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Abstract Fault-related pseudotachylytes are often considered to be produced by large seismic events.
To investigate the rock record and magnetic response to large earthquakes within cores from the
Wenchuan Earthquake Fault Scientific Drilling borehole 2 (WFSD-2), we carried out microstructural,
geochemical, and rock-magnetic analyses of representative cores. Based on microstructural observations
and powder X-ray diffraction analyses, we found 21 layers of melt-origin pseudotachylytes from 579.62 to
599.31 m-depth in the cores. The presence of early-formed pseudotachylyte fragments in the new layer
suggests that seismic faulting processes exploited the same fault strand more than once. Pseudotachylyte
veins have higher values of magnetic susceptibility relative to wall rocks. Rock-magnetic results indicate
that the magnetic minerals within the pseudotachylyte veins are magnetite with varying amounts of
paramagnetic minerals. Magnetic hysteresis loops show that a reduction of the grain size of ferromagnetic
minerals is not a plausible explanation for the higher magnetic susceptibility values in pseudotachylyte
veins. Rock-magnetic analyses indicate that frictional heating (>5008C) occurred in the pseudotachylyte
veins during large earthquakes. The resulting high temperatures induced thermal decomposition of
paramagnetic minerals, forming magnetite and contributing to the higher magnetic susceptibility values.
Different generations of pseudotachylytes and numerous high magnetic susceptibility zones together
demonstrate that ancient powerful earthquakes may have occurred repeatedly in the Longmen Shan thrust
belt.

1. Introduction

Knowledge of the microstructural, physical, and chemical properties of fault rocks in seismogenic zones
is important for understanding the mechanism of powerful seismic faulting events [Chester, 1995;
Chester and Chester, 1998; Biegel and Sammis, 2004; Faulkner et al., 2008]. Previous studies indicate that
pseudotachylytes, fault gouge, and gouge graphitization are geological records of seismic fault slip
[Sibson, 1975; Magloughlin, 1992; Di Toro and Pennacchioni, 2004; Andersen and Austrheim, 2006; Lin,
2008; Li et al., 2013; Kuo et al., 2014]. In addition, frictional heating within a fault zone may cause the
physical and chemical alteration of the magnetic mineral assemblages within the host rocks [Nakamura
et al., 2002; Chou et al., 2012a; Ferr�e et al., 2012]. Consequently, rock-magnetic properties of fault rocks
can provide important information about frictional heating in earthquake slip zones [Mishima et al.,
2006, 2009]. Previous magnetic studies of pseudotachylytes and gouge have revealed the occurrence of
positive magnetic susceptibility anomalies compared to the protolith, implying that new magnetic min-
erals were formed during frictional heating [Nakamura and Iyeda, 2005; Ferr�e et al., 2005, 2012; Hirono
et al., 2006a, 2006b; Tanikawa et al., 2008]. Therefore, positive magnetic susceptibility anomalies in
gouge and pseudotachylytes may constitute evidence of large earthquakes. The rock magnetism of
fault rocks can be used to estimate the frictional heating temperature in a fault zone. For example, the
formation of ferromagnetic maghemite or magnetite by thermal decomposition of paramagnetic
phases indicates that the disk-shaped black materials within samples from TCDP Hole B experienced
temperatures of at least 4008C [Mishima et al., 2006]. Magnetic studies conducted by Chou et al. [2012b]
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indicated that pyrrhotite probably formed at high temperatures (>5008C) at the expense of pyrite in
gouge within the principal slip zone of the Chi-Chi earthquake. These studies indicate that rock magne-
tism can potentially detect frictional heating in earthquake slip zones.

