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Abstract: In recent works on the determination of graphitization of carbonaceous materials (CM)
within the principal slip zone (PSZ) of the Longmenshan fault (China), we demonstrated that the
formation of graphite, resulted from strain and frictional heating, could be evidence of past seismic
slip. Here we utilize Raman Spectroscopy of CM (RSCM) on the CM-bearing gouges in the fault zone
of the Longmenshan fault belt, at the borehole depth of 760 m (FZ760) from the Wenchuan earthquake
Fault Scientific Drilling project-1 (WFSD-1), to quantitatively characterize CM and further retrieve
ancient fault deformation information in the active fault. RSCM shows that graphitization of CM is
intense in the fault core with respect to the damage zone, with the graphitized carbon resembling those
observed on experimentally formed graphite that was frictionally generated. Importantly, compared
to the recognized active fault zone of the Longmenshan fault, the RSCM of measured CM-rich gouge
shows a higher degree of graphitization, likely derived from high-temperature-perturbation faulting
events. It implies that FZ760 accommodated numerous single-event displacement and/or at higher
normal stresses and/or in the absence of pore fluid and/or along a more localized slip surface(s).
Because graphite is a well-known lubricant, we surmise that the presence of the higher degree
graphitized CM within FZ760 will reduce the fault strength and inefficiently accumulate tectonic
stress during the seismic cycle at the current depth, and further infer a plausible mechanism for fault
propagation at the borehole depth of 590 m during the Mw 7.9 Wenchuan earthquake.

Keywords: graphitization; carbonaceous material; Longmenshan fault; Wenchuan earthquake;
WFSD-1

1. Introduction

During an individual seismic event, fault-zone rocks presumably accommodate most of the
deformation [1] and likely preserve the evidence of slip events. Deformation events occurring
at typical seismic rates of ~1 m/s, considered as localized frictional sliding, may drive thermally
activated physical and chemical processes such as flash heating of asperities [2], frictional melting [3],
gelification [4], and decarbonation [5]. The products derived from the aforementioned processes have
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been experimentally and theoretically demonstrated for fault lubrication during earthquakes [6,7].
In particular, fault pesudotachylytes, derived from rapid solidification of frictional melts, have been
naturally and experimentally documented and is widely recognized as the evidence of seismic
slip which allows the retrieval of earthquake source parameters [3,8–10]. However, because of
severe alteration on fault rocks during long term fluid-rock interaction [11], few other geological
evidence of fault slip have been reported [12–16], and it remains challenging to bridge rock record and
fault deformation.

The NE–SW-trending active Longmenshan thrust belt, bordering the western margin of the
Sichuan basin (China), resulted in the Mw 7.9 Wenchuan earthquake in SE-Tibet and produced a
~240 km-long Yingxiu-Beichuan surface rupture zone (Figure 1a) [17]. Importantly, the Wenchuan
earthquake Fault Scientific Drilling project-1 (WFSD-1) was initiated in 2006 to investigate the physical
and chemical processes associated with the large slip earthquake, a maximum slip of ~9.5 m and the
estimated co-seismic slip velocity up to 3 m/s in Wenchuan [18]. The borehole was drilled to a depth
of 1201 m and passed from the Pengguan complex (the hanging wall) into the Xujiahe Formation (the
foot wall), approximately remarking the location of the Longmenshan fault zone between 570 m and
595 m at depths (Figure 1b) [19]. The detailed observation of recovered borehole materials indicated
that the Longmenshan fault is composed of fault breccias, cataclasites and black fault gouges enriched
with poorly crystalline anthracite mainly derived from the coal bed within the Xujiahe Formation [19].

Kuo et al. [20] reported for the first time the co-seismic graphitization occurred within the CM-rich
gouge of WFSD-1. As this 54-cm-thick fault gouge hosts the ~200-µm-thick principal slip zone (PSZ)
of the 2008 Mw 7.9 Wenchuan earthquake at the depth of 589.22 m, Kuo et al. [20] proposed that
graphitization was likely driven by frictional heating of CM. The discovery of co-eismic graphitization
is a potential seismic indicator of fault slip, as graphite is relatively stable at the scale of geological time.

