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Abstract High-velocity friction experiments were conducted on two natural fault gouges retrieved from
the Yingxiu-Beichuan fault zone (Sichuan, China), which accommodated the 2008 Wenchuan Mw 7.9
earthquake. The experiments simulate large earthquake slip; the rotary shear apparatus enables to gather
information as a function of shear displacement (and slip velocity) in a single experiment. The two starting
fault gouges are essentially paramagnetic with one containing goethite. The experimentally sheared
gouges both show a significant magnetic enhancement and softening with increasing slip distance. Rock
magnetic measurements reveal that magnetite was formed during the experiment due to thermochemical
reactions of iron adsorbed on clay minerals (smectite, chlorite). Scanning electron microscope observations
showed that the new magnetite occurs as spherical and sintered irregular aggregates. This implies a
high-temperature origin. The peak temperatures are estimated numerically to range from ~260 to ~440 °C.
Also, during the experiment on the goethite-bearing fault gouge, goethite was altered, reduced to magnetite
due to the decomposition of trace organic matter present in the starting material. Magnetic susceptibility
and magnetization of sheared samples are linearly increasing with the temperature rise induced by frictional
heating; coercivities are decreasing. The grain size of the newly formed magnetite increases with heating
temperature. This demonstrates that short-duration frictional heating generated by fast seismic slip induces
thermal alteration: neoformation of ferrimagnetic minerals leads to magnetic enhancement and softening of
slip zones. Thus, rock magnetic methods are a useful tool for diagnosing the earthquake slip and
estimating the temperature rise of coseismic frictional heating.

1. Introduction

Anomalous rock magnetic properties, often magnetic enhancement, have been reported in earthquake slip
zones, for example, from the Nojima Fault (Japan), which ruptured during the 1995 Kobe Mj 7.3 earthquake
(e.g., Enomoto & Zheng, 1998; Ferré et al., 2005), the Chelungpu Fault (Taiwan) that hosted the 1999 Mw 7.6
Chi-Chi earthquake (e.g., Hirono et al., 2006), and the Yingxiu-Beichuan Fault (YBF; Sichuan, China) that
accommodated the 2008 Wenchuan Mw 7.9 earthquake (e.g., Li et al., 2013; Pei et al., 2014). Rock magnetic
measurements thus have been proposed as a means to locate fault slip (e.g., Chou, Song, Aubourg, Lee, et al.,
2012; Chou, Song, Aubourg, Song, et al., 2012; Ferré et al., 2012; Han et al., 2007; Hirono et al., 2006; Yang et al.,
2018, and references therein) and to constrain the maximum temperature rise caused by the frictional heat-
ing (e.g., Chou, Song, Aubourg, Song, et al., 2012; Hirono et al., 2009; Mishima et al., 2006; Yang et al., 2012,
2016). However, a full appreciation of the rock magnetic approach for earthquake slip diagnosis and conco-
mitant temperature rise requires a thorough understanding of the mechanisms of such magnetic changes.
Presently, frictional heating is considered the most prominent factor, which controls the physico-chemical
processes operating within fault zones (e.g., Rice, 2006). However, it is not that clear whether short-duration
frictional heating can actually induce the often observed rock magnetic anomalies in fault zones. Identifying
the amount of frictional heating in natural fault zones is not that straightforward either. A promising
approach to solve this problem is to conduct high-velocity friction (HVF) experiments that reproduce seismic
fault movements, inducing frictional heating and ensuing mineral magnetic alterations in a simulated fault
zone. Natural fault zones can then be (re)analyzed with renewed insight. Up to now, however, only a few
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HVF experiments have been carried out to examine the association of rock magnetic changes with
earthquake faulting, and almost all of them focused either on pseudotachylytes (e.g., Fukuchi et al., 2005;
Nakamura et al., 2002) or on simulated gouge materials (i.e., artificially crushed host rock; e.g., Tanikawa
et al., 2007). Changes in rock magnetic properties resulting from high-velocity frictional behavior have not
yet been reported for natural fault gouges.

In a rotary HVF device, slip velocity and displacement vary as a function of distance from the center of the
rotation axis, during individual HVF experiments. This generates significantly variable amounts of frictional
heat in different rings or annuluses on the experimental shear plane; that is, a peak temperature is reached
in a single HVF experiment that increases with distance from the center of the shear plane. In earlier studies,
after the HVF experiments, the sheared samples were either mixed as a whole (e.g., Nakamura et al., 2002) or
divided into annuluses with equal width (e.g., Fukuchi et al., 2005; Tanikawa et al., 2007). This mixing is at least
in part dictated by the amount of sample material needed for the required precise determination of rock

Figure 1. (a) Simplified geological map of the central part of the Longmen Shan (LMS) thrust belt (adapted from Zhang et al., 2010). The portions of the various fault
traces in red-bold mark the coseismic surface ruptures induced by the 2008 Mw 7.9 Wenchuan earthquake (red star). (b) Photograph of the trench excavated on the
Yingxiu-Beichuan Fault, north Beichuan County, Sichuan Province (China). (c) Enlargement of the area indicated by the rectangle in (b) illustrating the internal
structure of the fault core. (d) Enlargement of the area indicated by the rectangle in (c) showing the boundary between the grey gouge and black-grey gouge zones.
(e) An enlarged view of the area indicated by the rectangle in (d) showing the occurrence of the nearly vertical fault striation.
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magnetic changes by routine magnetic measurements (e.g., the room- and high-temperature magnetic sus-
ceptibility used in those studies). Each HVF run yields only a limited amount of sheared material of ~1 g in
total. Nonetheless, these studies have provided important clues for understanding the rock magnetic
changes induced by frictional heating. However, they allowed only an evaluation integrated temperature
effects, as material that has experienced clearly different temperatures was mixed. This mixing limits our
understanding of the intricacies of thermal transformations induced by frictional heating. Such transforma-
tions have been reported to occur pervasively in seismic slip zones (e.g., Chou, Song, Aubourg, Song, et al.,
2012; Han et al., 2007; Tanikawa et al., 2008; Yang et al., 2012, 2018).