The Longmen Shan thrust belt has long been active and has experienced large earthquakes [Li et al., 2006;
Densmore et al., 2007; Li et al., 2008]. During the Wenchuan earthquake (Mw 7.9, 2008), two surface ruptures
occurred along the Anxian-Guanxian and Yingxiu-Beichuan faults [Li et al., 2008]. To investigate the physical
properties in large displacements of the ruptured faults and the mechanism of the Wenchuan earthquake
faulting, the Wenchuan Earthquake Fault Scientific Drilling (WFSD) was initiated immediately after the
Wenchuan earthquake [Xu et al., 2008]. Microstructural, geochemical, and geophysical studies from surface
ruptures and WFSD cores demonstrate that the pseudotachylytes, fresh fault gouge, and gouge graphitiza-
tion constitute rock records of powerful earthquakes [Kuo et al., 2014; Li et al., 2014, 2016; Wang et al., 2015].
However, the only outcrop of pseudotachylyte in the Longmen Shan thrust belt was found in the Pengguan
Complex along the Yingxiu-Beichuan fault [Pei et al., 2014a; Wang et al., 2015; Zheng et al., 2016]. The pres-
ence of pseudotachylytes within WFSD cores has been not reported until now.

Rock-magnetic studies of the surface rupture zones and WFSD cores have revealed positive magnetic
susceptibility anomalies in pseudotachylyte veins and fault gouge [Yang et al., 2013, 2016; Pei et al.,
2014a, 2014b; Li et al., 2016; Zhang et al., 2017]. The main reason for the high values of magnetic sus-
ceptibility in fault rocks may be the neoformation of ferromagnetic minerals during a large earthquake
[Yang et al., 2012a; Liu et al., 2016]. A preliminary rock-magnetic study of the Jiulong outcrops across
the Anxian-Guanxian fault indicated that the frictional heating may be less than 3008C [Liu et al., 2014].
Liu et al. [2016] reported that possible magnetic transformations resulted from the neoformation of
magnetite at high temperatures (>5008C) during the large earthquake in the Yingxiu-Beichuan fault.
Wang et al. [2015] concluded that temperatures reached as high as 17308C in the Bajiaomiao outcrop
based on the microstructural characteristics of pseudotachylyte. However, the temperature of frictional
heating in the fault rocks within the Longmen Shan thrust belt is still debated, and in addition rock-
magnetic studies of fault rocks (especially pseudotachylyte) obtained directly from borehole cores of
WFSD are lacking.

Here we present the results of a study of the microstructure, geochemistry, and magnetic properties of
pseudotachylyte veins and wall rocks within WFSD-2 cores. Our aims are to better understand the rock
record and magnetic resonance signal produced by large earthquakes and to estimate the temperature of
frictional heating during an earthquake.

2. Geological Setting

The NE-SW-trending Longmen Shan thrust belt is located between the Sichuan Basin and the eastern mar-
gin of the Tibetan Plateau and is characterized by a steep topographic gradient and a high topographic
relief of 3000–4500 m [Densmore et al., 2007]. The Longmen Shan thrust belt, which is approximately
500 km long and 30–60 km wide, is mainly composed of three thrust faults: the Anxian-Guanxian, Yingxiu-
Beichuan, and Wenchuan-Maoxian faults, from SE to NW (Figure 1) [Li et al., 2006]. The Wenchuan earth-
quake produced 80 and 270 km coseismic surface rupture zones along the Anxian-Guanxian and Yingxiu-
Beichuan faults, respectively (Figure 1) [Li et al., 2008].

