conglomerate with a dip angle
of ~65° at a depth of 46.45 m.
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fault with a thrust component in the world (Harris, 2017). The creeping segment extends from surface to a
depth of 5 km inferred by seismological observations (Wu et al., 2006). It displays clear seasonal variation of
creep rates ranging from ~12 mm/yr in the dry season to ~24 mm/yr in the wet season at the Chinyuan site
(Lee et al., 2003). The 2003 Chengkung earthquake did not cause surface rupture along the Chihshang Fault
but resulted in a perturbation of the creep rates (i.e., an increase of creeping rates; Lee et al., 2006; Mu
et al., 2011). Several boreholes were drilled to intersect the Chihshang Fault (Chen, 2009; Mu et al., 2011),
including the WAN-2 borehole that penetrated the Chihshang Fault slip zone. This showed that the
Pliocene Lichi Mélange thrusts over Holocene conglomerate (i.e., Holocene alluvial deposits) with a dip
of 60-70° (Figure 1c). In contrast to the conglomerates, pervasive shearing occurs within the Lichi
Mélange, forming preferentially orientated clasts and widespread scaly clays with slickenside surfaces
(Thomas et al., 2014).

In this paper we characterize fault zone materials at a depth of 46.45 m from the WAN-2 borehole. This
depth corresponds to the main lithological boundary between the Lichi Mélange and the conglomerate
and is considered to be the principal slip zone of the Chihshang Fault and the tectonic plate boundary.
Petrographic thin sections were made from the Lichi Mélange, the conglomerate, and the slip zone
(corresponding positions are black dashed rectangles in Figure 1c). The borehole was oriented perpendicular
to the boundary surface (the red dashed line in Figure 1c). On the basis of the core orientation system (i.e.,
the lithological boundary dips ~65°), we assume that fault slip was sub-parallel to the dip direction of the
boundary (Thomas et al., 2014).

2.2. Field-Emission SEM

A JSM7000F Scanning Electron Microscope (SEM) was used for microstructural study of petrographic thin
sections. Energy dispersive X-ray spectroscopy (EDS) and backscattered electron (BSE) imaging were used
for semiquantitative measurements of the chemical composition of the analyzed areas and microstructural
observations. Thin sections were coated with platinum to increase the electrical conductivity before SEM
observations. The SEM was operated at 15-kV acceleration voltage and 2.8 - 10™*-Pa vacuum, with a 1.5-
hr data collection time for X-ray spectrometer elemental mapping.

2.3. FIB-TEM

Analyses using Focused Ion Beam-Transmission Electron Microscope (FIB-TEM) were conducted after the
SEM observations. Once the target area was confirmed, the focused ion beam sectioning technique was per-
formed on petrographic thin sections to make ultrathin sections for TEM observations. Ultrathin sections
(~200 nm) were retrieved and placed on a copper grid for the TEM observations. It is notable that focused
ion beam sectioning techniques may alter the structure of minerals and locally induce amorphization of
the sample surface due to the high-energy Gallium-ion beam (Bourdelle et al., 2012). For the phyllosilicates,
the thickness of focused ion beam damage is approximately 20 nm in the worst scenario of Bourdelle
et al. (2012). Therefore, the original texture of the ultrathin section with a thickness of 200 nm can still be
preserved up to 80% from small volume damages by focused ion beam sectioning technique. The instrument
for focused ion beam sectioning is a FEI VERSA 3-D at the National Central University, Taiwan, and it is
equipped with an electron optics system (high resolution SEM), an ion column optics system (65-nA-current
ion column with a gallium ion source), and a gas injection system for platinum deposition. We conducted the
TEM experiments with the 200-keV JEM-2000 FXII and the JEM-2100 microscopes at National Central
University. We also performed selected area electron diffraction on the ultrathin section with the
JEM-2000 FXII, and conducted high-resolution TEM imaging with the JEM-2100 at National Central
University. In TEM observation, bright field mode was utilized to show a dark/light contrast between differ-
ent parts of a structure that are being imaged.

2.4. Monochromatic XRD

We performed X-Ray Diffraction Analysis (XRD) analyses on the bulk rock samples of both the Lichi
Mélange and the conglomerate to develop whole (and representative) mineral assemblages, as well as
determine the presence of expandable clays. For bulk rock XRD analyses, we pulverized rock samples,
disaggregated powders in water, extracted draft suspensions of the clay-sized fraction in the upper part of
the container (i.e., <2 um based on Stoke's law; Hathway, 1956) and centrifuged and deposited the draft
suspensions on glass slides at air-dried or ethylene-glycolated conditions. The Bruker AXS D2 Phaser
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X-ray diffractometer in National Central University was used at the conditions of filtered CuKc (1.540 A)
radiation, 30 kV and 10 mA of X-ray generator, 0.6-mm Soller slit, a step of 0.02° with 1.0° min~! scanning
speed, and 5-40° of 26 coverage. We used the commercial software PeakFit 4.12 (Systat Software, Inc., San
Jose, CA, USA) to perform peak deconvolution.