In the present study, we carried out HVF experiments with an advanced rotary shear apparatus mimicking
large amounts of earthquake slip (Ma et al., 2014). A large cylindrical sample holder of 40 mm in diameter
was used, thus yielding a higher amount of sheared material than in earlier studies. The starting materials
are natural fault gouges retrieved from the YBF in the Longmen Shan thrust belt (Figure 1a). After the experi-
ments, the sheared gouge samples were divided into five annuluses of equivalent slip velocity (νeq), which is
defined such that the product of νeq, shear stress (τ), and sliding surface area S, that is, τνeqS, gives the rate of
frictional work on the sliding surface area, assuming that τ is constant over the entire sliding surface (Hirose &
Shimamoto, 2005; Togo et al., 2011). Subsequently, they were each examined mineral magnetically; for
selected annulus samples also analyzed with X-ray diffraction (XRD) and a scanning electron microscope
(SEM) with an attached energy dispersive X-ray detector. Therefore, we can examine the rock magnetic
changes induced by high-velocity frictional behavior as a function of amount of slip in a single experiment.
We show experimental evidence for magnetic enhancement and softening in slip zones induced by
increased frictional heating. We also discuss implications for fault zone interpretation.

2. Geological Background of the Gouge Material

The Longmen Shan thrust belt, approximately 500 km long and 30–50 km wide, is the tectonic boundary
between the Tibetan Plateau and the Sichuan Basin (Figure 1a). It is typified by four major northeast-
southwest trending thrust faults: the aforementioned YBF, and the Wenchuan-Maoxian, Guanxian-Anxian,
and Pingwu-Qingchuan faults. The YBF, trending N30–55°E and dipping 50–80° to the northwest, is the main
fault that ruptured during the 2008 Wenchuan earthquake. It produced a north-northeast striking rupture
over a length of ~270 km along the YBF, with maximum displacements of 8.0–10.0 m and 5.0–6.0 m vertically
and horizontally, respectively (Liu-Zeng et al., 2009).

Beichuan County, located on the northern segment of the YBF, suffered from the largest coseismic surface
displacement produced by the 2008 Wenchuan earthquake (up to 11 m, Ran et al., 2010). Surface rupture
is manifested on fault scarps extending for several kilometers. In the north of Beichuan County (Global
Positioning System: 31.83°N, 104.40°E), a trench was excavated perpendicular to the surface rupture, which
has a strike of ~35° at that specific location (Figure 1b). The NW fault block is black carbonaceous mudstone
(shale), which differs from the SE block that consists of marl or silty clay (Figures 1b and 1c). The coseismic
rupture occurred just on the boundary (Figure 1d), and a slip plane with striations can be clearly distinguished
(Figure 1e). The fault core has a width of about 1.5 to 2.5 m. It consists of a grey fault gouge zone (GG;
40–85 mm thick) in the footwall, while the hanging wall is characterized by a black-grey gouge zone (BGG,
20–40 mm thick) interlayered with a thin GG zone of ~10 mm thick, followed outwards by a crushed breccia
zone of 0.8–1.5 m wide (Figures 1c–1e). The ~10-mm-thick GG interlayer is inferred to be principal slip zone
associated with the 2008 Wenchuan earthquake, since it stretches stably and continually in the trench and
occasionally cuts into the BGG zone in the hanging wall (Figures 1d and 1e) or into the GG zone in
the footwall.

In this study, the GG and BGG fault gouges (Figures 1d and 1e) were chosen for HVF experiments with run
numbers of LHV480 and LHV483, respectively. Powder XRD analysis (see supporting information Text S1
for detailed procedures; Moore & Reynolds, 1997; Zeng et al., 2010) of the bulk samples revealed that both
gouges are composed mainly of quartz, K-feldspar, and dolomite with varying amounts of clay minerals. It
is noteworthy that minor goethite (~4 wt%), a common constituent in fault zones, is present in the BGG
gouge (Figure 2). Further XRD analyses of the clay components extracted by the sedimentation method
(e.g., Zeng et al., 2010) revealed that the GG gouge clay fraction (run LHV480, with a bulk clay content of
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~47 wt%) is dominated by illite, chlorite, and mixed-layer illite/smectite (I/S), while in BGG illites dominate
(run LHV483, with ~25 wt% of clay fraction, cf. Figure 2 and Table S1 in the supporting information).