The second hole (WFSD-2) was drilled in Bajiaomiao village, Hongkou County (Dujiangyan, Sichuan Prov-
ince), on the hanging wall of the Yingxiu-Beichuan fault (YBF) (Figure 1) [Zhang et al., 2012]. The WFSD-2
cores comprise seven rock units: the Pengguan Complex (0–599.31, 1211.49–1360.25, 1361.26–1679.51, and
1715.49–2081.47 m-depth) and the Triassic Xujiahe Formation (599.31–1211.49, 1679.51–1715.48, and
2081.47–2283.56 m-depth) [Zhang et al., 2017]. The Pengguan Complex is the result of Neoproterozoic
activity and mainly consists of plagiogranite, biotite granite, granodiorite, tonalite, intermediate-acidic intru-
sive rocks similar to diorite, and various mafic-ultramafic intrusive rocks, volcanics, and pyroclastic rocks [Li
et al., 2013]. Based on Sibson’s [1977] fault-rock classification, Zhang et al. [2012] reported that the predomi-
nant fault rocks in the WFSD-2 borehole cores are cataclasite, ultracataclasite, fault breccia, and fault gouge.
The present study focuses on the Pengguan Complex from 565.53 to 599.31 m-depth, composed of grano-
diorite (565.53–579.62 m) and a cataclasite zone (579.62–599.31 m).
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3. Sampling and Methods

3.1. Sampling
The studied cataclasite zone within the WFSD-2 cores is from 579.62 to 599.31 m (Figure 2a). The wall rock
of the cataclasite unit is granodiorite (Figure 2b). The veins, including gray veins and dark veins, are exposed
in the cataclasite zone (Figure 2). Twenty-one layers of veins are observed in the cataclasite zone (Figure A
in the supporting information). We sampled the cataclasite zone from 579.62 to 599.31 m-depth in the
WFSD-2 cores (Figures 2c and 2e–2h), and the wall rock at different depths (Figure 2b). Three different rock
types, including veins, cataclasite, and granodiorite, were chosen for analysis (Table 1). The magnetic sus-
ceptibility of the cores was measured from the cataclasite zone and wall rock (565.53–566.13 and 579.50–
599.31 m-depth). Twenty-eight samples (S1–S28) were obtained from the WFSD-2 cores (Figure 2 and
Table 1). Six power samples of pseudotachylyte (S11, S19, S24, S26, S27, and S28) were carefully removed
using a small diamond drill bit with an optical magnifying glass. Twelve powder samples were chosen for
powder X-ray diffraction (XRD) measurements; 8 samples were selected for magnetic hysteresis measure-
ments; 9 powder samples were selected for low-temperature magnetic measurements; and 16 cylindrical
samples were used for measurement of the thermal demagnetization of three-component isothermal rema-
nent magnetization (IRM). The cylindrical solid samples were obtained using an electric drill with a 1 cm-
diameter drill pipe. However, the thin pseudotachylyte veins in WFSD-2 cores are generally injected into cat-
aclasites and therefore, it was difficult for us to collect cores of whole pseudotachylyte veins. Thus, these
solid samples from pseudotachylyte veins may include material from the surrounding clasts. In addition,
three powder samples were selected for measurement of K-T curves.

3.2. Methods
An optical microscope and Scanning Electron Microscope (SEM) were used for microstructural analyses of
cataclasite and dark veins. Microscope observations were made at various magnifications using an Olympus

Figure 1. Geological map of the Longmen Shan thrust belt, modified from Li et al. [2014]. Also shown is the site of the WFSD-2 borehole.
WFSD-2 was drilled along the YBF, 300 m northwest of WFSD-1, to a final depth of 2283.56 m.
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BX51 optical microscope, at the Institute of Geology, Chinese Academy of Geological Sciences, Beijing. SEM
images were obtained using a LEO Stereoscan 440 SEM equipped with EDX at Taiwan University in Taipei.
The SEM was operated at 15 keV with a 4 nA current.

Powder X-ray diffraction (XRD) analyses can be used to confirm the crystalline phase(s) present in a sample
[Loubser and Verryn, 2008]. The mineral compositions of the samples were determined by XRD analyses at
the Micro Structure Analytical Laboratory in Peking University. XRD patterns were determined using a Dmax
12 kW powder diffractometer (CuKa) at 40 kV and 100 mA, with a scanning rate of 48 min21 and a sampling
width of 0.028, and 08–708 (2h).