Kuo et al. [21] soon experimentally demonstrated that co-seismic graphitization shows
distinguishable characteristics of Raman spectra with respect to the surrounding fault breccia. The rock
friction experiments on CM-rich gouge show that CM graphitization results in the variation of peak
parameters, presumably due to strain [22] rather than strain rate. In addition, the transformation of
poor crystallinity CM into graphite only took place with the presence of high temperature (~300 ◦C)
which was deformed at a seismic rate of 3 m/s under room dry condition. Importantly, Kuo et al. [21]
utilized the discovery of graphitization to determine seismic Longmenshan fault movement, which is
in accordance with the observation from the WFSD-1 [23,24].

Here we report the first detailed characterization of both CM-bearing gouge and surrounding
fault breccia within the Longmenshan fault system recovered from the WFSD-1. The CM-bearing
gouge was collected from the borehole depth of ~760 m (Figure 1c). By means of X-ray powder
diffraction analysis (XRD) and micro-Raman spectroscopy, we establish a reference minerals and CM
data set from the seismically active fault, address the geological evidence of on-fault graphitization,
compare the characteristics of graphitization with the recognized active fault zone at 590 m depth
(FZ590 hereafter) [19–21], and, by extension, present an application of these data for studies of
exhumed CM-bearing fault segments, e.g., the trench at Jiulong where ruptured during the 2008 Mw
7.9 Wenchuan earthquake, as shown in the companion paper.
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Figure 1. Shaded-relief map of the eastern Tibet showing the major Longmenshan fault belt, the 2008 
Mw 7.9 Wenchuan earthquake, China, and the location of the Wenchuan earthquake Fault Scientific 
Drilling project-1 (WFSD-1) drilling site [19]. (a) The 240 km-long Yingxiu-Beichuan surface rupture 
and the 80 km-long Guanxian-Anxian surface rupture associated with the Mw 7.9 earthquake, and 
the location of WFSD-1 site. Red star is the epicenter of the main shock. Inset is a schematic plot of the 
Tibetan Plateau. (b) An N135°E cross-section of the WFSD-1 showing the Longmenshan fault system 
and surrounding formations encountered in the borehole. The upper arrow showing the 2008 
earthquake principal slip zone located at 589.22 m depth. The lower arrow showing the bottom of the 
Longmenshan fault system located at 759 m depth (the target fault zone in this study), and the images 
of core samples of the WFSD-1 was enlarged in the right panel as (c). (c) The core image exhibiting 
major portions of the FZ760 along the borehole of WFSD-1 including breccia and gouge. 

2. Materials and Methods 

On the basis of the core description of the WFSD-1, the Longmenshan fault system, made of ten 
major fault zones, was sandwiched with the Neoproterozoic Pengguan complex (mainly volcanic 
rocks and pyroclastics) and the Triassic Xujiahe Formation (sandstone, siltstone, and shale with some 
lamination of coal beds) [19]. Among these, the active Longmenshan fault zone, corresponding to the 
2008 Mw 7.9 Wenchuan earthquake, was currently recognized at the depth of 590 m [19], while the 
bottom of the fault system was reported at the depth of ~760 m (FZ760 hereafter). 

Figure 1. Shaded-relief map of the eastern Tibet showing the major Longmenshan fault belt, the 2008
Mw 7.9 Wenchuan earthquake, China, and the location of the Wenchuan earthquake Fault Scientific
Drilling project-1 (WFSD-1) drilling site [19]. (a) The 240 km-long Yingxiu-Beichuan surface rupture
and the 80 km-long Guanxian-Anxian surface rupture associated with the Mw 7.9 earthquake, and
the location of WFSD-1 site. Red star is the epicenter of the main shock. Inset is a schematic plot of
the Tibetan Plateau. (b) An N135◦E cross-section of the WFSD-1 showing the Longmenshan fault
system and surrounding formations encountered in the borehole. The upper arrow showing the 2008
earthquake principal slip zone located at 589.22 m depth. The lower arrow showing the bottom of the
Longmenshan fault system located at 759 m depth (the target fault zone in this study), and the images
of core samples of the WFSD-1 was enlarged in the right panel as (c). (c) The core image exhibiting
major portions of the FZ760 along the borehole of WFSD-1 including breccia and gouge.