Synchrotron XRD analyses were carried out to determine in situ mineral assemblages on the thin sections.
Synchrotron XRD analyses were performed at beamline BLO1C2 of the National Synchrotron Radiation
Research Center in Taiwan. The X-ray wavelength was 0.5166 A delivered by a double crystal monochroma-
tor with two Si(111) crystals and transferred the wavelength of 0.5166 to 1.540 A (CuKa) for the later data
processing (see the supporting information in Kuo, Hsiao, et al., 2014).

2.5. Polychromatic X-Ray Diffraction (Synchrotron Laue Diffraction)

After SEM observations, the analyzed target area on the petrographic thin section was cut into 36-mm?
pieces (by diamond wire saw; Model STX-202A) and was slightly polished to remove the surface platinum
coating for Laue diffraction sample preparation (e.g., Chen et al., 2015; Wenk et al., 1997). Laue diffraction
analyses were performed at beamline BL21A of the Taiwan Photon Source in the National Synchrotron
Radiation Research Center in Taiwan. Typically, the synchrotron X-ray radiation was generated from two
sets of KEKB-type superconducting radiofrequency cavities with a ring energy of 3.0 GeV and a ring current
of 500 mA. To provide a scanning-type nanofocusing Laue diffraction technique, the Focusing X-Ray for
Microstructural Analysis end station is equipped with an TUT-22 undulator, Si(111) four-bounce channel-
cut monochromator, in-vacuum Pilatus3S-6M detector, SEM, and a scanner (SmarAct SLC & SLL posi-
tioner). Laue diffraction analysis was conducted with a nanofocused X-ray white beam, Kirkpatrick-Baez
mirror, 45° X-ray emission to the sample plane, and acquiring a back-reflection Laue pattern. The high reso-
lution of Laue diffraction in the energy range of ~5-30 keV is achieved with less than 100-nm focused spot
size in a high vacuum of 1077 torr. Here, we used the X-ray Microdiffraction Analysis Software
(Tamura, 2014) to index Laue diffraction patterns of selected quartz in the slip zone and used MATLAB pro-
gram developed from National Synchrotron Radiation Research Center to investigate the relative deforma-
tion within the quartz grains.

2.6. Permeability and Porosity Measurements

We measured the intrinsic permeability and porosity of the Lichi Mélange and the conglomerate
retrieved from the WAN-2 borehole (sampling positions are marked in Figure 6a) with an integrated
permeability/porosity measurement system performed at varied isotropic confining pressures and room
temperature. Cylindrical samples were prepared in directions perpendicular and parallel to the fault
plane to investigate permeability anisotropy. In this study, the confining pressure was increased from
3 MPa to 100 MPa, and then decreased. The permeability was assessed by the steady state flow method
(Darcy's law) using helium as the pore fluid. In this method, we gave a steady differential pressure across
the sample and then acquire downstream flow rates for the intrinsic permeability determination. The
porosity was assessed by the gas expansion method. Given a known pressure in the measurement system
with a known volume, the volume of the saturated helium in pore spaces of the sample can be
determined from the balanced pressure by using the isothermal gas equations (Dong et al., 2010;
Wibberley, 2002). The permeability may be overestimated with respect to the fluid properties because
we used gaseous fluids that reach steady state more rapidly than the liquids in natural pore fluids
(Tanikawa & Shimamoto, 2006).

3. Microstructural Observations, Microanalytical Results, and
Transport Properties

3.1. Microstructural Observations

3.1.1. Optical Microscope Observations

In the footwall of the Chihshang Fault the conglomerate is yellowish brown in color, well lithified, and
matrix supported with larger sandstone fragments (approximately centimeters in size). It is also crosscut
by a few fractures (Figures 2a-2c). In the matrix of the conglomerate, quartz grains are abundant, especially
in sandstone fragments. In contrast, the Lichi Mélange in the hanging wall is characterized by gray, poorly
lithified, matrix supported textures with <1 cm mudstone fragments. It contains abundant microfractures
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Figure 2. Microstructures of the Lichi Mélange, the conglomerate, and the narrow band from optical and SEM observations. (a-c) An ~3-mm-wide narrow
band is recognized at the lithological boundary at which the Lichi Mélange thrusts over the conglomerate. WDZ: wide deformation zone. (d) Clays with
euhedral crystal forms and random orientation in the conglomerate. (e) Scaly clays within the Lichi Mélange close to the narrow band. (f) narrow band is
recognized as a localized layer with several shear bands. (g) Shear bands show ultrafine clays and particles as a cohesive matrix containing quartz grains with a
shape-preferred orientation (SPO). (h) The localized layer (compared to shear band) shows preferential alignment of clays in the matrix and a shape-preferred
orientation of quartz. (i) Preferentially oriented ultrafine particles (dozens of nanometers) within the narrow band.
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Figure 3. Microstructures of the Lichi Mélange, the conglomerate and the narrow band from TEM observations.
(a) Scaly clays show lattice distortions normal to the ¢ axis of minerals within the Lichi Mélange. (b) The zone of
amorphous material is toward the (001) crystal plane, and along minerals boundaries. Amorphous area is confirmed by
SAED. (c) Oriented clays occur in the conglomerate. Pt: Platinum. (d) The zone of crystalline area is similar to the
appearance of crystalline and amorphous area in (b) under TEM imaging. (e) Scaly clays and shear band occur in the
ultrathin section made by FIB. Amorphous area is recognized by SEAD. (f) Amorphous materials occur towards scaly
fabrics.