3. Methods

Prior to the HVF experiments, the fault gouges were disaggregated and separated with a #115 mesh sieve
repeatedly to obtain a homogeneous gouge with a grain-size of<125 μm as starting material. With this pro-
cedure, potential stress concentrations induced by the presence of large particles are avoided. HVF experi-
ments were performed at a slip rate of 1.3 m/s and normal stresses (σn) of 1 MPa, using the rotary-shear,
HVF apparatus installed at the State Key Laboratory of Earthquake Dynamics, Institute of Geology, China
Earthquake Administration (Beijing, China; for a more detailed description see Ma et al., 2014). Experiments
were conducted at room temperature and room humidity conditions. A conventional sample assembly
was employed, which includes a gouge layer (to be subjected to the friction experiment) and a pair of rock
cylinders; a Teflon sleeve is holding the assembly (Figure 3a). About 2.3 g of gouge material was placed
between two Indian gabbro cylinders (with a diameter of 40 mm and end-surfaces ground with #80 SiC pow-
der). An axial force corresponding to the normal stress applied was imposed and maintained constant for
5 min, producing a gouge layer with thickness of ~1.2 mm. The gouge was further precompacted to

Figure 2. X-ray diffractograms traces of the starting materials (gouge zone and Bblack-grey gouge zone) and representa-
tive run products of the high-velocity friction experiments (a) run LHV480 and (b) run LHV483. The reader is referred to
Text S1 in the supporting information for more details on the procedure of the X-ray diffraction analysis and Table S1 for
detailed bulk and clay mineral compositions. Abbreviations are Qtz, quartz; Ill, illite; Chl, chlorite; I/S, mixed layer
illite-smectite; Kfs, K-feldspar; Do, dolomite; and Gt, goethite.
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resemble a natural fault slip band by sliding at a slow slip rate (1.3 mm/s) for ~40 s, at which point the slip rate
was increased quasi-instantaneously (within 0.1 s) to 1.3 m/s, which lasted for ~14.6 and ~13.5 s,
corresponding to a displacement of ~19.0 and ~17.6 m for runs LHV480 and LHV483, respectively. The
apparent friction coefficient (μ) was determined as the ratio of the measured shear stress to the applied
normal stress at any given time. The peak friction coefficient (μp) was obtained by reading the peak value
from the friction curve, which obeys Mizoguchi’s equation (Mizoguchi et al., 2007). The steady-state friction
coefficient (μss) and the slip-weakening distance (Dc) were determined by least squares fitting with that
equation. The shear resistance exerted by the Teflon sleeve was corrected for using the intercept method
(e.g., Togo et al., 2011) based on previous experiments carried out by Chen et al. (2017) and Yao et al.
(2013). For details of the data reduction procedure we refer to Ma et al. (2014).

Figure 3. (a) A schematic diagram of the rotary shear high-speed friction testing machine. (b) Image of the sheared plane of run LHV480 showing a smooth sliding
surface. (c) The circular shear plane divided into five annuluses with equivalent slip velocities during the high-velocity friction experiments. (d and e) Evolution of the
apparent friction coefficient (μ = shear stress/normal stress) and shear displacement with slip time for runs LHV480 and LHV483, respectively. (f and g) Modeled
temperature due to frictional heating in the different annuluses as a function of slip time. The reader is referred to the supporting information Text S2 for more details
on the equations and modeling strategy. The experiment was stopped after 14.6 s for LHV480 and 13.5 s for LHV483, respectively.
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After the HVF experiments, the sheared gouges (Figure 3b shows an image of the sliding surface of run
LHV480) were divided into five annuluses (labeled A to E from the center to rim) for rock magnetic analysis
(Figure 3c). Each annulus is considered to have experienced equivalent slip velocity or slip displacement
(Hirose and Shimamoto, 2005; Togo et al., 2011; also see supporting information Table S2 for details).
Mass-specific low-field magnetic susceptibility (χ) was measured at a frequency of 976 Hz and in a field inten-
sity of 200 A/m (peak-to-peak) with an MFK1-FA Multi-Function Kappabridge susceptometer (AGICO, Brno,
Czech Republic) at the Institute of Geophysics, China Earthquake Administration (IGPCEA, Beijing, China), with
a detection limit of 2 × 10�8 SI and a measurement precision of 0.1%. Magnetic hysteresis loops and back-
field remanent magnetizations were measured on ~200-mg powdered samples to determine the hysteresis
parameters: coercive force (Bc), remanence coercivity (Bcr), saturation remanence (Mrs), and saturation mag-
netization (Ms) with a MicroMag™ Model 3900 vibrating sample magnetometer (VSM, Princeton
Measurements Corp.) at IGPCEA, with a sensitivity of 5 × 10�10 Am2 at 1 s per measured point. The maximum
applied field was 1.0 T. The high-field magnetic susceptibility (χhf) was calculated from the high-field slope
(above 0.7 T) of each hysteresis loop. The ferrimagnetic contribution (χferri) to the magnetic susceptibility is
then obtained from χferri = χ � χhf.