2. Materials and Methods

On the basis of the core description of the WFSD-1, the Longmenshan fault system, made of ten
major fault zones, was sandwiched with the Neoproterozoic Pengguan complex (mainly volcanic
rocks and pyroclastics) and the Triassic Xujiahe Formation (sandstone, siltstone, and shale with some
lamination of coal beds) [19]. Among these, the active Longmenshan fault zone, corresponding to the
2008 Mw 7.9 Wenchuan earthquake, was currently recognized at the depth of 590 m [19], while the
bottom of the fault system was reported at the depth of ~760 m (FZ760 hereafter).

Here we utilize the terminology defined by Sibson [25] and Chester et al. [26] for the description of
fault architecture and texture. Fault breccias are medium- to coarse-grained incohesive rocks containing
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more than 30% visible rock fragments, and fault gouges are clay-rich incohesive rocks with less than
30% visible fragments. In addition, fault gouges are commonly the main constituents within the fault
core, while fault breccias are usually made of the damage zone of major faults. Core examination
shows that, from top to bottom, the FZ760 contains a sequence of fracture and breccia zone (~5 m
width and recognized as the hanging wall damage zone), thick black gouge zone (~35 cm width and
recognized as the fault core), fracture and breccia zone (~1 m width and recognized as the foot wall
damage zone), and a return to wall rock [19].

In this study we focus on the FZ760 ranged from the depth of 758.15 m to 759.03 m (Figure 1c).
We conduct a sequential and continuous collection of fresh samples along the studied depth, except the
depth from 758.71 m to 758.83 m because of the core loss during drilling operation. Sixty samples
were collected across the FZ760, including sixteen samples of the hanging wall fault breccia (~21 cm),
twenty-six samples of the 35 cm-thick black gouge, and another nineteen samples from the footwall
fault breccia (~20 cm). Because smeared CMs are likely derived from faulting and preserve the
information of fault deformation, we target the clay-size fraction of the samples. All clay-size fraction
samples are made by the processes of disaggregation in distilled water, centrifugation, and deposition
of draft suspensions of <2 µm on glass slides. We used a PANalytical X’Pert PRO X-ray diffractometer
(PANalytical, Almelo, The Netherlands) at National Taiwan University under the conditions of filtered
CuKα (1.540 Å) radiation, 45 kV and 40 mA of X-ray generator, 1.0◦ min−1 scanning speed, and 5◦–40◦

of 2θ coverage (Figure 2). (Please see the detail in Kuo et al. [27]).
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CM-bearing gouge demonstrated the presence of quartz and graphite. cps, counts per second. 

Figure 2. Characterization of mineral phases of FZ760 samples. The mineral phases of breccia are very
similar to that of the gouge zone. Comparing the intensity (002) (004) (006) of illite, the XRD data of
CM-bearing gouge demonstrated the presence of quartz and graphite. cps, counts per second.
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Raman spectroscopy, one of the fastest molecular spectroscopy techniques to determine the
configuration of carbon, is recognized as an appropriate tool for the study of CM [28]. We obtained the
Raman spectra of CM (RSCM) with an excitation beam of wavelength of 532 nm on the sampled glass
slides at room humidity and a laser power of 5 mW without neutral density filters (a Horiba Jobin
Yvon UV-VIS Labram HR Micro-Raman spectrometer (HORIBA, Kyoto, Japan) at the National Taiwan
Museum), and focused on the 1100–1800 cm−1 region of the Raman spectrum which includes all the
first-order bands of CM as suggested by Beyssac et al. [29,30]. The first-order bands include the graphite
band (from 1575 cm−1 to 1592 cm−1) known as the G band and two disorder-induced bands referred
to as the “D1 band” (from 1330 cm−1 to 1336 cm−1) and “D3 band” (from 1490 cm−1 to 1525 cm−1)
(Figure 3 inset). We evaluate the relevant parameters of the Raman spectrum (i.e., peak height, peak
width, and peak position) by a fitting procedure of the pseudo-Voigt function (Gaussian–Lorentzian
linear combination) [31,32]. In addition, two indicative parameters introduced by Kuo et al. [21] were
used in this work: (1) The D1/G width ratio versus peak height ratio (Figure 4a), and (2) the D1
and G widths normalized over the average for all samples versus their peak position (Figure 4b).
Five measurements per sample were conducted on different sample spots, and each spot was measured
with three integration time of 5 s. Mean values are calculated as an average of all the spectral parameters
obtained for one single sample. The spectrum of Raman analysis was calibrated with a Si-waver prior to
each set of measurement. The curve-fitting in our study is likely influenced by individual operator and
might be processed with a standardized curving-fitting procedure as suggested by Lünsdorf [33,34] in
the future. Results of spectrum decomposition along the depth are plotted in Figure 5 and summarized
in the Table 1.
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The inset shows the usage for defining the indicative parameters derived from the relevant spectrum
decomposition (width, intensity, peak position, etc.).
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Figure 4. Decomposition of Raman spectra of FZ760 samples. (a) D1/G peak width ratio versus
D1/G intensity ratio. Grey triangles representing the FZ590 results, and the grey arrows showing the
variation of Raman spectra observed from breccia to gouge [21,33]. The inset showing a representative
trend of Raman spectrum derived from the starting materials and deformed gouge [21]. (b) G peak
width of gouge over average breccia peak width versus G band peak position. The inset showing a
representative trend of Raman spectrum attributing to strain and high temperature pulses derived
from the starting materials and deformed gouge [21].
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Figure 5. Raman spectra of FZ760 samples across the Longmenshan fault system. Red rectangles
indicating the samples containing high R1 value and low G band peak width ratio value with respect to
breccia. Blue rectangles indicating the samples containing high R1 value and similar G band peak width
ratio value with respect to breccia. Grey rectangles representing the data range of FZ590 by Kuo et al. [21].
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Table 1. Spectra decomposition on Raman results of FZ760 from WFSD-1 cores.