Magnetic susceptibility was measured at a 5 mm interval using a Bartington MS2E sensor incorporated in
the Multi Sensor Core Logger in the Institute of Geology, Chinese Academy of Geological Sciences, Beijing.
The sensing region of the MS2E sensor is at the end of a 25 mm diameter ceramic cylinder mounted in line
with the electronics unit and comprises a 10.5 3 3.8 mm rectangular surface. The frequency of the MS2E
sensor is 2 kHz, and the sensitivity is 1 3 1026 SI.

Magnetic hysteresis loops were measured in the physics laboratory of Peking University using a Princeton
alternating gradient force magnetometer (Model 2900 AGM), with 1 T maximum applied field. Saturation
remanence (Mrs), saturation magnetization (Ms), and coercivity (Hc) were obtained after subtracting the
paramagnetic contribution.

Low-temperature isothermal remanence measurements of representative samples were made using a
Quantum Design Magnetic Property Measurement System (MPMS XP-5, sensitivity 5 5.0 3 10210 A m2) at
the State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy
of Sciences, Beijing. Field-cooled (FC) and zero-field-cooled (ZFC) curves were measured by cooling samples
from 300 to 20 K in a 2.0 T field and zero field, respectively, followed by imparting an SIRM in a 2.0 T field

Figure 2. Illustrations of representative cores from the cataclasite zone and the wall rock within WFSD-2 cores, with sampling locations. (a) Lithology chart from 565.50 to 599.31 m-
depth. (b) 565.53–566.13 m-depth: granodiorite with thin quartz veins. (c) 580.62–581.34 m-depth: gray fault veins that appear as planar veins; black veins injected into gray veins;
rounded-to-subangular clasts orientated by flow structures. (d) 581.45–582.17 m-depth: black network veins showing complex morphology. (e) 584.70–584.90 m-depth: dark vein
injected into cataclasite. (f) 585.14–585.65 m-depth: different-colored vein lays with sharp contact and subangular-to-rounded clasts orientated by flow structure. (g) 585.93–586.73 m-
depth: black, dark-gray, and gray layers of veins, with the same orientation. (h) 597.30–597.54 m-depth: thick injection veins and fault veins. ultra-C: ultracataclasite; DV: dark vein; iv:
injection vein; fv: fault vein; red rectangle: the location of Figure 3.
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and then measuring the remanence
in zero field during warming to
300 K. Decay of the remanence was
monitored during warming of the
sample from 20 to 300 K, at intervals
of 5 K.

Magnetic susceptibility-versus-
temperature (K-T) curves and ther-
mal demagnetization of three-
component IRMs were measured at
the Key Laboratory of Paleomagne-
tism and Tectonic Reconstruction of
the Ministry of Land and Resources,
Institute of Geomechanics, Chinese
Academy of Geological Sciences,
Beijing. Thermal demagnetization
of three-component IRMs was con-
ducted by exposing the sample to
hard (1.2 T), moderate (0.4 T), and
weak (0.12 T) magnetic fields
sequentially along three orthogonal
axes, following Lowrie [1990]. Then,
all samples were subjected to step-
wise (18 steps) thermal demagneti-
zation in an ASC TD-48 oven with
an internal residual field of less
than 10 nT. Thermomagnetic analy-
sis was performed using a MLY-4S
Kappabridge coupled with a CS-4
high-temperature furnace in an air
atmosphere, from room tempera-
ture to 7008C, with subsequent
cooling to room temperature. The
average heating and cooling rates
were about 7.58C/min. The K-T
curves are listed in the supporting
information.