and a fault-parallel foliation characterized by scaly clay fabrics. An approximately 3-mm-wide discrete dark
zone (called localized narrow band hereafter) is recognized at the lithological boundary between the Lichi
Mélange and the conglomerate (e.g., Figure 2b).
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3.1.2. SEM Observations

Clay minerals in a petrographic thin section are difficult to clearly identify because of their small grain sizes,
so we initially observed the microstructures of the clays in our sample with BSE images by SEM. In the
matrix of the conglomerate, most of the clays are randomly oriented, euhedral crystal (Figure 2d). In con-
trast, the Lichi Mélange is characterized by scaly clay fabrics defined by subparallel, anastomosing clay
minerals (Figure 2e).

The localized narrow band is a texturally distinct slip layer that lies immediately beneath the Lichi Mélange
and is subparallel to the fault slip direction. The localized narrow band generally contains a single dark layer,
but in several places is divided by small quartz clasts into several smaller shear bands (Figure 2f). Shear
bands are composed of ultrafine clays and particles as a cohesive lump, and the long axes of quartz grains
are parallel to sub-parallel to the fault slip direction (Figures 2g and 2i). In addition, the localized narrow
band is characterized by a shape preferred orientation of quartz and the preferential alignment of clays in
the matrix (Figures 2f and 2h).

3.1.3. Microstructural Observations of FIB-TEM

Bright-field FIB-TEM observations show the microstructures and crystallinity of the observed area in the
Lichi Mélange, the conglomerate, and the narrow band. The lattice-fringe image of the Lichi Mélange shows
lath-shaped clays and some surrounding particles, likely the relics of quartz grains (Figure 3a). Amorphous
textures identified by selected area electron diffraction were observed toward the boundary of scaly clay fab-
rics, and the lattice distortion was also evident along the scaly clay fabrics that appears as fringe bending and
interfering in the darkest areas of the TEM images (Figures 3a and 3b). The interfaces between amorphous
and crystalline phases (clays) are atomically sharp, showing a consistent orientation of scaly clay fabrics. In
the conglomerate, new growth of clay minerals was observed in some pore spaces. These authigenic grains
are irregularly oriented compared with those from the Lichi Mélange (Figure 3c). In contrast to the Lichi
Mélange, most of the clay minerals appear defect free, although locally some dislocations can be observed.
Due to spacing variation caused by the random interlayering between Illite and I/Ssm, the
reciprocal-lattice rods lengthen, thus inducing the streaking of 00! diffractions (Figure 3d). Within the nar-
row band, amorphous textures were observed both in the matrix (Figure 3e) and along shear bands, some-
times together with lattice distortions (dark area in Figure 3f).

3.2. Mineral Assemblages

The XRD patterns show the similarity of mineral assemblages between the Lichi Mélange and the conglom-
erate; both units are composed of chlorite, illite, kaolinite, mixed-layer clays, feldspar, and quartz
(Figure 4a). The peak deconvolution of air-dried-subtracted XRD patterns (the area shown in yellow color
in Figure 4a) was obtained for the determination of mixed-layer clays (Figures 4b and 4c). Three
mixed-layer minerals from the generated peaks are recognized, including an ordered illite/smectite
mixed-layer mineral with low smectite content (referred to I/Sil), a poorly crystalline illite/smectite
mixed-layer mineral with high smectite content (referred to I/Ssm), and chlorite/vermiculite mixed-layer
minerals (referred to Chl/Ve; Figures 4b and 4c).

