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Abstract. Previous studies show that organic-rich fault
patches may play an important role in promoting unstable
fault slip. However, the frictional properties of rock materi-
als with nearly 100 % organic content, e.g., coal, and the con-
trolling microscale mechanisms remain unclear. Here, we re-
port seven velocity stepping (VS) experiments and one slide—
hold-slide (SHS) friction experiment performed on simu-
lated fault gouges prepared from bituminous coal collected
from the upper Silesian Basin of Poland. These experiments
were performed at 25-45 MPa effective normal stress and
100 °C, employing sliding velocities of 0.1-100 ums~! and
using a conventional triaxial apparatus plus direct shear as-
sembly. All samples showed marked slip-weakening behav-
ior at shear displacements beyond ~ 1-2 mm, from a peak
friction coefficient approaching ~ 0.5 to (nearly) steady-
state values of ~ 0.3, regardless of effective normal stress
or whether vacuum-dry or flooded with distilled (DI) water
at 15MPa pore fluid pressure. Analysis of both unsheared
and sheared samples by means of microstructural observa-
tion, micro-area X-ray diffraction (XRD) and Raman spec-
troscopy suggests that the marked slip-weakening behavior
can be attributed to the development of R-, B- and Y-shear
bands, with internal shear-enhanced coal crystallinity devel-
opment. The SHS experiment performed showed a transient
peak healing (restrengthening) effect that increased with the
logarithm of hold time at a linearized rate of ~ 0.006. We
also determined the rate dependence of steady-state friction
for all VS samples using a full rate and state friction ap-
proach. This showed a transition from velocity strengthen-
ing to velocity weakening at slip velocities > 1 ums~! in the

coal sample under vacuum-dry conditions but at > 10 um s~/

in coal samples exposed to DI water at 15 MPa pore pressure.
The observed behavior may be controlled by competition be-
tween dilatant granular flow and compaction enhanced by
the presence of water. Together with our previous work on
the frictional properties of coal-shale mixtures, our results
imply that the presence of a weak, coal-dominated patch on
faults that cut or smear out coal seams may promote unsta-
ble, seismogenic slip behavior, though the importance of this
in enhancing either induced or natural seismicity depends on
local conditions.

1 Introduction

Carbonaceous materials (e.g., amorphous carbon, graphite,
organic matter) are widely present in the lithosphere, in-
cluding in several large fault zones over the world (Kaneki
and Hirono, 2019), such as the Longmenshan thrust belt in
China (Kuo et al., 2014), the Atotsugawa fault zone in Japan
(Oohashi et al., 2012) and the Alpine fault zone (Kirilova
et al., 2017). As is well known, graphite has very low fric-
tional strength and amorphous carbon or organic matter can
be transformed into graphite at a seismic slip due to the so-
called graphitization process. The presence of carbonaceous
materials may therefore act as a lubricant to play a key role
in frictional properties and accordingly in promoting the in-
stability of the fault (Oohashi et al., 2011, 2013; Kuo et al.,
2014). Meanwhile, organic-rich rocks (such as coal, shale
and clay), as main source rocks for (un)conventional natu-
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ral gas, may also play a role in induced seismicity upon gas
production (e.g., Kohli and Zoback, 2013; Liu et al., 2020),
water injection (e.g., Ellsworth, 2013) and coal mining (e.g.,
Westbrook et al., 1980). Compared to graphite (Ruan and
Bhushan, 1994; Moore and Lockner, 2004; Kirilova et al.,
2018), however, limited experimental data on the frictional
properties of organic-rich rocks (Liu et al., 2020), particu-
larly coal, under in situ pressure and temperature (PT) con-
ditions are reported. Although coal has been widely investi-
gated because of its importance in fuel energy and industry
(Guo et al., 2018; Chen et al., 2019), its frictional properties
are not yet well determined and understood. This contribu-
tion addresses the frictional properties of coal and the likely
mechanisms.

We first focus on coal structure and the graphitiza-
tion process seen in experiments. Many techniques, such
as transmission electron microscopy (TEM), nuclear mag-
netic resonance (NMR), X-ray diffraction (XRD), Raman
spectroscopy and Fourier transform infrared spectroscopy
(FTIR), have been applied to determine coal structure be-
cause of its complexity and heterogeneity (K. Li et al., 2015;
Z. Li et al., 2015; Baysal et al., 2016; Song et al., 2019).
From a chemical point of view, coal, in general, mainly con-
sists of aromatic layers wherein aromatic nuclei are sur-
rounded by peripheral aliphatic chains and oxygen func-
tional groups (Mathews and Chaffee, 2012; Ahamed et al.,
2019). Lu et al. (2001), based on XRD analysis of Aus-
tralian coals ranging in rank from high-volatile bituminous
to semi-anthracite, proposed a simplified model for describ-
ing coal molecular structure. This model suggests that coal
consists of both amorphous (nonaromatic structures) and
crystalline (condensed, layered aromatic structure) forms of
carbon. The aromatic layers in coal may be straightened
closer to a more uniform packing during deformation to form
graphite under experimental conditions at a constant high
confining pressure of 500 MPa and variable temperatures of
300-600 °C, employing strain rates of ~ 10~4~10"%s~!, to
33 % strains (Ross and Bustin, 1990; Ross et al., 1991). Ross
and Bustin (1990) and Ross et al. (1991), based on their
experiments, reported that the shear strains associated with
strain energy can drastically lower the activation energy and
accordingly facilitate the graphitization process. Similarly,
molecular dynamics simulations of sliding at the interface
between amorphous carbon and diamond films at a rate of
10ms™!, performed by Ma et al. (2014), show that covalent
bond reorientation, phase transformation and structural or-
dering preferentially occur in localized bands in amorphous
carbon film and that this shear localization causes weaken-
ing. Apart from high-pressure and high-temperature experi-
ments, the graphitization process has also been seen in high-
velocity friction experiments. Oohashi et al. (2011), for ex-
ample, performed friction experiments on both amorphous
carbon and graphite using a rotary shear apparatus under
conditions of normal stress at 0.5-2.8 MPa and slip rates
of S0ums~!'=1.3ms™! in atmospheres of air and nitrogen.
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Their experiments showed (a) a steady-state friction coeffi-
cient of 0.54 for amorphous carbon at slow slip rates ver-
sus 0.1 for graphite at all slip rates, (b) major slip weaken-
ing of the amorphous phase at slip rates > 10mms~! to a
steady-state w value of 0.1, and (c) XRD and TEM evidence
of graphitization of the amorphous carbon during shear at
high slip rates. The authors suggested that large shear strains,
short-lived flash heating and/or stress concentrations at as-
perity contact points may cause graphitization of amorphous
carbon, even at low temperatures and pressures under anoxic
environments. Similar friction experiments, performed by
Kuo et al. (2014) on natural samples collected from the
2018 Wenchuan earthquake slip zone, also showed graphi-
tization of carbonaceous minerals due to frictional heating at
seismic slip rates. On the other hand, Kirilova et al. (2018)
performed double direct shear experiments on dry synthetic
graphitic carbon at slow slip rates of 1-100 ums~! and nor-
mal stresses of 5 and 25 MPa at room temperature. They
found slip weakening of the samples from a peak frictional
strength of ~ 0.4-0.55 to a steady-state value of ~ 0.15-0.25,
which is higher than the steady-state p value seen in high-
velocity friction experiments on graphite. Their TEM and
Raman observations suggest shear-enhanced structural disor-
der with increasing shear strain developing in localized slip
zones. In addition, Ruan and Bhushan (1994) investigated the
frictional properties of highly oriented pyrolytic graphite us-
ing a friction force microscope and TEM and found that the
friction coefficient of the well-ordered carbon of the 0001
plane is much smaller compared with that of the randomly
ordered carbon. This indicates that internal carbon crystal
structural difference may lead to a significant difference in
the frictional strength of graphite materials.