Magnetization versus temperature of representative samples was measured in air by a modified horizontal
translation type Curie balance at the Paleomagnetic Laboratory Fort Hoofddijk, Utrecht University
(Netherlands), with a sensitivity of approximately 5 × 10�9 Am2 (Mullender et al., 1993). Between approxi-
mately 25 and 45 mg of powdered sample was put into a quartz glass sample holder and held in place by
quartz wool; heating and cooling rates were 6 and 10 °C/min, respectively. Stepwise thermomagnetic runs
were carried out with intermittent cooling to 100 °C lower than the maximum temperature of each segment.
The maximum temperatures of the successive heating segments were 150, 250, 350, 430, 520, 620, and
700 °C, respectively. Low-temperature magnetic measurements (down to 5 K) are designed to assess mag-
netic mineralogy based on magnetic ordering temperatures and whether or not so-called low-temperature
transitions in magnetic minerals occur. They were conducted with a Quantum Design magnetic property
measurement system (MPMS XL-7, Quantum Design Inc., San Diego, CA, USA) with a sensitivity of
10�11 Am2 at the State Key Laboratory for Artificial Microstructure and Mesoscopic Physics, Peking
University (Beijing, China). An isothermal remanent magnetization (IRM) was imparted at room temperature
(RT, 300 K) using a 2.5 T field (this IRM is denoted as RT-IRM2.5T). The magnetic moment of the sample was
subsequently measured at 5-K steps during cooling down to 5 K and warming back to 300 K in a zero
magnetic field.

In addition, first-order reversal curves (FORCs) were measured with the VSM 3900 (at room temperature) to
further evaluate magnetic minerals and their domain states. For each FORC diagram, 120 curves were mea-
sured with an averaging time of 0.5–1 s per data point and a field increment of 4 mT. FORC data were
imported into the FORCinel (Harrison & Feinberg, 2008) and processed using the VARIFORC method (Egli,
2013) to identify regions on the FORC distribution. FORC diagrams of the starting material GG and the
sheared gouges for run LHV480 unfortunately appeared to be too noisy for a meaningful interpretation; thus,
only those for the experiment LHV483 are shown here.

Several milligrams of the sheared gouges from different annuluses were immersed in colloidal graphite and
dispersed by stirring and then were smeared onto glass slides for SEM/energy-dispersive X-ray spectroscopy
(EDS) examination after air-dried. Morphological observation of mineral grains was performed using a Zeiss
Sigma 300 field emission SEM (Carl Zeiss, Germany) operated at a working distance of ~8.5 mm and an accel-
erating voltage of 15 kV at the State Key Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences (Wuhan, China). Elemental compositions were determined from point analyses
of individual mineral grains by the attached EDS detectors (Oxford X-MaxN), using an Oxford Instruments
INCA EDS microanalysis system (Oxford Instruments, UK).

4. Results
4.1. Friction Data

The friction data of the two HVF experiments show typical frictional behavior that also has been recog-
nized in previous studies (e.g., Chen et al., 2017; Di Toro et al., 2011; Smith et al., 2013; Yao et al.,
2013, 2016). The initial peak friction was observed at a slip displacement of 7.2 cm for LHV480 and
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88 cm for LHV483, respectively, afterward the friction coefficient decayed with further sliding (Figures 3d
and 3e). The peak frictional coefficient μpk, steady-state friction coefficients μss, and slip-weakening dis-
tances Dc were determined as 0.782, 0.233, and 5.85 m for LHV483 and 0.927, 0.296, and 3.83 m for
LHV480, respectively, both at a normal stress of 1MPa (Table S3). In view of similar total displacements
(~19.0 m for LHV480 and ~17.6 m for LHV483, respectively) and mechanical work (i.e., the integral of
shear stress over displacement), differences in the mechanical behavior are mainly noted in the early slip
stage and considered to be minor.

The temperature rise in the sample assembly during the experiments was estimated using the finite element
method implemented in the COMSOL Multiphysics package, following similar procedures reported pre-
viously (Chen et al., 2013, 2016; Kitajima et al., 2010; Yao et al., 2013, 2016; also see Text S2 for details of
the model and material properties). In all tests, the temperature at the slip surface increased with sliding time
with evidently the highest temperature at the end of the sliding, followed by an abrupt temperature decrease
(Figures 3f and 3g). Also within each annulus temperatures increase with distance to their outer edge.
Therefore, we define an equivalent slip velocity corresponding to a certain displacement for each annulus.
The temperature calculated for this displacement is considered the average temperature for an annulus
and is referred to as peak temperature hereafter. It ranges (from innermost to outermost annulus) from
107.1 to 437.6 °C for run LHV480 and from 190.2 to 378.2 °C for run LHV483, respectively (also see Table S2
for details).