There is a well-defined sequence of minerals transformations during the illite-to-smectite transition: illite to
ordered I/S to disordered I/S to smectite (Hower et al., 1976; Lanson & Champion, 1991; Velde &
Vasseur, 1992). In XRD studies, the peak parameters (peak position and full width at half height
(FWHM)) of illite and I/S are commonly used to estimate the degree of the weathering process (e.g., Kuo
et al., 2012). In the conglomerate, I/Ssm and I/Sil are 11.59 A (peak position at 7.62° in 26) with 1.89°26
in width (FWHM) and 10.59 A (peak position at 8.34° in 28) with 0.73°26 in width (FWHM), respectively.
In the Lichi Mélange, the peak positions and FWHM of I/Ssm and I/Sil are 12.81 A with 2.25°26 in width
and 10.88 A with 1.16°26 in width, respectively. In summary, compared to the conglomerate, a larger peak
width of I/Sil and I/Ssm and relatively smectite-rich I/Ssm (results in higher d spacing of I/Ssm) were
obtained in the Lichi Mélange samples. In the discussion section the XRD data will be utilized for clarifying
the origin of clay minerals (detrital, weathering, or fault-related processes), which is highly relevant to the
interpretation of the formation of AMs.

We conducted synchrotron XRD with a beam diameter of 200 pum and probed the in situ mineral
assemblages from the Lichi Mélange (four XRD data), the narrow band (six XRD data), and the matrix
of the conglomerate (three XRD data). Because in situ synchrotron XRD penetrates the petrographic
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Figure 4. Results of monochromatic diffraction. (a) XRD on the conglomerate and the Lichi Mélange powder sample at
air-dried and glycolated conditions. (b) The determination of mixed-layer minerals is obtained from XRD pattern
analysis. The group in the conglomerate is composed of Chl/Ve, I/Ssm, and I/Sil. (c) Mixed-layer minerals in the Lichi
Mélange are composed of I/Ssm, and 1/Sil with different FWHM and peak position. (d) The result of in situ synchrotron
XRD. Analyzed points are aligned and across the lithological boundary, and the fractures and large grains were
avoided. The occurrence of amorphous materials in the Lichi Mélange and the narrow band is based on the area beneath
the XRD curve for the range of 26 from 15° to 40°.
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thin section and collects signal from both materials and glass (thin section), we analyzed a blank area of
the thin section and set the obtained XRD patterns as the contribution derived from the thin section.
After subtracting the contribution of the thin section (assume that the thickness of the thin section is
identical), the representative XRD patterns of the Lichi Mélange, the narrow band, and the matrix of
the conglomerate can be determined as the average values of the analyzed areas (Figure 4d; see the detail
in Kuo, Hsiao, et al., 2014).

The results of synchrotron XRD show that (1) the Lichi Mélange is composed of illite, kaolinite, quartz, and
feldspar; (2) the conglomerate is composed of illite, kaolinite, and quartz; and (3) the narrow band, similar to
the Lichi Mélange, is composed of illite, kaolinite, and quartz, but with relatively little feldspar compared
with the Lichi Mélange. Because the incident synchrotron X-ray is perpendicular to the c axis of preferen-
tially oriented clay on the petrographic thin sections, the strongest diffraction planes (001) and (002) of
the clay minerals are low intensities (<14° in 26), unlike the XRD data derived from preferred-oriented clay
samples. It is interesting that the XRD backgrounds (ranging from 15° to 40° in 26) of both the Lichi Mélange
and the narrow band are higher than the one of the conglomerate. The difference in the background of XRD
patterns (shown the area in yellow in Figure 4d) suggests the presence of AMs in both the Lichi Mélange and
the narrow band. This is consistent with the discovery of the presence of AMs from TEM diffraction and
high-resolution images.

3.3. Laue Diffraction on Quartz Within the Narrow Band

Several quartz grains can be observed within the narrow band. On the basis of SEM and BSE images with
EDS mapping, we selected an ~400-um quartz grain (largest quartz grains with angular shapes) within the
narrow band for better collection of Laue diffraction data (Figures 5a and 5b). Laue diffraction can be uti-
lized to estimate stresses stored in the analyzed mineral by determining its lattice distortions (Chen
et al.,, 2015). Because of the high spatial resolution of Laue diffraction analyses, the imaging is a mosaic
and comprises numerous analyzed areas, which are each <100 nm in size. In the analyzed area, the Laue
diffraction data contain a set of spots derived from the crystal lattice (Figure 5c). The spots have varied
shapes as a result of the different extent of lattice distortion (Figures 5d-5g). The Laue diffraction spots were
indexed by software developed by Nobumichi Tamura (see the details in Tamura, 2014). By indexing the
spots, we can determine the degree of lattice distortion along the crystal planes in the studied quartz
(Figure 5¢).

Diffraction peak width of a mineral can be used to determine its crystallinity (e.g., Kuo et al., 2012). To
visualize the extent of the crystal lattice of the quartz, we integrated volume mapping of the basal slope
of diffraction peaks that can indicate diffraction peak broadening in the quartz. The total peak area,
defined by triple full width at half maximum (FWHM), minus the area covered by one FWHM and leaves
the area beneath the basal slope (the filled colored areas in the inset of Figure 5h), as representative of
crystallinity.