We now return to the frictional properties of coal. O’Hara
et al. (2006) performed high-velocity (1 ms™') friction ex-
periments on high-volatile bituminous coal at a normal
stress of ~ 0.6 MPa, employing a large displacement (maxi-
mum of ~ 80 m). Their results demonstrated significant slip-
weakening behavior and enhanced coal maturity. Specifi-
cally, the friction coefficient decreased from 0.8—1.2 to 0.1—
0.4, and random vitrinite reflectance increased from ~ 0.6 %
to ~ 0.8 %. Besides the thermal effect of shear heating, they
suggested that coal gasification, as well as fluctuations in
fluid pressure and gas pressurization, also played a role in
determining the frictional behavior. Similar coal maturity
evolution caused by frictional heating was also reported by
Kitamura et al. (2012). More recent research reported by
Kaneki and Hirono (2019) investigated the frictional strength
of lignite, bituminous coal, anthracite and graphite by per-
forming high-velocity (1 ms~") rotary-shear friction exper-
iments at room temperature. They found that the peak fric-
tional strength for all samples decreased with increasing ma-
turity from 0.5 to 0.2, and marked dynamic weakening was
observed for lignite, bituminous coal and anthracite from
peak friction coefficient values of ~0.3-0.5 to dynamic val-
ues of ~0.1-0.2. TEM, IR and Raman observations per-
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formed on the samples before and after frictional shearing
suggested that the marked dynamic weakening behavior ob-
served in lignite, bituminous coal and anthracite was caused
by a shear-induced graphitization process, possibly domi-
nated by flash heating (Kaneki and Hirono, 2019). Somewhat
different results were obtained by Fan and Liu (2019). These
authors performed low-velocity direct shear—friction experi-
ments on precut coal samples (low-volatile bituminous coal)
exposed to various fluids (helium, carbon dioxide, water and
moisturized methane) at a constant effective normal stress
of 2MPa, employing shear rates of 1-10ums~!. Their re-
sults showed (a) no slip weakening, (b) a steady-state fric-
tion coefficient for samples exposed to water and moistur-
ized methane of ~ (.15, (c) a much higher friction coef-
ficient in samples exposed to helium (~ 0.53) and carbon
dioxide (~ 0.43), and velocity-strengthening behavior, re-
gardless of the fluids. Conversely, we performed low-velocity
(i.e., 0.1-100 um s~ 1) direct shear experiments to investigate
the frictional properties of simulated fault gouges prepared
from coal-shale mixtures under (nearly) in situ PT condi-
tions (i.e., effective normal stress of 40 MPa and 100 °C) (Liu
et al., 2020). We found that only the samples with a coal vol-
ume fraction > 50 %, including pure coal, showed marked
slip-weakening behavior from the peak value of ~ 0.47 to
a (nearly) steady-state value of ~ 0.30, regardless of the
employed experimental conditions. Interestingly, such slip
weakening is limited to small initial displacements (2—3 mm)
and does not occur during slip reactivation. We, based on
the limited microstructure observations, inferred that this
slip weakening was caused by strain localization in coal-
rich shear bands, accompanied by a change in coal molec-
ular structure, as opposed to the graphitization effects seen
in high-velocity friction experiments. As the main aim of our
recent research (Liu et al., 2020) was to investigate the ef-
fects of coal content on the frictional properties of Carbonif-
erous shale in the context of induced seismicity in Carbonif-
erous source rocks below Europe’s largest gas field, we only
reported one velocity stepping friction experiment on pure
coal. As a result, more experimental research is needed to
better understand the frictional properties (such as frictional
strength, rate-dependent friction and frictional healing) of
coal, sheared at slow slip rates under in situ PT conditions,
accompanied by the development of coal molecular structure
upon shear deformation.

In this paper, we investigate the frictional behavior of deep
natural coal (as a source rock for (un)conventional natural
gas) under nearly in situ conditions. This was achieved by
performing friction experiments on simulated fault gouges
prepared from bituminous coal collected from the upper Sile-
sian Basin of Poland. We performed velocity stepping and
slide-hold—slide experiments under both vacuum-dry and
wet conditions at a constant temperature of 100 °C, employ-
ing sliding velocities of 0.1-100 um s~! and effective normal
stresses ranging from 25 to 45 MPa. Data on the frictional
strength and rate dependence of friction are documented, and
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a full rate and state friction (RSF) description is derived. In
an attempt to understand the likely mechanisms determin-
ing frictional behavior, posttest analysis was performed on
both unsheared and sheared samples using microstructural
observation, micro-area X-ray diffraction and Raman spec-
troscopy. Data on crystal structure parameters and Raman
parameters are also obtained. Finally, we discuss the implica-
tions of our findings for understanding the frictional strength
and seismic potential of coal-rich faults.

2 Experimental methods
2.1 Approach

Following Hunfeld et al. (2017) and Liu et al. (2020), we
performed direct shear experiments to measure the frictional
sliding strength and rate-dependent friction of simulated coal
fault gouges at nearly in situ PT conditions for deep coal
seams. We apply the rate and state friction (RSF) approach to
determine the rate dependence of friction. Posttest analyses
by means of microstructural observation, micro-area XRD
and Raman spectroscopy were performed on the deformed
gouge samples in an attempt to understand the observed fric-
tional behavior.