4.2. Rock Magnetism

The starting material GG and the centermost annulus (sample 480-A) for run LHV480 appear to be almost
entirely paramagnetic, characterized by a linear magnetization versus magnetizing field curve. However,
upon approaching the edge of the shear plane, more noticeable magnetic hysteresis is observed with
loops closing below ~0.3 T (samples 480-C to 480-E; Figures 4a and 4b), indicating the presence of low-
coercivity ferrimagnetic minerals. The starting material BGG and the centermost annulus (sample 483-A)
of the run LHV483 show an open loop which closes only at ~0.7 T (Figure 4c), suggesting a high-coercivity
component (goethite and/or hematite) as the dominant magnetic carrier, which is compatible with their
high Bc and Bcr values (Table S4). When approaching the edge of the shear plane, the loops get much
more narrow (Figures 4c and 4d), indicating enrichment of low-coercivity ferrimagnetic minerals, which
concurs with the increasing χferri values (Table S4). FORC diagrams also illustrate these differences between
the BGG starting material and sheared gouges (Figure 5). A fairly high amount of noise is observed in the
BGG FORC diagram, and the coercivity distribution’s peak seems to be indiscernible (Figure 5a). The pre-
sence of goethite is likely, as also revealed by the XRD analysis (Figure 2). Goethite cannot faithfully be
detected in FORC diagrams due to its large coercivity (>1 T; Roberts et al., 2006). In contrast, FORC dia-
grams of sheared gouges are characterized by contours that start to diverge away from the origin, with
a larger spread along the Bu (a measure of the local interaction field; e.g., Pike et al., 1999) axis, although
sample 483-A still features a rather high amount of noise (Figures 5b–5f). Some asymmetry between posi-
tive and negative Bu regions on the FORC diagrams is noticeable. This contour pattern is consistent with
the behavior of interacting single-domain (SD, ranges from <0.1 μm for cubic magnetite to 1 μm for elon-
gated grains) magnetic particles, presumably magnetite (Pike et al., 1999; Roberts et al., 2014). On
approaching the shear plane edge, the FORC distribution is significantly spread out along the Bu and Bc
axes and shows a slight indication of a vortex-multidomain (MD) signature (Figures 5c–5f). It indicates
the enrichment of grains with relatively higher coercivities and increased magnetic interaction. The nearly
vertical distribution in the lower quadrant is associated with thermal relaxation of fine superparamagnetic
(SP, typically with diameter of 0.001–0.02 μm) grains (Pike et al., 2001).

Differences in magnetic carriers of both starting materials and sheared gouges also show up in their thermo-
magnetic behavior (Figure 6). The majority of samples, except for the BGG starting material and inner two
annuluses for LHV483 (i.e., 483-A and -B), show a monotonous decay in magnetization from room tempera-
ture until approximately 450 °C, at which point the magnetization starts to increase and peaks at approxi-
mately ~500 °C (Figure 6). This probably results from detachment of adsorbed iron coatings in clay
minerals with neoformation of new ferrimagnetic phase(s; i.e., magnetite in a broad sense) during heating
(e.g., Just & Kontny, 2012). It is noteworthy that the heating curves for samples approaching the outer part
of the fault plane show generally little fluctuation from the smooth paramagnetic-like trend above 400 °C,
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and even no fluctuation for the outermost annulus (480-E; Figure 6f). It is also interesting to note that the
curvature of the heating runs below ~200–250 °C for samples 480-C to 480-E becomes slightly larger
(Figures 6d–6f). This may indicate production of very fine-grained quasi SP magnetite during the friction
experiment. This interpretation relies on the notion that it is highly unlikely that the paramagnetic mineral
content has grossly changed during the relatively mild heating. In contrast, small changes in
ferromagnetic mineral content, that is, production of minute amounts of very fine grained magnetite (in a
broad sense)—well possible under such mild heating conditions (e.g., Hirt et al., 1993)—would easily
generate an increased magnetic moment. At higher temperatures, the magnetization decays linearly until
approximately 580–600 °C, indicating the presence of magnetite (Dunlop & Özdemir, 1997). The heating
curves for the BGG starting material, and sheared gouges 483-A and 483-B, show a reversible loss of
magnetization when heating to ~150 °C, followed by a sharp decrease in magnetization until
approximately 250 °C (Figures 6g–6i), probably indicating the dehydration of goethite to hematite
(Özdemir & Dunlop, 2000). The majority of the final return curves (cooling from 700 °C) are essentially
purely paramagnetic, indicating that most of the newly formed magnetite was thermochemically removed
during heating above 600 °C.

Figure 4. (a and c) Hysteresis loops after and before (insets) correction for the paramagnetic contribution (see Table S4 for detailed values) of the two starting mate-
rials and run products of the high-velocity friction experiments. (b and d) Close-up views of the central part of the hysteresis loops (±0.1 and ± 0.2 T for the runs
LHV480 and LHV483, respectively) after correction for the paramagnetic contribution. Insets show the whole hysteresis loops. B is the appliedmagnetic field, andM is
the magnetization.
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There seems no discernable transition on both the RT-IRM2.5T cooling and heating curves of the samples GG
and 480-A (Figures 7a and 7b). In contrast, an obvious Verwey transition (Tv) with a more notable expression
at ~120 K is observed in the RT-IRM2.5T cooling/heating curves of the sheared gouges from 480-B to 480-E
(Figures 7c–7f), indicative of the formation of essentially nonoxidized magnetite (Dunlop & Özdemir, 1997)
in larger amounts on approaching the edge of the shear plane. This is consistent with the increasing χferri
values (Table S4). These results corroborate the hysteresis loop data (Figures 4a and 4b). In ensemble they
indicate that magnetite is present in the four outer annuluses (i.e., 480-B to 480-E) of the sheared gouges.
In addition, the RT-IRM2.5T heating curves for all samples of the run LHV480 decay rapidly with warming,
and ~40–50% of the total remanence at 5 K is lost upon warming up to ~50 K (Figures 7a–7f). This is probably
due to the demagnetization (unblocking) of the low-temperature ordered paramagnetic (clay-)minerals
caused by the residual field of the MPMS (Franke et al., 2007; Passier & Dekkers, 2002), which has same