Most of the analyzed grain is crystalline (shown in green and blue colors in Figure 5h) corresponding to
undeformed Laue spot patterns (Figure 5(d)). The upper-right portion of the quartz grain shows twisting
and elongated Laue spots (Figure 5e), suggesting slight bending of the lattice in this area. On the other
hand, severe bending associated with the intense peak broadening was observed in the lower-left portion
of the quartz grain, suggesting the presence of significant strain and poor crystallinity. The boundaries
between poor and strong crystallinity are indicated by the sharpness of the crystallinity contrast via high
spatial resolution of Laue diffraction and were used for the interpretation of kinematic information of
fault slip later.

3.4. Permeability and Porosity Data of Rock Samples

We retrieved the WAN-2 cores at depths of 45.40 m (the Lichi Mélange samples) and 46.6 m (the conglom-
erate samples) for permeability measurements (Figure 6a). The cylinder samples for permeability measure-
ments were made in direction both parallel and perpendicular to the fault plane (i.e., the plane of narrow
band). In general, the permeability of the conglomerate is higher than the Lichi Mélange, and it has a higher
degree of pressure sensitivity than the Lichi Mélange. Additionally, fault-parallel permeability is higher than
fault-perpendicular permeability. It is noteworthy that the fault-parallel permeability of the Lichi Mélange is
lower than the fault-perpendicular permeability at 10-MPa confining pressure. The permeability variation
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Figure 6. (a) Schematic logs through 2-m-long rock cores and sampling for permeability measurements. Rectangles
represent the sampling position with dashed lines meaning measurement directions. (b) Permeability and porosity
variations with effective confining pressure. Note that the depths of samples for porosity data is shown (47.52 and
29.93 m).

with confining pressure indicates that (1) the muddy matrix of the Lichi Mélange has low permeability, (2)
permeability variation of the Lichi Mélange is significant at low confining pressures (e.g., <30 MPa), and (3)
permeability variation of the conglomerate is less sensitive to confining pressure. Our experimental results
show that permeability anisotropy exists in the Lichi Mélange and the conglomerate. The Lichi Mélange
is likely to be an efficient fluid path in fault-parallel directions in the shallow crust. In addition, the
samples for porosity measurements were retrieved from depths of 29.93 and 47.52 m. Experimental results
show that the porosity of the conglomerate is higher than that of the Lichi Mélange. In the loading stage,
the porosity of the conglomerate ranges from 23.9% at 3 MPa to 14.85% at 100 MPa, whereas the porosity
of the Lichi Mélange ranges from 15.4% at 3 MPa to 3.37% at 100 MPa (Figure 6b).

4. Discussion

We discuss the identified clay groups first to evaluate the possibility of weathering for the observed AMs. On
the basis of microstructural and mineralogical analysis, we interpret the three clay groups as detrital (Group
I chlorite and illite), weathering authigenic (Group II Chl/Ve, Group II I/Ssm, I/Sil, and kaolinite in the con-
glomerate), and synfaulting authigenic (Group III I/Ssm, I/Sil, and kaolinite in the Lichi Mélange)
populations.

Kiibler (1964) introduced illite crystallinity as the FWHM of the 10 A peak, namely, Kiibler index (KI), and
the unit of illite crystallinity is used to express as °A26 (Dorsey et al., 1988). The glycolation and air-dried X-
ray diffraction data of Group I showed that the KI values of Group I were varied from ~0.3 to ~0.5 in °A26,
which is consistent with the common group of clay minerals (as detrital phases) in sedimentary rocks in
Taiwan (Kuo et al., 2012). Group I in both the conglomerate and the Lichi Mélange, therefore, can be
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considered to be detrital (Haines & van der Pluijm, 2012; Kuo et al., 2012). We discuss Group II (in the con-
glomerate) and Group III (in the Lichi Mélange) in detail below and interpret the mechanisms responsible
for the observed AMs.

4.1. Weathering Authigenic Population in the Conglomerate

Clay minerals in faulted sedimentary rocks can form due to mechanical incorporation from host rocks into
the fault zone (Jones & Hillis, 2003; Yielding et al., 1997), or from chemical reactions that occur during
weathering and tectonic fluid-rock interactions over long periods of time (Solum et al., 2005; Vrolijk &
van der Pluijm, 1999). Distinguishing the dominant factors (fluid activity and composition, temperature,
strain, and time) that control clay genesis and clay transformation (e.g., illite-smectite transformation)
within fault zones remains challenging (e.g., Essene & Peacor, 1995; Kuo et al., 2011; Moore &
Reynolds, 1997; Solum et al., 2005). Four lines of evidence suggest that the Group II clays in the conglomer-
ates were mainly derived from weathering processes: (1) textures suggesting fault-related deformation
(Figures 1c and 2d) are lacking, implying the clays might be formed by weathering rather than by faulting;
(2) the conglomerate has high porosity and permeability (Figure 6), which would allow penetration of
meteoric fluids and is capable of forming new hydrated species; (3) the absence of K-feldspar (Figure 4d)
and the presence of both kaolinite and illite suggest the alteration of K-feldspar (K-feldspar—illite+kaoli-
nite, or K-feldspar—(illite) + smectite+kaolinite; Beaufort, 1987); (4) the morphology (hexagonal lamella)
of illite and its grain size (Figure 2d) suggests the growth of clay in porous conditions (the evolution of illite
tends toward isometric shapes as the size increase; Lanson & Meunier, 1995). Therefore, the mineral assem-
blages and microstructural observations documented here in Group II (I/Ssm, I/Sil, Chl/Ve, and kaolinite)
are interpreted to have formed by weathering and alteration of Group I minerals (chlorite, illite, and
feldspar).