2.2 Sample materials

The coal samples used in this study were prepared from nat-
ural high-volatile bituminous coal, with total organic car-
bon (TOC) of 69.6 wt %, collected from the Brzeszcze Mine
(Seam 364) in the upper Silesian Basin of Poland (Hol et
al., 2011; Liu et al., 2020). Petrological and chemical analy-
ses reported by Hol et al. (2011) showed that the bituminous
coal has a vitrinite reflectance of 0.77+0.05 % and has a vit-
rinite content of 60.1 wt %, alongside liptinite at 9.8 wt % and
inertinite at 30.1 wt %. Furthermore, it contains 74.1 wt %
carbon, 5.3 wt % hydrogen, 1.4 wt % nitrogen, 0.7 wt % sul-
fur, 18.5wt % oxygen, 2.9 wt % moisture and 5.2 wt % ash
(mineral) content. The raw coal sample was crushed to ob-
tain powder with a grain size of < 50 um. For each experi-
ment, a gouge layer with a thickness of ~ 1 mm (see details
in Table 1) was prepared by compacting coal powders in a
purpose-made die at ~ 20 MPa for ~ 2 min. The gouge layer
was then assembled into a “direct shear” assembly, com-
prising two opposing L-shaped pistons designed for direct
shear testing in a triaxial deformation apparatus (following
Samuelson and Spiers, 2012). Note that we marked starting,
loose coal powders and one coal gouge sample without shear
deformation as S* and SO, respectively (see Table 1). They
are used as the control samples for XRD and Raman tests in
an attempt to determine the effects of the shear—friction pro-
cesses on the molecular structure of carbon in coal. Note that
gouge sample SO was prepared by compacting at ~ 20 MPa
for ~ 15h at 100 °C.

Solid Earth, 11, 1399-1422, 2020
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Table 1. List of experiments, experimental conditions and key mechanical data. VS: velocity stepping, SHS: slide-hold—slide. Note that all
experiments reported here were performed at ~ 100 °C. oy, and P represent the confining pressures and pore fluid pressure employed in
the experiments. ppeqk represents the peak friction coefficient obtained at 0.5-0.75 mm of shear displacement, and pgg) and jigp represent
the near-steady-state friction coefficient obtained at ~ 2.2 and ~ 5.7 mm of shear displacement, respectively. Dot represents the total shear
displacement. 7 and 7 represent the thickness of the gouge layer measured before and after the experiments, respectively. 74> and e represent
the steady-state shear stress and shear strain measured at the shear displacement of ~ 5.7 mm, and the latter is defined as engineering shear
strain, i.e., & = d /1y, where d is the shear displacement. Here, ¢ equals 5.7 divided by initial thickness ;.

Exp. and sam. on Pr [ipeak sl Dot \% 0 t Tgs2 &
(MPa)  (MPa) ) ) (mm) (ums~') (mm) (mm) (MPa) (-)

S* * *

SO 20 *

VS

S1 40 0 0494 0327 0295 6.201 0.1-100 1.03 0.93 11.73  5.56

S2 40 0 0465 0278 0.244 5563 0.1-100 0.92 0.75 9.62 6.16

S3 40 15 0524 0338 0.282 5.602 0.1-100 1.00 0.75 6.87 5.70

S4 50 15 NA 0279 0253 6.183  0.1-100 1.18 0.83 8.78 4.85

S5 55 15 0441 0.258 0.228 5766  0.1-100 0.90 0.65 891 6.33

S6 55 15 0485 0293 0.256 6.010 0.1-100 0.90 0.73 10.14  6.33

S7 60 15 0454 0273 0.245 5.750 0.1-100 1.00 0.80 10.85 5.70

SHS

S8 55 15 0460 0.275 0.244 6.057 1 1.00 0.80 9.64 5.70

S* represents the starting, loose coal powders without the pre-compaction process. SO represents the compacted coal gouge layer only, i.e., without the

shear deformation. S* and SO are used as the control samples for XRD and Raman tests in an attempt to determine the effects of shear deformation on the

molecular structure of carbon in coal. NA: this value is missing.

2.3 Direct shear experiments and posttest sample
treatment

We performed eight direct shear experiments at a constant
temperature of 100 °C using a conventional triaxial testing
machine (referred to as the Shuttle Machine; see Verberne et
al., 2014a) equipped with the direct shear assembly described
above. An independent ISCO 65 volumetric (syringe) pump
was used to control pore fluid pressure. A detailed descrip-
tion of the machine was given by Verberne et al. (2014a) and
Hunfeld et al. (2017). The experiments employed confining
pressures (oy,) of 40, 50, 55 and 60 MPa, as well as a con-
stant pore fluid pressure of Py = 15MPa or under vacuum-
dry conditions (i.e., Pf=0). Distilled (DI) water was used
as the pore fluid for experiments S3—S8, while experiments
S1 and S2 were tested under vacuum-dry conditions (see Ta-
ble 1 for details of the experimental conditions). In each ex-
periment, the sample assembly, initially drained to the lab
air, was first heated to ~ 100 °C at a confining pressure of
~ 20 MPa and left to equilibrate for ~ 15 h (overnight). Then
the pore fluid was introduced into the sample and pressur-
ized to 15MPa at a confining pressure of ~ 20MPa. The
confining pressure was subsequently increased to a certain
value and left in the system for ~ 3 h to equilibrate before
shearing. Seven velocity stepping (VS) experiments and one
slide-hold—slide (SHS) experiment were conducted in this
study (see Table 1). In the VS experiments, samples were
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sheared at a constant velocity (V) of 1 ums~! for ~ 2.5 mm
of shear displacement, after which the loading rate was in-
stantaneously stepped in the range 0.1-100 um s~! over total
displacement up to almost 6 mm. The SHS experiment was
also performed at a constant velocity (V) of 1ums~! inter-
rupted by hold intervals in the range 300 to 30000s in an
attempt to determine the healing effects of coal.

After each experiment, the direct shear setup was disman-
tled, and intact fragments of the sheared gouge layers were
recovered and oven-dried for several days. Note that, for the
observation using a scanning electron microscope (SEM), to
avoid the potential problem caused by the use of carbon-
bearing epoxy, no special treatment was performed on the
samples. The microstructure of the sheared samples S1-S8
was observed using an optical microscope and an SEM. For
each sample, we carefully chose the fragments that have a
clear, clean slip surface and the fragments that have a rel-
atively flat cross section in an orientation parallel to the
shear direction and perpendicular to the shear plane (e.g.,
Fig. 1a). Note that artificial microfractures formed during
extraction of the samples from the experimental apparatus
and subsequent treatment can be easily recognized and ex-
cluded. Micro-area XRD and Raman spectroscopy analyses
were performed on the principal slip zone (PSZ) and weakly
deformed zone (WDZ; terminology following Oohashi et al.,
2011) of samples S1-S8 (e.g., Fig. 1c). Note that the surface
of WDZ in Fig. 1c was exposed by scraping the PSZ using
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abrasive paper. Recall that samples S* and SO (i.e., without
shear deformation), as control experiments, were also tested
using XRD and Raman spectroscopy. The location of the
micro-area was selected randomly in the PSZ, WDZ or un-
sheared surface and was schematically marked in Fig. 1b and
c (blue circles).

2.4 Posttest analysis
2.4.1 Microstructural methods

A Leica EZ4w optical stereomicroscope and a tabletop SEM
fitted with an energy disperse spectroscope (EDS) were used
to investigate the microstructure of the fragments retrieved
from the deformed samples. Note that the fragments were
not coated because coal samples have sufficient electrocon-
ductivity. The samples were imaged in the secondary electron
mode using an acceleration voltage of 15-20kV. In addition,
an EDS was used to determine whether the observed grains
are coal components or other minerals.