Figure 5. First-order reversal curve diagrams of the starting material black-grey gouge zone and run products of high-velocity friction experiment run LHV483,
processed with the FORCinel package (Harrison & Feinberg, 2008) with the VARIFORC (Egli, 2013) option used. VARIFORC smoothing parameters: vertical ridge
Sc0 = 4, horizontal smoothing factor Sc1 = 7, central ridge Sb0 = 3, vertical smoothing factor Sb1 = 7, horizontal lambda λc = 0.1, and vertical lambda λb = 0.1. Bc is
equivalent to a particle coercivity and Bu to a local interaction field. Colors in each diagram represent absolute values of first-order reversal curve density.
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orientation as the RT-IRTM2.5T. For run LHV483, the RT-IRM2.5T cooling curves for samples BGG and 483-A
show a rather continuous increase in magnetization toward low temperatures (Figures 7g and 7h),
reminiscent of goethite (Dekkers, 1989; Liu et al., 2006; Rochette & Fillion, 1989). To confirm the presence
of goethite in the starting material BGG, a heating/cooling cycle of RT-IRM2.5T was conducted with MPMS
between room temperature to 400 K, which is slightly higher than the Néel temperature of goethite
(120 °C or 393 K; e.g., Özdemir & Dunlop, 1996). About ~45% of the imparted RT-IRM2.5T is lost at 400 K
(Figure 8), indicating that goethite indeed constitutes an appreciable part of the IRM. This concurs with the
FORC diagrams (Figure 5a) and thermomagnetic analysis (Figure 6g). However, on cycling to 5 K and back
to room temperature it is noteworthy that the RT-IRM2.5T warming curves remain below the cooling
curves, with a loss of remanence through the Verwey transition trajectory at ~120 K for the majority of the
sheared gouges (e.g., 483-C, 483-D, and 483-E; Figure 7j–7l). A plausible reason for the faint Verwey
transition could be that magnetite crystallites have not grown through a threshold size, which enables
them to show a well-defined Verwey transition (Dekkers, 1990).

4.3. SEM Observations and EDS Analyses

SEM observations and EDS analyses (spectra of selected spots are shown in supporting information Figure S1)
reveal that Fe-oxide particles with diameters of ~1–2 μm are present in all the outer three annuluses of

Figure 6. Stepwise thermomagnetic analyses of the starting materials and run products of the high-velocity friction
experiments, performed with a modified horizontal translation Curie balance (Mullender et al., 1993). Heating/cooling rates
are 6 and 10 °C/min, respectively; the magnetic field was cycled between 100 and 300mT; M is the magnetization. The gray
arrows indicate the ordinate axis of the heating/cooling curves belonging to the respective experiment.
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sheared samples from both runs (Figure 9). This concurs with the FORC
distributions where trace amount of vortex-MD magnetite is identified
(Figures 5c–5f). These particles have various morphologies, such as
spherules with a slick surface, spherules with adhered smaller particles,
and irregular aggregate-like particles with a sintered, frozen-melt like
appearance (Figure 9). EDS results indicate that those particles are
predominately magnetite-like Fe-oxides, with occasional presence of
minor Cr, Ca, Na, Mg, Na, Al, and/or Si (Figure S1).

5. Discussion
5.1. Frictional Heating-Induced Thermochemical Reactions and
Magnetic Enhancement/Softening of Slip Zones

The combination of above-mentioned rock magnetic properties and
SEM observations provides compelling evidence for the presence of
magnetite in the sheared gouges in the outer four annuluses of the
experimentally sheared plane (i.e., 480-B to 480-E) starting from a

Figure 7. Low-temperature cycling curves of a 2.5 T isothermal remanent magnetization (IRM) imparted at room temperature (RT-IRM2.5T), where M is the remanent
magnetization. The cooling curves are shown in blue and the warming curves in red. The gray arrows indicate the ordinate axis of the warming/cooling curves for
each sample.

Figure 8. Warming/cooling cycle (between 300 to 400 K) of an isothermal
remanent magnetization (IRM) imparted at room temperature with a mag-
netic field of 2.5 T (RT-IRM2.5T) for the starting material black-grey gouge
zone for run LHV483, where M is the remanent magnetization.
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paramagnetic fault gouge. Peak temperatures of frictional heating are estimated to range between ~250
to ~430 °C (Figure 3f and Table S2). Seismic frictional heating is thus interpreted to have induced thermal
generation of magnetite from the conversion of iron adsorbed onto clay minerals (e.g., I/S mixed-layered,
chlorite, and illite), which occur in significant amounts in the starting material GG (Figure 2). Phyllosilicate
minerals generally have reactive surfaces, favoring adsorption of iron, in addition to structural iron
(Goldberg et al., 1996; Stucki, 2006). Fine-grained magnetite is authigenically produced when heating
iron-loaded smectite over 250 °C in the laboratory (Hirt et al., 1993); creation and growth of such
grains proceed with heating up to ~450–500 °C, with increasing grain size from SP to SD, and even to
multidomain size (>1–2 μm for equidimensional magnetite), depending on the heating temperatures
(Hirt et al., 1993). It is also reported that decomposition/dehydroxylation of chlorite may produce
magnetite upon heating 400–700 °C depending on its crystallinity, grain size, and chemical
composition (Fe-Mg; Deer et al., 1996; Manthilake et al., 2016; Roberts & Turner, 1993; Zhang et al.,
2012). Our SEM/EDS examinations reveal that these newly formed magnetite particles are generally
sintered on silicate minerals (i.e., smectite and/or chlorite) and show distinctive morphologies (e.g.,
spherules and melted-like irregular particles; Figures 9a–9d), with occasional presence of minor Mg, Al,
and/or Si (Figure S1), which are major constituents of smectite and chlorite. It implies that they are of
a high-temperature origin, products of a very fast cooling (quenching) of Fe-oxides from high
temperatures. It is interesting to note that the hump at ~500 °C on the heating runs of the
thermomagnetic curves becomes less evident on approaching the edge of the sheared plane and
disappears entirely upon the heating run of the sample 480-E (Figures 6c–6f). It may imply a decrease
of the releasable iron in clay minerals toward the edge of the sheared plane after the HVF experiment;
all available iron would be completely depleted in the outermost sample 480-E upon heating during
the friction experiment. This depletion of the absorbed iron leads to an increasing amount of newly
formed magnetite, also inferred from the increasing expression of the Verwey transition on the
warming/cooling cycles of RT-IRM2.5T (Figures 7c–7f), and the elevated magnetic susceptibility and
saturation magnetization with approaching the edge of the sheared plane (Figures 10a and 10b, and
Table S4). (Partial) thermal decomposition of clay minerals induced by frictional heating is also hinted