Weathering processes can result in the generation of AMs as a thin film on the surface of the weathered
materials. For example, amorphous thin layers have been generated by in situ hydration of the crystalline
matrix in quartz (Pope, 1995); chemical leaching and reprecipitation of a detached silica layer (Hellmann
et al., 2003); repolymerization and condensation of a layer (Casey et al., 1993); and on a naturally weathered
surface on feldspar (Zhu et al., 2006). The aforementioned amorphous thin layers commonly appeared at the
rim of those minerals with an average thickness of ~50 nm. The FIB-TEM results of the conglomerate from
the (limited) studied area demonstrate the absence of AMs, diminishing the possibility of fluid-induced
amorphization in the conglomerate in which the weathering process took place during the long-term geolo-
gical time.

4.2. Synfaulting Authigenic Population in the Lichi Mélange

Weathering-related authigenic processes seem to occur in the Lichi Mélange because of the presence of
I/Ssm (Group III) that was derived from the alteration of Group I minerals (Figure 4c). However, we argue
that weathering-related authigenic processes are not fully responsible for the formation of I/Ssm (Group IIT)
for two reasons: (1) the permeability data (in the static state) show that fluid flow within the Lichi Mélange is
probably slower than in the conglomerate, both in fault-parallel and fault-perpendicular directions
(Figure 6b). This suggests that weathering (fluid-rock interaction) triggered by the penetration of meteoric
fluids should be diminished in the Lichi Mélange (compared to the conglomerate); (2) shearing in the mud-
stone can reduce the fault-perpendicular permeability and result in undrained behavior during slip (Ikari &
Saffer, 2012). The reduction of shearing-induced permeability (in the dynamic state) would impede fluid
transportation within the deformed materials, suggesting the development of an unfavorable environment
for weathering processes.

Compared to the conglomerate, the Lichi Mélange samples contain a larger peak width of I/Sil and I/Ssm
and relatively smectite-rich I/Ssm. This shows that both I/Sil and I/Ssm is relatively poorly crystallized (dis-
ordered), and the extra smectite content in the I/Ssm (Merriman & Peacor, 1999). Integrated with the discus-
sion that weathering processes were inefficient within the Lichi Mélange, this strongly suggests the presence
of an additional mechanism involved for Group III minerals (poor crystallinity of I/S and an increase of
smectite interlayers in I/S) in the Lichi Mélange. Most importantly, Group III is deformed and occurs in
shear zones. The difference in crystallinity between group II and group III indicates that relatively high dis-
order in Group III is presumably due to shearing and weathering of Group I (chlorite and illite). Therefore,
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we suggest that the poor crystallinity of Group III is the response to an increase of the number of defects
caused by stress and intense deformation to cause single crystals to be divided into subgrains, or by neofor-
mation of smaller crystals, which is in good agreement with the microstructural observations
(Figures 2e-2g). It is notable that strain can broaden the peaks of clays, and further Rietveld methods on ran-
dom powder diffraction profile may be required to evaluate the strain broadening of the peaks of clay miner-
als in the future (e.g., Ufer et al., 2012).

4.3. Shear-Induced Amorphization in the Lichi Mélange

Because Group III minerals were formed by relatively less fluid circulation compared to that in the conglom-
erate and showed defect-dominated crystallinity within shear zones, we suggest that mechanical processes,
particularly the comminution process (Janssen et al., 2010; Ozawa & Takizawa, 2007; Pec et al., 2012, 2016;
Yund et al., 1990), is the dominant driving process for the generation of AMs in the Lichi Mélange (AMs
were not observed in weathering-dominated conglomerate; Figure 4). AMs were observed both on the inter-
face of scaly clay fabrics and within the localized narrow band (Figures 3 and 4), and therefore, we discuss
the occurrence of these types of AMs separately based on the mechanical origin mechanism.

Scaly clay fabrics can form through more than one mechanism in nature, but during deformation the slip
behavior is suggested to be similar (slip occur along scaly clay fabrics' shear surfaces) once the geometry
has been established (Haines et al., 2013; Tarling & Rowe, 2016). AMs were observed at the contact of the
boundaries of scaly clay fabrics (Figures 3a and 3b), suggesting that slip occurred along the shear surfaces
of the scaly clay fabrics during deformation. However, both incremental slip on individual wavy shear sur-
faces, and multiple shear surfaces across an anastomosing network deforming simultaneously, could result
in the production of AMs, and we cannot constrain the slip styles in our case.