2.4.2 Micro-area XRD

We performed the micro-area XRD experiments on samples
S0-S8 (except S2 and S6) in an attempt to determine the
crystal structure of coal samples. Sample S* was tested by
X-ray powder diffraction in a conventional mode. This was
achieved using the SmartLab 9 kW X-ray diffractometer with
a Cu target at ambient temperature. Samples were scanned
in the 20 range from 10 to 65° at a rate of 1°min~!. The
micro-area (~ 300 um in diameter) in the PSZ and WDZ was
measured for each sheared sample (see Fig. 1c¢). Note that
samples S*, SO and S5 were measured twice for data repro-
ducibility. For those samples, we took the average values as
the parameters and the standard deviations as error bars.

2.4.3 Raman spectroscopy

We performed Raman measurements on samples S*-S8 to
determine the development of coal maturity upon the shear—
friction experiments. This was done using a Renishaw in-
Via™ laser Raman instrument (with a spectral resolution of
1cm™!) that was connected to a Leica DMLM microscope.
The 514.5 nm argon-ion green laser was used for all experi-
ments. The laser was focused through a x50 objective, with
a laser spot size of ~ 2 um. We used a laser power of 0.2—
1.0mW (1 %5 % of ~ 17 mW full power) to avoid thermal
damage on the targeted surface of coal samples. The scan
range was limited to 50-3000cm™! in order to assess the
first-order region (900-2000cm™!) and part of the second-
order region (2200-3300 cm’l). For each scan, we set the
acquisition time at 10 s for three to five cumulative scans. For
the unsheared and sheared samples (S0-S8), we measured
three points randomly distributed in the unsheared or prin-
cipal slip surface for each sample. Note that for sample S4
only, we also measured three points in the weakly deformed
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zone. We accordingly took the mean values as the represen-
tative Raman parameters and the standard deviations as error
bars for each sample. Note that we measured only one point
in the powdered sample S*.

2.5 Data acquisition, processing and analysis
2.5.1 Mechanical data acquisition and treatment

Internal axial force, confining pressure, pore fluid pressure,
sample temperature and loading piston displacement were
measured in each experiment and the signals logged using
a 16 bit National Instruments analog—digital (AD) converter
and logging system (for details, see Hunfeld et al., 2017).
Following Liu et al. (2020) and Hunfeld et al. (2017), the
data were processed to yield sample shear stress versus shear
displacement data corrected for machine stiffness (see details
in Liu and Hunfeld, 2020). The frictional strength of the sam-
ples was characterized by defining the apparent coefficient of
sliding friction () as the ratio of sample shear stress (t) over
the effective normal stress (Urfff), assuming zero cohesion:

T
W=~ ey

oy
where arfff = oy — Pr. Here, oy, represents the normal stress

or confining pressure employed in the experiments, and P¢
represents the pore fluid pressure.

The rate dependence of friction was quantified using the
RSF theory (Dieterich, 1979; Ruina, 1983) coupled with the
empirical Dieterich-type “aging law” (e.g., Marone, 1998):

\% Voo
= In{ — bl , 2
wmsotam () +om( ) @
do Ve
©_,_ Y 3)
dr D.

which describes the evolution of the friction coefficient w
from a reference steady-state value (ug) towards a new
steady-state value over a critical slip distance (D) in re-
sponse to an instantaneous change in sliding velocity from an
initial sliding velocity (Vj) to a new sliding velocity (V). The
state variable 6, which describes the evolution of gouge fric-
tion via Eq. (3), is commonly viewed as the average life span
of a population of grain-to-grain contacts (Marone, 1998). At
steady state, i.e., when d6/dt = 0, Eq. (2) is reduced to

M= o

@)=

“)
where the parameter (a — b) reflects the rate sensitivity of the
friction coefficient. From an RSF point of view, if fault rocks
exhibit an increase in frictional strength upon increased slid-
ing rate, i.e., velocity-strengthening behavior with (a — b) >
0, they are not prone to generating accelerating slip and
are termed conditionally stable (Scholz, 2019). On the other
hand, when the frictional strength of a fault rock decreases

Solid Earth, 11, 1399-1422, 2020
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(a) (b)

Unsheared surface S0

. Micro-area

S7

Surface of PSZ e
(shear surface) Surface Kof WDZ

Figure 1. Post-treatment of the recovered fragments used for microstructural observation, XRD and Raman spectroscopy. (a) Stored loose
fragments. (b) The free surface of the unsheared sample SO that was glued on a glass slide. (¢) The slip surface of sample S7, showing the

surface of the principal slip zone (PSZ) and weakly deformed zone (WDZ).

upon increased sliding rate, the fault rock exhibits velocity-
weakening behavior with (@ —b) > 0. Given sufficient elastic
compliance in the loading system, this behavior can cause
repetitive slip instabilities, or stick-slip events, viewed as
the laboratory equivalent of earthquakes (Brace and Byerlee,
1966; Marone, 1998; Scholz, 1998). Here, we solve Eq. (2)
accompanied by Eq. (3) simultaneously with an equation de-
scribing the elastic interaction with the testing machine via
the stiffness using Eq. (1) as a constraint. The values for a, b
and D, can then be obtained as the solutions of a nonlinear
inverse problem using an iterative least-squares minimization
method (Ikari et al., 2009), thereby obtaining a full RSF de-
scription of the material from our experiments. In performing
RSF inversion, departures from steady-state frictional slid-
ing were corrected using linear detrending of hardening or
softening behavior (see Fig. 4a), and thus the slope of linear
detrending (1) was obtained. A detailed description was also
given by Blanpied et al. (1998) and Ikari et al. (2013).

2.5.2 Determining crystal structure parameters from
XRD data

We first corrected for the background noise of the result-
ing diffractograms using a spline curve (see Fig. 2), obtain-
ing an approximative profile of crystalline carbon (i.e., the
background-subtracted intensity profile shown in Fig. 2). The
obtained profile was further deconvoluted using Lorentzian
and Gaussian functions to determine the crystal structure pa-
rameters of coal. Specifically, Lorentzian peaks were first
employed to determine minerals in the 26 range of ~ 16—
30° (10-30° for powdered sample S*) and ~ 35-58° in an
attempt to remove the mineral peaks from the background-
subtracted curve. We then employed three Gaussian peaks to
fit the background-subtracted, mineral-free profile at around
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20, 26 and 43°, obtaining the y band, 002 band and 10 band,
respectively (see Fig. 2). In general, the y band reflects the
structure of ring-free saturated hydrocarbons (see detailed
description in Yen et al., 1961), whereas the 002 and 10 bands
reflect the ring structure of the aromatic layers of crystalline
carbon (Lu et al., 2001). The fitting parameters, such as peak
position (6), full-width at half-maximum () and area (A),
were obtained. The structure parameters of carbon crystallite
in coal, such as interlayer spacing (dpo2), crystallite stacking
height (L.) and crystallite diameter (L,), were determined
using the empirical Bragg and Scherrer equations (Eqs. 5—
7). Note that we took the mean values as the parameter for
samples S*, SO and S5.