Figure 9. Scanning electron microscope images of selected samples from the sheared fault gouges. (a) Spherical Fe-oxides with trace Mo and Cr; (b)Melted irregular
Fe-oxides sintered on smectite-like aluminum silicates; (c) Fe-oxides spherules with some adhered smaller particles. (d) Melted irregular Fe-oxides with trace
Na, Mg, and Ca; (e) Pure Fe-oxide spherules with a slick surface; (f) Melted irregular particles of pure Fe-oxide. The numbered plus symbols indicate the
energy-dispersive X-ray spectroscopy analysis spots, with spectra shown in Figure S1 in the supporting information.
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at by lower clay mineral reflections in the X-ray diffractograms of the sheared samples, when compared
to the starting material GG (Figure 2). The increase in magnetic susceptibility and magnetization, as a
result of neoformation of ferrimagnetic phase(s) due to thermochemical transformation of iron-bearing

Figure 10. Relationship of magnetic parameters of the starting materials and run products with the estimated peak tem-
peratures experienced during the high-velocity friction experiments. Room temperature (20 °C) is assigned to the starting
materials marked by stars. The red dots mark the run products. R2 is the coefficient of determination of the line fits.
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clay minerals, is also widely observed during the thermal treatment of soils and sediments (e.g.,
Jordanova & Jordanova, 2016, and references therein).

As aforementioned, the presence of magnetite is demonstrated in the outer three annuluses (i.e., 483-C to
483-E) of the experimentally sheared plane on the goethite-bearing gouge (run LHV483). Goethite, known
to be antiferromagnetic, is a widespread constituent of fault gouges (e.g., Boulton et al., 2012; Chou, Song,
Aubourg, Song, et al., 2012; Chou et al., 2014; Holland et al., 2006). It generally starts to decompose to hema-
tite at 200–250 °C upon heating (e.g., Cornell & Schwertmann, 2003; Fan et al., 2006; Gualtieri & Venturelli,
1999). Goethite decomposition could be inferred from the pronounced losses in magnetization from 150
to 250 °C in the heating curves of samples BGG, 483-A, and 483-B (Figures 6g–6i). During the thermal trans-
formation of goethite to hematite, small amounts of magnetite or magnetite/hematite aggregates can be
produced between 238 and 402 °C, when trace amounts of organic matter are present (Dekkers, 1990;
Özdemir & Dunlop, 2000). These neoformed magnetite particles have been identified through SEM/EDS
examinations (Figures 9e and 9f and S1g and S1h) in samples 483-C to 483-E. Here thermal decomposition
of goethite is also hinted at by the weakening and disappearance of goethite reflections in the X-ray diffrac-
tograms of the sheared samples (Figure 2). Nevertheless, magnetite has been identified in the sheared
gouges of the run LHV483, as evidenced by the Verwey transition on the low-temperature demagnetization
curves (Figures 7j–7l). The newly formed fine-grained magnetite results in the magnetic softening of these
samples, as demonstrated by the significantly decreasing Bc and Bcr values (from narrow hysteresis loops;
Figures 4c and 4d and Table S4). It is also demonstrated by the contrasting behavior in FORC diagrams from
a goethite-dominated starting material BGG to the outermost well-sheared samples with SP-SD and traces of
vortex-MD magnetite particles (Figure 5).