Ultrafine particles and AMs coexist within the narrow band (Figure 2i, 3e, and 3f). Ultrafine particles have
been found in a wide range of faulted rock types within natural faults (Chester et al., 2005; Kirkpatrick
et al., 2013; Ma et al., 2006; Ozawa & Takizawa, 2007), in particular, in the principal slip zones that
accommodate the bulk of displacement during faulting (PSZs; Sibson, 2003). In addition, because strain is
highly localized during friction experiments, ultrafine particles were experimentally formed in a thin PSZ
(~a few hundred micrometers to few millimeters in thickness) in a wide range of conditions (seismic to
aseismic rates with the upper-crustal loading) and were frequently found in association with partially
amorphized materials (Aretusini et al., 2017; Pec et al., 2016). Since the narrow band was found in the
Lichi mélange and at the lithological contacts (Bullock et al., 2014; Fagereng & Sibson, 2010; Figure 1),
we interpret that the narrow band was derived from strain localization and represents the PSZ of the
Lichi Mélange.

The Laue diffraction spots, showing low-intensity, broadened peaks and difficulty of indexing, illustrate an
extremely poorly crystallized zone of quartz (Figure 5h) and directly indicate the presence of an amorphous
phase. Deformation lamellae are considered as the sites for the nucleation of amorphous phases (Kingma
et al., 1993). The crystal lattices within quartz show deformation lamellae (Figures 5h and 7) that are coin-
cidently subparallel to the assumed fault slip direction. Neither the preexisting defects nor the obliteration
and regeneration of deformation lamellae (over a long-term geological time) were observed in the quartz
grain. This implies that the quartz grain was dragged rather than rotated within the narrow band and locally
preserves kinematic information related to fault slip. In addition, the crystalline-to-amorphous phase transi-
tion has been observed over a broad range of pressure (i.e., at 1-4 GPa) and shear stress in comminution,
static compression and shock compression experiments (i.e., up to 40 GPa) (Kingma et al., 1993).
Considering the depth of borehole cores in this study, the lithostatic pressure is much lower than that
obtained in the high-pressure experiments, and other stresses are required for the crystalline-to-amorphous
phase transition, for example, localized shear stress. The amorphous phase may be as a result of stress con-
centration within cohesive narrow band, where the cohesion achieves the stress transmission which is prob-
ably like the occurrence of force chains.

Different from commonly reported shear-induced crystallization on fault rocks (e.g., shear-induced graphi-
tization; Kuo, Li, et al., 2014, 2017), shear-induced amorphization (not pseuotachylyte that as the case of fric-
tional melting and quickly quenched) has also been reported in different settings: A localized amorphous
band can be formed by dislocation glide in metal alloys, along the shear direction or primitive grain
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Figure 7. Schematic diagram shows the concept of strain dissipation in the Chihshang Fault and the Lichi Mélange
based on microstructural observations. (a) Shear-induced amorphization and lattice deformation occur in quartz grain,
bounded by the R shear direction. (b) Amorphous materials occur in a narrow band (localized in shear band) and
along the interface of scaly clays in the Lichi Mélange. (c) Amorphization is driven by tectonic loading and reflects a
mixed brittle and ductile deformation style in the Chihshang Fault.
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boundary (Peterlechner et al., 2009); shear-driven amorphization occurs within a shear band and then pro-
ceeds by deformation-induced dislocation nucleation and accumulation on silicon crystals (He et al., 2016;
Zhao et al., 2016); in experiments conducted under midcrustal conditions, amorphous bands formed in slip
zones consisting of (partial) AMs (Pec et al., 2012, 2016). Taken together, the synchrotron Laue diffraction
has demonstrated the presence of amorphized areas in the quartz grain, suggesting strain localization and
associated shear-induced amorphization within the narrow band.

4.4. Implications of Mixed Deformation Styles in the Chihshang Fault

Direct information about the deformation styles of the analyzed fault rocks (i.e., strain in bulk) cannot be
obtained from our data. However, we do find shear-induced amorphization and the associated AMs in both
the localized narrow band (PSZ) and along the boundaries of widely distributed scaly clay fabrics (with lim-
ited sample observations), likely marking the distribution of dissipated strain in the Lichi Mélange. Natural
and experimentally formed PSZs are commonly treated as frictional interfaces embedded in host rocks, sug-
gesting brittle behavior in the bulk fault rocks (Ikari, 2015; Sibson, 2003; Verberne et al., 2019). On the
other hand, small amounts of slip occurring along the boundaries of abundant scaly clays allow the fault
rock to deform with a ductile behavior. Therefore, the occurrence of AMs in the Lichi Mélange may be
related to both brittle and ductile deformation styles in fault rocks during tectonic loading and stress
relaxation. The deformation styles in the Lichi Mélange can be compared with other mélanges.
Deformation in mélanges (i.e., competent domains vs. incompetent domains) is mainly accommodated
by viscous strain on multiple slip surfaces and results in heterogeneous continuous-discontinuous shear
zones (Fagereng & Sibson, 2010). The coexistence of pseudotachylyte and mylonite has shown that mixed
seismic-aseismic deformation styles can coexist in mélange shear zones and that ductile mylonitic rocks can
experience brittle rapid earthquake deformation during the seismic cycle (Chu et al., 2012; Passchier, 1982;
Ueda et al., 2008).