4. Macroscopic Structure and Microstructure of the Cataclasite Zone

4.1. Macroscopic Structure
The cataclastic rock zone consists of veins, cataclasites, and a few ultracataclasites (Figures 2 and 3). Catacla-
sites are present as the wall rocks. Ultracataclasites are closely related to dark veins (Figures 2f and 3c). Cata-
clasites are grayish in color in the WFSD-2 cores (Figures 2c–2f and 3a–3c). The clasts in the cataclasite are
mainly subangular-to-subrounded and the sizes range from n mm to n cm. The veins are stiffer and more
cohesive than cataclasite and comprise injection veins and fault veins. The injection veins, as networks and
individual veins, have a complex and irregular morphology (Figures 3a and 3c). The fault veins, evident as
planar veins along the fault, are several mm to �5 cm in thickness (Figures 3a and 3b). The thick veins gen-
erally contain subangular-to-subrounded fragments in a dark aphanitic matrix with flow structures (Figures
3a, 3b, and 3d). The fragments mainly comprise cataclastic clast aggregates consisting of quartz and plagio-
clase fragments. In addition, fragments of black vein are injected into the gray vein (Figure 3a). The veins
appear gray (Figures 2c and 3a), dark-gray (Figures 2f and 3c), brown (Figures 2e and 3b), and black (Figures
2d, 2f, 2g, 3b, and 3d) in macroscopic view. Twenty-one layers of veins with different colors and thicknesses
can be observed in the cataclasite zone (supporting information Figure A). The veins range from n mm to n

Table 1. Lithology, Location of Samples, and Measurementsa

Number Sample Lithology Depth (m) Measurements

1 S1 Granodiorite 565.80 XRD, magnetic
hysteresis loops,
MPMS, K-T

2 S2 Granodiorite 565.82 IRM
3 S3 Granodiorite 565.82 IRM
4 S4 Granodiorite 565.82 IRM
5 S5 Granodiorite 565.84 IRM
6 S6 Granodiorite 565.84 IRM
7 S7 Granodiorite 565.84 IRM
8 S8 Granodiorite 566.05 XRD, MPMS
9 S9 Cataclasite 580.68 XRD, MPMS
10 S10 Cataclasite 580.70 XRD, MPMS, K-T
11 S11 Gray vein 580.72 XRD, magnetic

hysteresis loops
12 S12 Dark vein 584.82 IRM
13 S13 Dark vein 585.15 IRM
14 S14 Cataclasite 586.06 IRM
15 S15 Cataclasite 586.08 IRM
16 S16 Cataclasite 586.14 IRM
17 S17 Cataclasite 586.37 XRD, magnetic

hysteresis loops,
MPMS

18 S18 Gray vein 586.40 IRM
19 S19 Dark vein 586.51 XRD, MPMS, K-T
20 S20 Cataclasite 586.60 IRM
21 S21 Cataclasite 586.70 IRM
22 S22 Cataclasite 586.71 IRM
23 S23 Cataclasite 597.34 XRD, magnetic

hysteresis loops
24 S24 Dark vein 597.47 XRD, magnetic

hysteresis loops,
MPMS

25 S25 Dark vein 597.48 IRM
26 S26 Dark vein 597.49 XRD, magnetic

hysteresis loops,
MPMS

27 S27 Dark vein 597.51 XRD, magnetic
hysteresis loops

28 S28 Dark vein 597.53 XRD, magnetic
hysteresis loops,
MPMS

aXRD: powder X-ray diffraction; MPMS: magnetic property measurement sys-
tem; K-T: high-temperature thermomagnetism; IRM: the thermal demagnetization
of three-component isothermal remanent magnetization.
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cm in width. Some veins injected into cataclasites exhibit sharp boundaries (supporting information Figures
Aa–Ai and Ak), while others lack clear boundaries (supporting information Figures Ah, Aj, and Al–Ap).

4.2. Microstructure
Cataclasite usually consists of 50–90% clasts by volume. The clasts are scattered in a fine-grained matrix
and consist of feldspar, quartz, and calcite of various shapes, including embayed, rounded, and other irregu-
lar outlines (Figures 4a, 4b, and 4d). The clast size varies widely, from 1 mm to several micrometers. The
dark-gray layers associated with cataclasite and dark veins are ultracataclasite (Figure 4a). The ultracatacla-
site matrix includes quartz and feldspar clasts. The clasts in ultracataclasite are smaller and rounder than in
cataclasite and comprise <20% by volume (Figure 4a).