5.2. Implications for Fault Zone Studies

Thermally unstable Fe-bearing (magnetic) minerals, such as siderite, pyrite, and phyllosilicates (e.g., smectite
and chamosite [Fe-chlorite]), occur widely in natural fault zones. They are sensitive to thermochemical altera-
tions induced by seismic frictional heating, which constitutes the largest part of the total earthquake energy
budget (Scholz, 2002). During an earthquake, fault friction may distort the crystal structure of these minerals
in slip zones, which dramatically decreases their activation energy (Ea) of thermochemical reactions (e.g.,
Vrolijk & van der Pluijm, 1999). The lower Ea allows the decomposition or reaction of minerals to occur at
relatively low temperatures (Hirono et al., 2013; Masumoto et al., 2018). This favors the release of iron ion from
Fe-bearing minerals, and thus the neoformation of ferrimagnetic minerals (i.e., magnetite, maghemite, and
pyrrhotite) in slip zones (e.g., Chou, Song, Aubourg, Lee, et al., 2012; Chou, Song, Aubourg, Song, et al.,
2012; Hirono et al., 2006; Pei et al., 2014; Tanikawa et al., 2008; Yang et al., 2012, 2018, and references therein),
as also demonstrated by the present HVF experiments. These newly formed ferrimagnetic minerals, which
would carry either a stable thermochemical or even a thermoremanent magnetization (Chou, Song,
Aubourg, Lee, et al., 2012; Yang et al., 2018), could generally remain stable over geological times. This makes
slip zones magnetically stand out, in comparison with their host zones, as illustrated by the starting materials
and the run products of the HVF experiments. In particular, our experiment, for the first time, demonstrates
that goethite can be transformed to magnetite by seismic frictional heating, leading to magnetic softening of
the fault slip zone. This occurs at a relatively low temperature, as the peak temperatures of the magnetite-
bearing sheared gouges are estimated between ~260 and 380 °C (Figure 3g). Thus, examination of magnetic
mineral assemblages yields a diagnostic earthquake slip indicator, even when only fairly modest temperature
rise (<300 °C) prevailed during an earthquake, which is a common denominator for many fault zone studies
(Han et al., 2007).

Importantly, Fe-bearing minerals have specific decomposition or alteration temperatures, for example, side-
rite at 400–580 °C (Isambert et al., 2003), pyrite starts altering at 350–500 °C depending on its microtexture
(Dunlop & Özdemir, 1997; Passier et al., 2001), iron release from smectite on short laboratory time scale starts
at ~250 °C (Hirt et al., 1993), and chamosite alteration ranges from ~400 to 700 °C (Hirt & Gehring, 1991;
Tanikawa et al., 2008). In the present study, the temperatures defined by thermal decomposition or change
appear to be consistent with calculated temperatures. For instance, the estimated peak temperatures (~290
to ~440 °C) at the outer four annuluses of the sheared plane (with neoformed magnetite) of the run LHV480
are comparable with the reported decomposition temperature of iron-loaded smectite (i.e., 250 to
450–500 °C; Hirt et al., 1993). Moreover, it is noteworthy that magnetic concentration-related parameters,
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that is, χ, andMs of the sheared fault gouges significantly increase with and strongly depend on the tempera-
ture induced by the frictional heating (Figure 10). For example, the coefficient of determination (R2) between
χ and temperature is 0.943 for run LHV480 (Figure 10a). Meanwhile, the Mrs/Ms ratio, a magnetic grain-size
dependent parameter (with high values indicating small grains; Dunlop & Özdemir, 1997), is negatively
correlated with heating temperature (Figures 10d and 10h), indicating the growth of the newly formed mag-
netite with increasing temperature.

All these findings suggest that generation and growth of magnetic minerals are sensitive to the frictional
heating during an earthquake. Temperature rise could be well constrained by examination of the magnetic
mineral assemblages in a fault zone, since almost all the reaction kinetics are expressed in the form of the
Arrhenius law (i.e., temperature-dependent reaction rates, e.g., Di Toro et al., 2011; Tanikawa et al., 2008,
and references therein). Compared with more often used geochemical and mineralogical analyses, a rela-
tively small amount of material (< ~500 mg) is needed for magnetic analyses. Magnetic methods are capable
of determining the nature, grain size, and concentration of magnetic minerals in a sample down to the ppm
level. Thus, in principle, it allows for resolving the temperature changes in a millimeter scale or even smaller
fault zone. This is particularly practical for the study of natural fault zones, where only small amounts of
sample may be available.

6. Conclusions

HVF experiments were conducted on fault gouges collected from the YBF zone, which ruptured during the
2008 Wenchuan Mw 7.9 earthquake, under conditions of large earthquake slip. Our experiments show that
the frictional heat generated on a seismic slip plane can produce detectable rock magnetic changes. From
the centermost to the outermost annulus of the sheared plane, peak temperatures were estimated ranging
from ~160 to 430 °C and from ~145 to 370 °C for the experiments on a paramagnetic starting fault gouge and
on a goethite-bearing fault gouge, respectively. Thermochemical reactions of the iron adsorbed on clay
minerals (i.e., smectite and chlorite) and of antiferromagnetic goethite generate newly formed ferrimagnetic
magnetite. This contributes to magnetic enhancement (evidenced by increased magnetic concentration-
related parameters: magnetic susceptibility and magnetization) and softening (indicated by decreased
grain-size-related parameters: coercivities and ratios of saturation remanence to saturation magnetization)
of the slip zones. We also demonstrated that the magnetic concentration-related parameters (magnetic sus-
ceptibility and magnetization) of the sheared samples are proportional to the temperature rise induced by
the frictional heating. Growth (grain size) of these neoformed magnetite depends closely on the estimated
peak temperatures. Accordingly, our results confirm that thermochemical reactions of Fe-bearing minerals
induced by frictional heating probably are a widespread phenomenon in natural fault zones. Magnetic
enhancement and softening of slip zones can thus be considered as a reliable tracer of seismic slip. Also,
the mineral-magnetic approach opens a new avenue for estimating or at least constraining the temperature
a slip zone has experienced during an earthquake.
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