Based on our results, we propose a possible model for the creeping fault zone of the Chihshang Fault, shown
in the schematic diagram of Figure 7. Laue diffraction data (Figure 5) show that two (almost) parallel bound-
aries divide the quartz grain into three crystal domains that are disordered, undeformed, and highly disor-
dered (Figure 7a). These crystallinity boundaries intersect obliquely (<20°) with the edges of the narrow
band and main lithological boundary between the conglomerate and the Lichi melange. Because the loca-
lized narrow band is simply treated as a frictional interface embedded between the conglomerate and the
Lichi Mélange, the crystallinity boundaries of the analyzed quartz grain derived from shear-induced amor-
phization may possibly provide kinematic information related to fault slip. Within the narrow band, the geo-
metry of the crystallinity boundaries of the analyzed quartz grain and ultrafine particles are consistent with
the orientation of R, shears, while the narrow band represents the Y shear orientation. (Ikari et al., 2011;
Loagn et al., 1992; Rutter et al., 1986; Figure 7a, inset).

Considering the distribution of AMs and likely the dissipation of strain, we suggest that fault slip occurs
within the localized narrow band and along the boundaries of scaly clays (Figure 7b). Rather than the loca-
lized strain within the discrete narrow band, scaly clay fabrics may allow distributed shear deformation
within anastomosing networks of slip surfaces, resulting in bulk ductile flow (Tarling & Rowe, 2016).
Therefore, we propose that the creeping zone of the Chihshang Fault was by both brittle and ductile defor-
mation styles to produce AMs within the narrow band and along scaly clay fabrics (Figure 7c).

On the other hand, weathering and fluid-rock interaction (mineralization) processes occur in the relatively
porous conglomerate (and to a lesser extent within the Lichi Mélange) where fluids are able to circulate
along grain interfaces and deposit hydrated clay phases (Group II and IIT). We cannot constrain the water
chemistry in the area and simply assume that the formation of I/S and Chl/Ve originated from the interac-
tion of K*-rich fluids (Offler & Prendergast, 1985), sourced by the dissolution of K-feldspars present in the
host rocks. In addition, we do not have direct evidence of glass-smectite transformation (e.g., Janssen
et al., 2014), but the observed increase of I/Ssm (Group III) could be important for the behavior of the
Chihshang Fault. An increase of smectite phases in I/S interstratified clays within slipping fault zones and
fractures (between scaly clay fabrics) was proposed as a mechanism for reducing fault strength, facilitated
creep and enhancing the potential for fault reactivation (e.g., Haines & van der Pluijm, 2012; Morrow
et al., 2017). Therefore, we propose that the formation of AMs by shear-induced amorphization can be likely
considered as precursors for the formation of I/Ssm (Bettermann & Liebau, 1975; Tomita et al., 1993), and
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the transformation of fault-zone materials by gouge amorphization could potentially modify the mechanical,
physical, and chemical properties of the fault zone and promote the currently observed creeping behavior at
shallow depths.

5. Conclusions

We demonstrate the presence of AMs in the actively creeping Chihshang Fault in Taiwan and suggest that
the AMs were derived from shear-induced amorphization process. In addition, we interpret the occurrence
of AMs in two structural locations (a localized narrow shear band and within distributed networks of scaly
clay fabrics) as a likely consequence of the dissipation of strain during mixed brittle to ductile deformation.
Because AMs are kinetically unstable in low-temperature environments at depth, their presence within the
Chihshang Fault suggests recent and ongoing on-fault amorphization driven by tectonic loading and stress
relaxation. Integrated with data on the populations of phyllosilicates within the creeping fault zone
(in particular, an increase of smectite content in I/S mineral; Group IIT), we propose that shear-induced
amorphization gradually modifies the physical, chemical, and mineralogical characteristics of a fault by
amorphous phase and subsequent neomineralization. Minerals in a fault zone may be altered so the
properties of fault gouge such as the friction and chemical composition might change. Shear-induced
amorphization likely serves as a mechanism that influences the dynamic fault strength and seismogenesis
at shallow depths during the seismic cycle.

Data Availability Statement

All the experimental raw data are available in figshare with the identifier (https://doi.org/10.6084/m9.fig-
share.12269486.v1).
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