Type Depth (m)
D1/G

Intensity
(Error Estimate ±0.07)

D1/G
Width Ratio

(Error Estimate ±0.10)

Peak Position
(cm−1)

Gouge or Breccia/
Average Breccia

D1 G D1 G

Breccia 758.15 0.63 1.66 1334 1588 0.92 0.97
Breccia 758.16 0.84 1.94 1336 1590 1.19 1.06
Breccia 758.18 0.70 2.19 1335 1597 1.05 0.83
Breccia 758.19 0.75 1.77 1334 1593 0.96 0.94
Breccia 758.21 0.84 1.82 1334 1590 1.05 1.00
Breccia 758.22 0.79 1.66 1331 1586 0.97 1.01
Breccia 758.23 0.83 1.56 1330 1583 0.99 1.10
Breccia 758.25 0.84 1.62 1330 1583 0.99 1.06
Breccia 758.26 0.87 1.48 1331 1577 1.00 1.16
Breccia 758.28 0.85 1.77 1332 1585 1.08 1.06
Breccia 758.29 0.90 1.63 1332 1581 1.06 1.12
Breccia 758.30 0.88 1.57 1330 1581 1.01 1.11
Breccia 758.32 0.90 1.65 1333 1584 1.04 1.09
Breccia 758.33 0.92 1.52 1332 1578 1.04 1.18
Breccia 758.35 0.87 1.53 1332 1576 1.06 1.2
Gouge 758.36 0.72 1.85 1334 1591 1.02 0.96
Gouge 758.37 0.68 1.93 1337 1586 1.24 1.11
Gouge 758.39 0.47 1.89 1340 1599 0.90 0.83
Gouge 758.40 0.61 1.76 1339 1592 1.06 1.04
Gouge 758.42 0.56 1.80 1339 1594 1.06 1.02
Gouge 758.43 0.53 1.93 1339 1593 0.93 0.83
Gouge 758.44 0.51 1.97 1337 1594 1.09 0.96
Gouge 758.46 0.51 2.21 1340 1599 1.00 0.78
Gouge 758.47 0.51 1.88 1336 1592 1.06 0.97
Gouge 758.49 0.57 1.79 1340 1593 1.11 1.07
Gouge 758.50 0.49 2.07 1341 1600 0.92 0.76
Gouge 758.51 0.51 2.09 1340 1597 1.06 0.88
Gouge 758.53 0.54 1.94 1341 1599 0.99 0.88
Gouge 758.54 0.52 2.33 1340 1600 1.21 0.90
Gouge 758.56 0.48 1.80 1340 1599 0.91 0.87
Gouge 758.57 0.44 1.71 1339 1597 0.84 0.85
Gouge 758.58 0.57 2.07 1336 1595 1.16 0.97
Gouge 758.60 0.49 1.96 1341 1596 0.94 0.83
Gouge 758.61 0.52 2.14 1339 1597 1.05 0.85
Gouge 758.63 0.48 1.80 1339 1595 0.94 0.90
Gouge 758.64 0.50 2.06 1339 1594 1.07 0.90
Gouge 758.65 0.49 1.92 1344 1591 1.14 1.03
Gouge 758.67 0.47 2.33 1343 1595 1.18 0.87
Gouge 758.68 0.41 2.24 1339 1596 1.05 0.81
Gouge 758.70 0.54 2.28 1340 1600 1.00 0.76
Gouge 758.71 0.47 2.13 1340 1598 0.98 0.80
Breccia 758.83 0.76 1.62 1334 1590 0.92 0.99
Breccia 758.84 0.85 1.52 1331 1583 0.95 1.07
Breccia 758.85 0.63 1.69 1330 1588 0.92 0.94
Breccia 758.86 0.90 1.68 1332 1584 1.03 1.05
Breccia 758.87 0.82 1.48 1332 1582 0.96 1.12
Breccia 758.89 0.75 1.88 1333 1589 0.96 0.97
Breccia 758.91 0.76 1.87 1335 1593 1.01 0.93
Breccia 758.92 0.75 1.72 1333 1590 0.95 0.96
Breccia 758.93 0.84 1.54 1333 1588 0.95 1.07
Breccia 758.94 0.72 1.56 1330 1589 0.86 0.96
Breccia 758.95 0.84 1.59 1333 1588 0.93 1.01
Breccia 758.96 0.86 1.49 1332 1583 0.96 1.12
Breccia 758.97 0.92 1.62 1333 1584 1.03 1.10
Breccia 758.99 0.89 1.52 1332 1582 0.99 1.12
Breccia 759.00 0.89 1.57 1334 1583 1.03 1.14