The contacts between the veins and cataclasite are typically sharp but may locally be highly irregular (Figures
4a, 4b, and 4d). The veins appear gray, dark-gray, brown, and black in macroscopic view, while they are evi-
dent as dark material under the optical microscope. Different stages of veins are evident as different color
tones under the optical microscope (Figures 4b–4d). New dark veins are injected into the old dark veins, and
the contacts are also sharp (Figure 4b). Figure 4c shows an example of a dark vein (DV-3) cutting off one clast
from another dark vein (DV-4). Dark veins consist of a dark matrix and many fragments of different sizes, vary-
ing from nanometers to centimeters. The fragments in the matrix consist of feldspar and quartz and have vari-
ous shapes such as rounded (Figures 4b and 4d), embayed (Figure 4f), and other irregular outlines (Figure 4c).
Flow structures are also observed in dark veins (Figures 4c and 4d); they typically exhibit matrix layers of con-
trasting colors, streaks curved around the fragments, and oriented clasts. Acicular microlites are visible in dark
veins (Figure 4e). Stellate aggregate microlites are composed of thin acicular branches.

The SEM images of the vein from 580.72 m-depth reveal circular spherulites <2 mm in diameter that are
well developed between the quartz grains (Figures 5a and 5b). SEM-EDX results indicate that the chemical
components of the spherulites are mainly feldspar (Figure 5e). Zoning structures are developed in the large
spherulites (Figure 5b), and typical melting textures flowing from the edge of feldspar grains are also
observed (Figure 5c). Numerous vesicles with a diameter of about 1 mm and well-rounded quartz grains are
observed (Figure 5d); the embayed (Figure 5b) and rounded (Figure 5d) quartz grains indicate that they
have been melted. Overall, these findings indicate that the veins are melted.

Figure 3. Photographs illustrating the presence of veins in the cataclasite zone within WFSD-2. (a) 580.65–580.83 m-depth: gray vein injected into cataclasite as a flame; fragments of black
vein injected into gray vein. (b) 585.41–585.59 m-depth: different-colored vein lays with sharp contact. (c) 586.38–586.56 m-depth: black, dark-gray, and gray layers of veins. Black vein injected
into cataclasite as a root; ultracataclasite is associated with black veins. (d) 597.32–597.50 m-depth: thick veins injected into cataclasite with no clear boundary. DV: dark vein.
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4.3. Powder X-Ray Diffraction
The results of XRD analyses of the granodiorite, cataclasite, and veins from the WFSD-2 cores are listed in
Table 2 (supporting information data in Table A). The XRD profiles yield mineral compositions of quartz,
albite, calcite, and clay minerals (Figure 6). The granodiorite and cataclasite mainly contain muscovite,
quartz, calcite, and albite, and the veins mainly contain muscovite, quartz, kaolinite, and albite. The samples
of granodiorite and cataclasite contain a small quantify of clay minerals; in addition, the types of clay miner-
als differ from those in the veins.

Powder X-ray diffraction patterns can be used to confirm the occurrence of a glassy matrix and fresh glass
[Lin, 1994, 2008; Lin and Shimamoto, 1998]. The crystal shows sharp peaks in these spectra (Figure 6). There