A
dopp = ———— 5
002 2sinByp )
_0.89 ©
7 Boo2 cos o
1.84A
7

a = -
Biocosbio

Here, X is the wavelength of the applied X-ray (0.154056 nm
for Cu Ko radiation); 6po2, Booz, 610 and Bio represent the
peak position and full-width at half-maximum of bands 002
and 10, respectively. Theoretically, the areas of the bands 002
and y (Aooz and A,) are believed to be equal to the number
of aromatic and aliphatic carbon atoms, respectively (Yen et
al., 1961), so that the aromaticity (f,) of the samples can be
estimated using Eq. (8). Coal rank can also be assessed using
the ratio of the maximum intensity of 002 over that of the y
band (loo2/1,, as seen in Eq. 9).

Ago2

h= Aoz + Ay

®)
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2.5.3 Determining Raman parameters

Raman spectroscopy is a powerful tool for analyzing in-
formation on the molecular structure of organic matter
(Ulyanova et al., 2014). It is well known that the G band,
which is located around 1580 cm™! in Raman spectra, is the
only peak in the first-order region (i.e., 900-2000 cm~!) for
a pure single graphite crystal. The D band is another peak
located around 1350 cm™! in Raman spectra, which is gen-
erally present along with the G band for other carbon materi-
als such as graphite with a defective lattice, activated carbon
and coal (Tuinstra and Koenig, 1970; Potgieter-Vermaak et
al., 2011; Childres et al., 2013). The Raman parameters for
coal include the peak position, full-width at half-maximum
(FWHM), and intensity of the G and D band, the Raman
band separation (RBS: G position minus D position), the in-
tensity ratio of the D band over the G band (Ip/Ig), and the
saddle index (SI is the intensity of the G band divided by
that of the saddle). These parameters can be obtained by sev-
eral processing methods (Beyssac et al., 2003; Sadezky et
al., 2005; Wilkins et al., 2014; Henry et al., 2018; Khatibi
et al., 2018). In this paper, we use the method proposed by
Henry et al. (2018) to determine the Raman parameters, as
it has been well tested for Carboniferous organic-rich mud-
stones and coals (Henry et al., 2019). In general, Henry’s
method includes the following: (a) the raw Raman spec-
tra were first smoothed using a Savitzky—Golay filter, i.e.,
a 21-point quadratic polynomial algorithm; (b) a third-order
polynomial function was then used to correct for baseline;
and (c) the smooth, baseline-removed spectra were finally
normalized to a common G-band height of 2000 arbitrary
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units. Specifically, we used the automated Microsoft Excel®
spreadsheet proposed by Henry et al. (2018) to process our
spectra data obtained at 900—2000 cm™".

3 Results
3.1 Mechanical data
3.1.1 Frictional strength of simulated coal fault gouges

The typical apparent friction coefficient (u) versus dis-
placement data obtained in velocity stepping experiments
(Exp. S1-S7) is plotted in Fig. 3. All experiments plotted in
Fig. 3a showed rapid, near-linear initial loading up to a peak
friction coefficient at a shear displacement of ~ 0.6 mm, fol-
lowed by sharp, post-peak slip weakening from peak values
of ~ 0.48 to a nearly (quasi) steady-state value of ~ (0.3 at a
shear displacement of ~ 2.2 mm. The quasi-steady-state fric-
tion coefficient decreased slightly with displacement, reach-
ing a new quasi-steady-state value at 4-6 mm. This slight
weakening might be caused by the reduction of the load-
supporting area of the sample during shear deformation. Nev-
ertheless, to quantify this effect, we define ppeax as the peak
friction coefficient obtained at 0.5-0.75 mm of shear dis-
placement, and we take pg1 and g to represent the near-
steady-state friction coefficient values obtained at ~ 2.2 and
~ 5.7 mm of shear displacement, respectively. These friction
coefficient data (f4peak, tss1 and fissp) are plotted in Fig. 3b
as a function of effective normal stress, which indicates that
they are more or less independent of effective normal stress.
The largest values for ppeak (0.524) and pss1 (0.338) were
obtained in experiment S3, which was performed at a confin-
ing pressure of 40 MPa and a pore water pressure of 15 MPa
(i.e., at effective normal stress of 25 MPa). The values of
Mpeak and juss1 obtained at vacuum-dry conditions (i.e., tpeak
of ~ 0.48 and pug1 of ~ 0.30 for experiments S1 and S2) are
slightly higher than those (i4peak =~ 0.46 and pis1 =~ 0.28)
obtained for samples S5 and S6 that were exposed to DI wa-
ter at the same effective normal stress of 40 MPa. All fric-
tional strength data are summarized in Table 1, including
Mpeak> Mssl and pgg.

3.1.2 Rate dependence of friction

The individual RSF parameters a, b and D, as well as the
rate sensitivity parameter (a — b), obtained in all velocity
stepping experiments using a full RSF inversion approach
are summarized in Table 2. The slope n of the linear slip-
weakening trend obtained after each upward velocity step in
the displacement interval of 2—4 mm in experiments S1-S7
is also listed in Table 2. The (a — b) data obtained for up-
ward steps are plotted in Fig. 4b as a function of effective
normal stress. Here we plot upward stepping data only, as it
is these that are most relevant to rupture nucleation (Marone,
1998). Almost all (@ — b) values fall in the range of —0.006

Solid Earth, 11, 1399-1422, 2020
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to +0.002 and systematically decrease in the higher-velocity
steps in all samples (see Fig. 4b). It is also clear from Fig. 4b
that (a — b) values are insensitive to effective normal stress
but sensitive to velocity and pore fluid condition. Specifi-
cally, all samples show velocity strengthening at velocities
stepped from 0.1 to 1 ums~! (where a — b > 0) but velocity
weakening in steps from 10 to 100 ums~! (where a —b < 0).
For velocity steps from 1 to 10ums~!, sample S2 tested un-
der vacuum-dry conditions shows velocity weakening (i.e.,
a—>b < 0), while samples tested with DI pore water at a pres-
sure of 15 MPa show velocity strengthening, except for sam-
ple S5, which exhibits velocity weakening.

In addition to the above treatment of the RSF data, the
slope 1 of the linear slip-weakening portions of the fric-
tion vs. displacement curves is plotted in Fig. 4c as a func-
tion of the up-step velocity. This shows that the absolute
magnitude of 7 systematically increases with increasing slip
rate, reflecting velocity-enhanced slip-weakening behavior.
We note that this type of linear slip-weakening behavior has
also been observed in velocity stepping (0.03—-100 ums~')
experiments performed on a natural fault gouge (37 %—65 %
clay minerals, up to 40 % quartz + plagioclase and little cal-
cite) collected from the Nankai subduction zone in Japan and
has been put forward as a mechanism for promoting slow
earthquakes (see details in Ikari et al., 2013). This behavior,
seen in Fig. 4c, may warrant deeper investigation in the fu-
ture.