Breccia 759.01 0.86 1.74 1335 1587 1.06 1.06
Breccia 759.02 0.76 1.68 1337 1592 0.99 1.03
Breccia 759.03 0.75 1.79 1339 1595 0.97 0.93
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3. Results

3.1. XRD Analysis

The XRD patterns derived from different fault components (breccia and gouge) are separately
plotted (Figure 2). All XRD patterns from an individual fault component (e.g., sixteen samples of
the hanging wall fault breccia) are shown in grey color, and its on-average XRD pattern is shown
in black color as the representative pattern for the recognition of mineral phases. The common
mineral assemblages of <2 µm within the FZ760 are identified as illite and kaolinite. In particular,
the XRD patterns of CM-bearing gouge show the presence of chlorite, quartz, graphite, and high
background before 10◦ 2θ coverage likely derived from the presence of illite/smectite mixed-layer
minerals, as it is absent in the surrounding breccia zones. It is notable that the presence of numerously
tiny peaks in the XRD patterns of CM-bearing gouge shows the complexity of mineral phases
(e.g., the groups of feldspar and ferric oxides) within the fault core of FZ760. The occurrence of chlorite
and illite/smectite mixed-layer minerals and its formation might provide information of faulting
or weathering, as was reported in Kuo et al. [11,27,35], but require systematical microstructural and
mineralogical examinations. Further, detailed characterization of clay minerals and other minerals
within the studied interval is the subject of ongoing research. Here we just evidence the presence
of graphite via XRD analysis because the graphitization of CM and graphite is the main target in
this study.

3.2. RSCM

The Raman spectra derived from different fault components (breccia and gouge) are separately
plotted (Figure 3). All Raman spectra from an individual fault component (e.g., sixteen samples of the
hanging wall fault breccia) are shown in grey color, and the on-average Raman spectrum is shown in
black. In addition, the intensities of D1 band were normalized so that D1 band has the same integrated
intensity for all spectra, enhancing the variation of integrated intensity of G band and visualizing the
differential graphitization of CM. The representative first-order region of Raman spectra of FZ760
shows that D1 band and G band are at around 1335 cm−1 and 1585 cm−1, respectively. In addition,
the gouge samples contain larger intensity difference between G band and D1 band than the one of
breccia samples. The G band of the gouge samples also occurs at a higher frequency than the one in
the breccia samples.