Figure 4. Photomicrographs showing the microstructural features of dark veins. (a) 586.51 m-depth: sharp contacts between cataclasite
and dark veins; dark veins injected into cataclasite and ultracataclasite. The dark-gray layer is ultracataclasite. (b) 580.72 m-depth: different
stages of dark veins. The boundaries between the dark veins are typically sharp but locally can be highly irregular. Early-formed dark vein
fragments are visible in a newly formed dark vein. (c) Enlarged view of the square in Figure 4b, illustrating clear flow structures and differ-
ent layers of dark vein. DV-3 cutting off one clast from DV-4. (d) 597.47 m-depth: flowing structures and a rounded clast are identified in
the two stages of dark veins. (e) 597.47 m-depth: textures of microlite in a dark vein. Stellate aggregate microlites are composed of thin
acicular and lath. (f) 597.49 m-depth: embayed quartz fragments showing partial melting structures. DV: dark vein; Qz: quartz; cal: calcite;
Mi: microlite; DV-1, DV-2, DV-3, DV-4, and DV-5 indicate different stages of dark veins.
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Figure 5. SEM images of the veins. (a–c) From 580.72 m-depth. (a) Melting structures of circular spherulites developed within the dark
veins. (b) Expanded view of the square in Figure 5a. Note the strings of melt materials (arrows) in the gap between the spherulites and the
zoning structures in circular spherulites. Quartz grain showing an embayed structure. (c) Strings of melt materials between the feldspar
grain and the matrix. (d) 597.49 m-depth: vesicles of about 1 lm diameter are well-developed and well-rounded quartz grains adhere to
the matrix. (e) SEM-EDX results for the spots in Figures 6b–6d (indicated by white crosses). Both structures indicate that the materials were
partially melted. Qz: quartz, fsp: feldspar, Ve: vesicle.
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is no broad band in the range of low 2h values in granodiorite (S1) and cataclasite (S10) (Figure 6). The spec-
tra for S19 comprise a characteristic broad band ranging from 2h values of 128 to 428 (Figure 6), similar to
the glass pseudotachylyte veins in the Funyun fault [Lin, 1994]. The spectra for S24 also comprise an incon-
spicuous broad band in the range of low 2h values (Figure 6). This indicates that the amount of remnant
noncrystalline material or glass is greatest in sample S19. The presence of glass indicates that the veins
have been melted. The crystal peaks in the powder X-ray diffraction patterns of S24 may indicate the partial
devitrification of glassy material or glass during alteration and metamorphism during the interval following
the formation of the primary glass material.

5. Rock-Magnetic Measurements

5.1. Magnetic Susceptibility
Magnetic susceptibility measurements enable the identification of different Fe-bearing minerals and estima-
tion of their concentration or total volume [Dearing, 1999]. The results of magnetic susceptibility measure-
ments are shown in Figure 7 (supporting information data in Table B). The magnetic susceptibility values of
veins are significantly higher than those of cataclasite and granodiorite, while those for cataclasite and
granodiorite are similar. The range and average magnetic susceptibility values of the veins, cataclasites, and
granodiorite are 12–57 3 1026 and 16 3 1026 SI; 2–10 3 1026 and 7 3 1026 SI; and 1–11 3 1026 and 6 3

1026 SI, respectively. The prominent magnetic
susceptibility anomalies correlate well with the
location of veins (Figure 7); however, black veins
have higher values than gray veins, and thick
veins have higher values than thin veins.

5.2. Magnetic Hysteresis Loops
The results of magnetic hysteresis loop measure-
ments are shown in Figure 8 (supporting informa-
tion data in Table C). The magnetic hysteresis
loops of granodiorite and cataclasite before para-
diamagnetic correction are linear, indicating that

Figure 6. XRD profiles of the representative samples. S1: granodiorite; S10: cataclasite; S19: dark vein; S24: dark vein; Qz: quartz; Mus:
muscovite; Cal: calcite; Alb: albite; Kao: kaolinite.