3.1.3 Frictional healing effects

The slide-hold—slide loading path data (Exp. S8) shown in
Fig. 5a indicate a clear but minor strength recovery or heal-
ing effect (Ap) upon re-shear, followed by slip weakening
to achieve a new quasi-steady state. The magnitude of re-

Solid Earth, 11, 1399-1422, 2020

strengthening (A ) increases with the logarithm of hold time
(t) and is well described by the equation A = Blog(1+¢/t.)
(e.g., Marone, 1998), where 8 = 0.006 £0.001 and 7, =9+
9s (Fig. 5b).

3.2 Microstructure of the deformed coal gouge

The representative microstructure for a sliding surface of
sample S6 obtained using an optical microscope in a reflected
light mode is shown in Fig. 6a, indicating a highly reflective
(mirror-like) area located in the left half of Fig. 6a. This may
be similar to the reported mirror slip surface (Siman-Tov et
al., 2013; Fondriest et al., 2013; Verberne et al., 2014b). In
addition, a principal boundary slip zone (PSZ; ~ 15-25 um
thick) accompanied by a weakly deformed zone (WDZ) was
observed in all deformed coal gouges (see Fig. 6b for a rep-
resentative reflected light micrograph of sample S1 in an ori-
entation parallel to shear direction). Note that unlike bound-
ary shear bands that were observed in all samples, R- and
Y-shear bands were only observed in sample S5 (see Fig. 6¢
and d). This may be because the surface of the fragments
chosen from other samples were not flat enough to capture
R- and Y-shear bands. The SEM secondary electron images
shown in Fig. 7a—e may also indicate the development of
first microfractures inside the starting coal grains (~ 50 um),
then failure to form small grains (< 10 ym) and finally shear
bands. This likely reflects the process of cataclasis or granu-
lar flow during shear deformation in a coal gouge (Niemeijer
and Spiers, 2007; Verberne et al., 2014b; Hadizadeh et al.,
2015). More importantly, a marked stacked-layer structure
was clearly observed at the margin of the PSZ (see Fig. 7f),
likely reflecting an interaction between the PSZ and WDZ
as well as the role of the PSZ during the friction process.
EDS data measured at the three representative spots located

https://doi.org/10.5194/se-11-1399-2020
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Table 2. Summary of RSF data for all velocity stepping experiments reported in this paper.

Sam. and steps Vo \% a—>b a b D¢ n
(ums™h  (ums™!) &) @) () (mm) (mm~')

S1  V_stepl 0.1 1 NA NA NA NA —0.010
V_step2 1 10  —0.0055 0.0051 0.0094 0.0074 —-0.016
V_step3 10 100 NA NA NA NA NA

S2  V_stepl 0.1 1 0.0001  0.0030 0.0029 0.0029 —0.009
V_step2 1 10 —0.0018 0.0028 0.0047 0.0120 —0.020
V_step3 10 100  —0.0047 0.0629 0.0676 0.0440 —0.036

S3  V_stepl 0.1 1 NA NA NA NA —0.008
V_step2 1 10 0.0010 0.0034 0.0024 0.0032 —0.035
V_step3 10 100 —0.0042 0.0637 0.0679 0.0370 —0.071

S4  V_stepl 0.1 1 0.0061 0.0128 0.0067 0.0014 NA
V_step2 1 10 0.0012 0.0043 0.0031 0.0101 —-0.016
V_step3 10 100 —0.0012 0.3271 0.3283 0.0578 —0.025

S5 V_stepl 0.1 1 0.0052 0.0327 0.0276 0.0014 —0.007
V_step2 1 10 —0.0019 0.0057 0.0076 0.0364 —-0.017
V_step3 10 100  —0.0049 0.1008 0.1057 0.0436 —0.022
S6  V_stepl 0.1 1 0.0135 0.0470 0.0336 0.0071 —0.011
V_step2 1 10 0.0009 0.0039 0.0030 0.0134 —0.025
V_step3 10 100 —0.0008 0.0091 0.0099 0.0234 —0.023
S7  V_stepl 0.1 1 0.0014 0.0047 0.0033 0.0067 —0.005
V_step2 1 10 0.0001 0.0029 0.0028 0.0143 —-0.019
V_step3 10 100 —0.0054 0.4209 0.4264 0.0586 —0.023

NA: this value cannot be obtained as the fitting quality is low.

in sample S4 (see Fig. 7b, c and f) are shown in Fig. 7g and
indicate high C and O but little mineral content in the WDZ
and PSZ.

3.3 Development of coal crystal structure (XRD data)

Raw X-ray diffractograms of coal samples S*-S8 are pre-
sented in Fig. 8. Note that the diffractogram for the coal pow-
dered sample (S*) was scaled to a comparable size with other
samples. Note also that the minor peaks observed in Fig. 8
represent minerals (such as kaolinite and dolomite) in coal
samples. Figure 8 shows that the 002, 10 and y side bands
generally characteristic of coal were observed in all samples
(following Hirsch, 1954, and Lu et al., 2001). In addition, all
samples showed a high background intensity, indicating that
a significant proportion of amorphous carbon (i.e., nonaro-
matic component) was present in our coal samples (Dun et
al., 2013). This high background is characteristic of materi-
als having nonuniformly developed crystal structures (e.g.,
coal), regardless of the specimen holder or diffractometer
used in the experiments (e.g., K. Li et al., 2015; Baysal et
al., 2016). Importantly, Fig. 8 demonstrates an apparent dif-
ference between unsheared (S* and SO) and sheared (S1-S8)
samples compared to the minor difference observed between
the sheared samples. This strongly suggests the effects of

Solid Earth, 11, 1399-1422, 2020

shear and friction on the development of molecular struc-
ture in coal. We also note that no graphite was formed after
the shear—friction processes, despite the PSZ and/or WDZ of
samples S3, S5 and S8 having a strong peak (26.29°) that is
very close to the graphite 002 peak (26.38°).

Note that in this study we assume that the crystalline car-
bon in coal, in general, consists of graphite-like layered aro-
matic structures plus marginal aliphatic structure (Lu et al.,
2001). All structure parameters for carbon crystallite ob-
tained using the methods described in Sect. 2.5.2 are listed
in Table 3, and the representative structure parameters ob-
tained from samples S*—S8 were also plotted as a function of
apparent steady-state shear stress (Fig. 9a) and effective nor-
mal stress (Fig. 9b) measured at the shear displacement of
~ 5.7mm in the direct shear experiments. Specifically, the
interlayer spacing (dpo2) of the layered graphite-like struc-
ture in the sheared coal gouges yields 3.47-3.53 A, including
the PSZ and WDZ, which is lower than the dgpg, value of
3.56-3.58 A obtained for the unsheared samples S* and SO,
as seen in Table 3 and Fig. 9a. This suggests that the layered
graphite-like structures in coal, i.e., condensed aromatic sys-
tem, became more condensed after the shear—friction exper-
iments. Careful inspection of Fig. 9a also indicates a thinner
interlayer spacing (dgop2) measured in the PSZ compared to
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Figure 6. Microstructure of samples S1, S5 and S6 after shear deformation. Panels (a) and (b) were imaged using an optical microscope in a
reflected light mode, while (¢) was imaged using an SEM in secondary electron mode. (a) The shear surface of sample S6, showing a highly
reflective (mirror-like) slip surface on the left-hand side of the image (below the corresponding label). (b) The cross section of sample S1 in
an orientation parallel to the shear direction, indicating a principal slip zone (PSZ) and a weakly deformed zone (WDZ). (¢) The cross section
of sample S5 in an orientation parallel to the shear direction, showing the development of R-shear, boundary and Y-shear bands. (d) The

magnification of the region marked in (c).