The gouge samples commonly have low values of D1/G intensity ratio and high values of
D1/G width ratio with respect to the breccia samples (Figure 4a; Table 1). In addition, most of the
gouge samples contains higher frequency of D1 band position (~1340 cm−1) than breccias samples
(~ 1330 cm−1), and most of the G band of the gouge has higher frequency and smaller peak width ratio
(Figure 4b; Table 1). A summary diagram with the indicative parameters of CM along the depth is
shown in Figure 5. Here we group the gouge samples with similar characteristics of Raman parameters;
that is, compared to breccia samples, the gouge samples containing high R1 value and low G band
peak width ratio are marked in red color, while the others containing high R1 value and similar G
band peak width ratio value are shown in blue color. In addition, the reported FZ590 Raman data [21]
was also integrated in the Figures 4 and 5 for the discussion of fault maturity.

4. Discussion and Conclusions

Rock friction experiments on CM-rich gouge of WFSD-1 were performed at a normal stress of
8.5 Mpa and at both sub-seismic (0.0003 m/s) and seismic (3 m/s) slip rates under room-humidity and
water-damped conditions to investigate graphitization of CM [21]. By characterizing the experimentally
deformed CM-rich gouge of the WFSD-1, Kuo et al. [21] showed that bulk shear strain was responsible
for the G band shifting toward higher frequencies which were observed in both the gouges sheared at
sub-seismic and seismic slip rates. Therefore, graphitization of CM was likely attributed to bulk shear
strain associated with decreasing D1/G peak intensity ratio plus G band peak position shifting towards
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higher frequency. In addition, the rock deformation experiments also demonstrated that graphitization
of CM can be facilitated at seismic slip rates under room humidity condition because of transient high
temperature pulses and the observation of transformation the CM into graphite [21]. Although the
achieved maximum temperature by frictional heating cannot be exactly estimated by the conventionally
developed geo-thermometer of RSCM [32], a transient dramatic increase of temperatures on CM
presumably grows the graphite which may results in a decrease of G band peak width ratio representing
the increasingly crystallized CM. Therefore, the Raman spectra of faulting-relevant graphitization,
compared to the surrounding rocks, were characterized with (1) a decrease of D1/G peak intensity
ratio plus G band peak position upwards to higher frequency attributed to strain [22,36] which may or
may not form graphite and (2) a decrease of G band peak width ratio only observed with the formation
of graphite (Figure 4 inset) [21].

The FZ760 samples show similar trends of Raman spectra to Kuo et al. [21], suggesting the CM
have experienced fault deformation and triggered faulting-relevant graphitization (Figure 4). Most of
gouge samples commonly have low values of D1/G intensity ratio and high values of D1/G width ratio,
supporting that fault core accommodated most shear displacement and strain during the seismic cycle
(Figure 4a) [25,26]. In addition, the combination of decreasing of G band peak width ratio (Figure 4b)
and the presence of graphite (Figure 2) of the gouge zone, evidencing the presence of graphitization of
CM triggered by frictional heating, likely illustrate the occurrence of localized, high-velocity seismic
slip (e.g., the 2008 Mw 7.9 Wenchuan earthquake) (gouge data marked in red in Figure 5). It is notable
that some gouge samples accompanied fault deformation show similar values of G band peak width
ratio to the breccia samples (gouge data marked in blue in Figure 5), implying the absence of significant
temperature increase but not an indication of aseismic behavior of the faults, because the products from
wet experiments at seismic rates show similar characters (e.g., water vaporization buffers temperature
rise during co-seismic slip) [21,37]. Interestingly, a few breccia samples show low values of D1/G
intensity ratio, G band peak position upwards to higher frequency, and low values of G band peak
width (breccia data marked in red in Figure 5). It seems that the breccia samples defined with the
grain sizes and visible rock fragments may not be perfectly appropriate because the graphitization of
CM or the formation of graphite might be extremely local during seismic faulting (e.g., <300 µm in
thickness of the 2008 Mw 7.9 Wenchuan PSZ) and further detailed microstructural and mineralogical
examination is required. Our results might provide information and a methodology by which principal
slip zones can be recognized in future investigations of active faults.

Because our samples and the samples of FZ590 both showed faulting-relevant graphitization, we
may integrate the data (shown in grey in Figure 5) and interpret the variation as follows. In general,
FZ760 show the characteristics of RSCM similar to FZ590, except (1) the presence of fault-relevant
graphitization characterized with similar values of G band peak width ratio to the breccia samples
(Figure 5 shown in blue color), (2) the slightly high frequency (peak position) of gouge samples
and breccia samples, and (3) the extremely low values of D1/G intensity ratio. Slip along multiple
localized slip surfaces or across a distributed fault network (e.g., [38]), resulted from the multi-fault
zone processes (frictional heating and comminution) during earthquakes, seems reasonable for the
observation of (1) and (2) because of the heterogeneity of fault zones. However, how the characteristics
of RSCM are developed by repeated and different fault deformation (seismic and aseismic slip)
remains unknown, and systematic rock friction works on WFSD-1 materials under various conditions
are required.

The D1/G intensity ratio is commonly utilized as a gauge to quantify the degree of
graphitization [29,30] and is relevant to the parameters including confining pressure, burial time,
temperature, fluid, and shear stress/strain [22,29,30,39]. Considering the factors proposed for
sedimentary and metamorphic geo-thermometers, the gouge samples of both FZ760 and FZ590
(less than 200 m-thick lithological formation in between) are unlikely to have experienced a significant
difference of confining pressure, burial time and thermal gradient temperature resulting in the
dramatically variant D1/G intensity ratio between FZ760 (~0.52 on average) and FZ590 (~0.85 on
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average). High temperature fluid could have deposited graphitic carbon, as hydrothermal carbon
often exhibits higher crystallinity [40,41]. In addition, the temperature profile of the WFSD-1 showed a
broad zone (from 625 m to 755 m in depth) of high temperature anomaly [24,42], implying the presence
of a potential conduit for transporting hydrothermal fluid. However, the fracture densities calculated
from WFSD-1 core observation [19] are in good agreement with the abnormal thermal anomalies in
the depth interval between 625 m and 755 m. It indicates fluid flows in the fracture zones [42] and
suggests the deposition of graphite will be pervasive in the fracture zones (or damage zones) instead
of low-permeability gouge zone. The integration of our high D1/G intensity ratio of breccia samples
(Figure 4a) plus no known deposited graphite veins associated with the WFSD-1 cores [19] suggests
that graphite within FZ760 gouge zone is unlikely to have formed by the deposition of hydrothermal
fluid. The identification of the origin of graphite within FZ760 remains challenging because Raman
spectroscopy is not sufficient to detail the nanostructures of CM, which should be integrated with
transmission electron microscope imaging and geochemical analyses in the future.

Finally, shear strain seems to be the potentially dominant parameter for the significant decrease
of FZ760 D1/G intensity ratio with respect to FZ590. Rock deformation experiments demonstrated
that strain can facilitate the transformation of sp3 (diamond-like) clusters into sp2 (graphite-like)
clusters [21,22] which is inversely proportional to the D1/G intensity ratio [36]. It likely suggests that
FZ760 experienced major accumulated strain in the past and was a mature fault with respect to the
FZ590 (Figure 5). Importantly, phase transformation from CM to graphite was found in both FZ760 and
FZ590, and the presence of graphite can reduce the fault strength [43] (Figures 2 and 4). The numerous
re-hybridization of sp3 to sp2 was proposed to form the lubricious amorphous sp2-containing carbon
(e.g., [44]), and it seems likely that the presence of widely distributed sp2-containing carbon (even not
graphite) may additionally increase lubricity and result in fault strength reduction. Since graphite
is a well-known lubricant, the FZ760, hosting the enrichment of graphite and lubricious amorphous
sp2-containing carbon as a weak fault zone, is suggested to inefficiently accumulate tectonic stress
during the seismic cycle. In addition, graphite enrichment results in fault-zone weakness where it
forms a continuous weak layer, thereby promoting fault creep and/or inhibiting the accumulation of
stored elastic strain energy. However, the along-strike and down-dip extent of graphite enrichment
remains the focus of future research.
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