that measured in the WDZ for most samples, suggesting the
development of layered graphite-like structures in the bound-
ary shear band. The stacked height of crystalline carbon (i.e.,
L) in coal increased from ~ 13 to ~ 20 A, while the diam-
eter of crystalline carbon (i.e., L,) decreased from 20-21 to
15-19 A after the shear—friction experiments. We also note
that, for most samples, the values of L. and L, measured
in the WDZ lie between those measured in the unsheared
samples and the PSZ of the sheared samples. Meanwhile,
aromaticity (f), i.e., the ratio or fraction of aromatic car-
bon atoms, yields 0.44-0.49, 0.43-0.64 and 0.53-0.67 for
the unsheared samples and the WDZ and PSZ of the sheared
samples, respectively. The parameter 1,6/ I79, representative
of coal rank, accordingly increased from 1.21-1.29 to 1.33—
2.29 after the shear—friction experiments. This clearly in-
dicates the development of the condensed aromatic system
in coal upon the shear—friction processes. It is seen from
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Fig. 9 that the structure parameters measured in the sheared
samples, including the PSZ and WDZ, seem to be insensi-
tive to the applied effective normal stress and the apparent
steady-state shear stress measured at the shear displacement
of ~5.7mm.

3.4 Results of Raman analysis

The averaged normalized spectra of all samples after smooth-
ing and background correction are plotted in Fig. 10. The D
and G bands were observed at ~ 1360 and ~ 1600 cm™! for
all samples, respectively. Both the D and G bands observed
in the sheared samples are more narrow than those observed
in the unsheared samples. Also, the D band observed in the
sheared samples slightly shifted to the left, while the G band
slightly shifted to the right compared to those observed in
the unsheared samples. This likely reflects an increase in the

Solid Earth, 11, 1399-1422, 2020
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Figure 7. SEM secondary electron images of samples S4 (a, b, ¢, f) and S5 (d, e) after the direct shear experiments and EDS data (g) for the
representative spots. (a) Randomly oriented coal grain with slip striations in the WDZ, located in the cross section of S4. (b) The fractures
inside the coal grain shown in (a). (¢) Fractures inside coal grains to form crushed particles. (d) The central region of the shear surface of
sample S5, showing cracks and slip striations. (e) Small coal particles (<~ 10 um) in the broken edge of the shear surface. (f) Remarkable
layered structure at the margins of the slip zone, likely reflecting an interaction between the PSZ and WDZ as well as the role of the PSZ
during the friction process. (g) EDS data for three spots located in S4, showing the elemental composition of the spots.
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Figure 8. X-ray diffractograms for starting coal powder S*, pre-
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for samples retrieved from the principal boundary slip zone (PSZ)
and the weakly deformed zone (WDZ). Note that the intensity for
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maturity of coal after the shear—friction experiments. The Ra-
man parameters described in Sect. 2.5.3 were obtained from
Fig. 10 and are listed in Table 4. As shown in Fig. 11a and
b, the Raman parameters for samples SO and the PSZ of S1—
S8 were also plotted as a function of apparent steady-state
shear stress and effective normal stress measured at the shear
displacement of ~ 5.7 mm in the direct shear experiments. It
shows, in general, an obvious difference in the Raman pa-
rameters between the sheared coal samples (S1-S8) and the
unsheared sample SO, suggesting the role of shear and fric-
tion. Particularly, G-FWHM values decrease from 91.3 cm™!
measured in the unsheared samples to 71.7-79.7 cm™! mea-
sured in the sheared samples. RBS and SI values increase
from 227.7cm™! and 3.27 measured in the unsheared sam-
ples to 239.3-256.7cm™! and 3.65-4.26 measured in the
sheared samples. Conversely, we found similar parameter
values of Ip/Ig for all samples, yielding 0.543—-0.561, which
is not sensitive to the shear deformation. It is also seen from
Fig. 11a and b that all Raman parameters measured in the
sheared samples are not sensitive to the applied effective nor-
mal stress and apparent steady-state shear stress. Recall that
we measured Raman spectra in the WDZ only for sample S4.
We plotted the Raman parameters measured in samples S*,
SO and S4 in Fig. 11c, indicating a slight difference between
the WDZ and PSZ, as well as a difference between S* and
S0.
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4 Discussion

All experiments show significant slip-weakening behavior,
from a peak friction coefficient of ~ 0.5 to a near-steady-
state value of ~ (0.3. Post-microstructure observation indi-
cates the development of shear bands. In addition, XRD and
Raman analysis suggests that the shear deformation may
change the molecular structure and maturity of coal in the
shear bands. Furthermore, the VS experiments showed that
(a) little effect of effective normal stress on frictional strength
and (a — b) values was found; (b) (a — b) values systemi-
cally became smaller at higher velocity steps; and (c) the
samples exposed to DI water at a pore pressure of 15 MPa
exhibited velocity-strengthening behavior at velocity steps
of 0.1-10 um s~ !, but velocity-weakening behavior at veloc-
ity steps of 10-100 ums~!, as opposed to the sample under
vacuum-dry conditions that showed velocity-weakening be-
havior at almost all velocity steps employed in this study.
The SHS experiment demonstrated minor frictional healing
(B =0.006£0.001) in a water-saturated coal gouge sample.
In the following, we first attempt to elucidate the develop-
ment of the molecular structure of coal upon shear deforma-
tion. We then discuss whether the shear-induced molecular
structural change dominated the marked slip-weakening be-
havior observed in coal gouges. We also discuss the velocity-
or rate-dependent friction of coal. Finally, we consider, in
a broad way, the implications of our findings for the fric-
tional strength and (induced) seismic potential of coal-rich
or organic-rich faults.

4.1 Development of the molecular structure and
maturity of coal in shear bands

Following Lu et al. (2001), we assume our bituminous coal
consists of graphite-like crystalline (i.e., a condensed aro-
matic system) and amorphous (i.e., nonaromatic system)
forms of carbon. Our XRD results on the unsheared samples
(S* and SO) show the structure of the graphite-like crystalline
carbon in bituminous coal, yielding an interlayer spacing
(doo2) of ~ 3.56 A, a crystallite diameter (L¢) of ~ 13.54, a
stacked height (L,) of ~ 19 A and aromaticity (f;) of ~ 0.47.
These parameter values are consistent with those of similar
bituminous coal reported by K. Li et al. (2015), Okolo et
al. (2015) and Zhang et al. (2015). Note that the parameter
values of L. and L, that were calculated using Scherrer’s
equation may be larger than the real size (Lu et al., 2001)
and that the presence of mineral peaks, particularly in the
26 range of 27-50°, may also influence the fitting process
(i.e., fitting a Gaussian peak to the 002, y and 10 bands) and
may accordingly influence the accuracy of the structure pa-
rameter values. However, these influences should be consis-
tent for all samples. We therefore believe that the values of
the structure parameters shown in Table 3 and Fig. 9 could
be influenced by these factors as a systemic error and ac-
cordingly would not change the trend or results that we ob-
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Table 3. Coal crystal structure parameters determined from XRD profiles.

Sam. 20002 2010 Booz  Pro  dop Lc La  De/Io Ja
) (ORI G ) A) A A

S* 2481 4359 581 8.94 358 1426  20.22 1.29 0.44

2493 4359 548 838 +0.01 £0.59 £0.92 +£0.10 +£0.04

SO 25.02 4372 6.10 8.13 356 12.87  21.46 1.21 0.49

2494 4380 6.41 8.18 +0.01 +0.45 =£0.09 +0.03  £0.03

PSZ S1 2557 4473 3.88 11.79 348 2076 14.90 1.72 0.56
S3 2525 4396 5.28 9.13 352 1525 19.18 1.33 0.53

S4 2562 4417 377 11.04 347 2137 1588 1.76 0.56

S5 2546 4430 392 10.82 349 2022 1597 2.23 0.67
25.51 4430 405 11.15 £0.00 +0.46 £0.34 £0.00 +£0.00

S7 2557 4436 4.06 10.58 348 1984  16.58 1.96 0.61

S8 2521 4382 5.18 9.10 353 1554  19.24 1.69 0.61

wWDZ S1 2522 4417 461 10.96 353 1746 1599 2.11 0.64

S3 2555 4380 451 9.52 348 1786  18.39 1.51 0.51
S4 2534 4411 449 8.97 3.51 1793  19.54 2.29 0.63
S5 2540 4397 455 10.77 350 17.70  16.26 1.58 0.54
S7 2528 4421 4.65 7.74 352 1731 2265 1.98 0.60
S8 2554 43.67 427 1027 348 18.86  17.04 1.16 0.43

PSZ and WDZ represent the principal boundary slip zone and weakly deformed zone retrieved from the sheared samples. Note
that the parameters for samples S*, SO and S5 are mean values associated with the standard deviation that were obtained from
reproducible tests.

Table 4. Parameters obtained from normalized Raman spectra using the method reported by Henry et al. (2018).

Sam. S* sS4 S0 S1 S2 S3 S4 S5 S6 S7 S8
D position . 1368 1354 1369 1359 1364 1361 1362 1361 1352 1348 1347
SD (em™) /10.1 7.0 8.5 1.5 75 8.7 25 8.4 2.9 3.0
D-FWHM . NA NA NA 2094 NA NA NA NA NA 2173 2013
SD (em™) /  NA NA 77 NA NA NA NA NA 46 10.1
G position . 1601 1601 1597 1603 1601 1601 1602 1601 1603 1601 1604
SD (em™) /00 35 1.5 0.0 0.0 12 0.6 1.7 0.6 0.6
G-FWHM .. 840 780 913 739 777 790 797 780 770 713 717
SD (em™) /46 45 4.4 0.6 26 40 1.0 6.3 0.6 35
RBS L. 2330 2467 2277 2445 2373 2400 2397 2393 2505 2523 256.7
SD (em™) /101 103 98 15 75 92 31 101 32 3.1
In/Ig ; 0.540 0.548 0543 0553 0555 0561 0543 0553 0553 0552  0.551
SD /0024 0004 0009 0006 0014 0006 0013 0019 0011 0.003
SI ; 370 384 327 426 365 378 376 365 375 379 408
SD /065 034 032 010 033 009 008 030 0.10 0.3

S4* represents the weakly deformed zone of sample S4. NA: this value cannot be obtained due to the limitations of the processing method described in
Sect. 2.5.3.
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Figure 9. Representative crystal structure parameters obtained from samples S*~S8 versus apparent steady-state shear stress measured at
a shear displacement of ~ 5.7 mm and effective normal stress with the corresponding sample number in (a) and (b), respectively. The data
offset is given in the grey area; i.e., the data plotted on the vertical dashed lines were obtained at 0 MPa (non-sheared samples) or ~ 40 MPa
effective normal stress but are horizontally offset here for readability. Solid and hollow squares or triangles represent the values for the PSZ
and WDZ retrieved from the sheared samples, respectively. The error bars for samples S*, SO and S5 are the standard deviations.
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Figure 10. The processed Raman spectra of coal samples, showing
the spectra differences between unsheared samples (S* and S0) and
sheared samples (S1-S8). Note that different colors mean different
experimental conditions, and S4* represents the weakly deformed
zone of sample S4. Some important parameters were marked ac-
cording to Henry et al. (2018).
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served in Fig. 9. Furthermore, the minor standard deviations
shown in the measurements on samples S*, SO and S5 indi-
cate a good reproduction of our XRD measurements. As a
result, we believe that our XRD results on both unsheared
and sheared samples, particularly in the PSZ, indeed demon-
strate that the structure of graphite-like crystalline carbon be-
came more uniform after the shear—friction experiments; i.e.,
dooz became smaller, while L., f, and I/ 129 became larger
(see Fig. 9 and Table 3). Note that our results show that L,
became smaller upon shear—friction experiments, which is
also observed in coal ranking from low-volatile bituminous
to semi-anthracite during the coalification process (Jiang et
al., 2019). This development of molecular structure likely re-
flects an increase in the maturity of the coal samples, which is
in good agreement with our observations from Raman spec-
tra. As is known, many Raman parameters are correlated with
a maturity index (such as vitrinite reflectance (VR) and total
fixed carbon), and correlations are widely reported (Wilkins
et al., 2014; Schito et al., 2017; Henry et al., 2018, 2019;
Zhang and Li, 2019). Generally, G-FWHM, D-FWHM and
Ip/IG are negatively related to measured % VR, while RBS
and the saddle index are opposite. To better illustrate the
change in coal maturity from our Raman spectra, we plot-
ted two representative correlations between Raman parame-
ters and maturity reported by Henry et al. (2019) in Fig. 11a,
i.e., G-FWHM vs. VR and RBS vs. VR. It is clearly seen in
Fig. 11a that the apparent differences in Raman parameters
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Figure 11. Representative Raman parameters as a function of apparent steady-state shear stress and effective normal stress plotted in (a)
and (b), respectively. The difference in Raman parameters between S*, SO, S4-PSZ, and S4-WDZ is shown in (c). In (b), the data offset is
given in the grey area; i.e., the data plotted on the vertical dashed lines were obtained at ~ 40 MPa effective normal stress but are horizontally
offset here for readability. Note that the relations of G-FWHM vs. vitrinite reflectance and RBS vs. vitrinite reflectance plotted in (a)