Table 2. XRD Results for Representative Samples

Samples Lithology Mineralogy

S1 Granodiorite Quartz 41%,
muscovite 21%,
calcite 6%, albite 32%

S10 Cataclasite Quartz 31%, muscovite 20%,
calcite 7%, albite 41%

S19 Dark vein Quartz 30%, muscovite 41%,
kaolinite 12%, albite 17%

S24 Dark vein Quartz 35%, muscovite 32%,
kaolinite 9%, albite 24%
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paramagnetic components are dominant (Figures 8a and 8c). The small goose-neck magnetic hysteresis
loops below 0.1 T indicate that the granodiorite and cataclasite have a low ferromagnetic content (Figures
8a and 8c). The loops for the veins are also dominated by paramagnetic behavior (Figures 8b and 8d) but
indicate that ferromagnetic material is also present. The loops for S1, S11, and S17 after para-diamagnetic
correction show that these samples are saturated below 0.2 T (Figures 8a–8c), indicating the absence of
high-coercivity minerals such as goethite and hematite in the gray vein and wall rocks [Roberts et al., 1995;
Tauxe et al., 1996; Humbert et al., 2012]. The loop for the dark vein (Figure 8d) after slope correction is almost
saturated below 0.2 T and approximately open in high magnetic fields. The values of Hc, Ms, and Mrs for cat-
aclasite are lower than those for the veins (Figure 8).

5.3. Low-Temperature Magnetic Properties
The low-temperature magnetic properties (ZFC and FC curves) of representative samples are presented in Fig-
ure 9 (supporting information Table D). Magnetite undergoes a crystallographic phase transition at around
120 K, known as the Verwey transition, which can be clearly differentiated from the transitions for hematite
(263 K) and pyrrhotite (32 K) [Verwey et al., 1947; O�zdemir and Dunlop, 2010]. The curves for S1 and S10 reveal
a Verwey transition around 120 K, indicating the presence of magnetite in granodiorite and cataclasite (Fig-
ures 9a and 9b). No transitions for hematite (263 K) or pyrrhotite (32 K) in cataclasite and granodiorite are evi-
dent in any of the curves. The remanence values in a 2.0 T field at 20 K (MFC) for S1 and S10 are 36.91 3 1025

and 24.96 3 1025 A m2 kg21, respectively; and the equivalent values in a zero field at 20 K (MZFC) are 29.79 3

1025 and 21.98 3 1025 A m2 kg21, respectively. Similar to the wall rocks, the curves of FC and ZFC for samples
S19 and S26 also indicate the occurrence of magnetite in the dark veins (Figures 9c and 9d). The remanence
values in a 2.0 T field at 20 K (MFC) for S19 and S26 are 50.53 3 1025 and 44.12 3 1025 A m2 kg21, respec-
tively; and the equivalent values in a zero field at 20 K (MZFC) are 40.90 3 1025 and 40.65 3 105 A m2 kg21,
respectively. The remanence of dark veins is higher than that of granodiorite and cataclasite.

5.4. Thermal Demagnetization of Three-Component IRM
The thermal demagnetization of three-component IRMs have been used to identify different magnetic min-
erals [Lowrie, 1990; Inoue et al., 2004]. The results of thermal demagnetization of three-component IRMs of

Figure 7. Magnetic susceptibility (MS) values of cores from the WFSD-2 borehole. (a) MS values of cores from 579.50 to 599.31 m-depth. (b) MS values of cores from 565.53 to
566.13 m-depth. (c–e) Enlarged areas noted in Figure 7a. MS values were measured along the red lines in the middle of cores. The peaks in MS values are often well correlated with the
veins. DV: dark vein.
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representative samples are shown in Figure 10 (supporting information data in Table E). The curves for
granodiorite and cataclasite show that the medium components are unblocked at 5808C, indicative of mag-
netite (Figures 10a, 10b, 10e, 10f, and 10h). However, the curves show no clear indication of goethite (80–
1208C) and hematite (6808C) in granodiorite and cataclasite. The thermal demagnetization characteristics of
pseudotachylyte veins resemble those of granodiorite and cataclasite (Figures 10c, 10d, 10g, and 10i). This
finding implies the presence of magnetite and absence of hard minerals such as hematite and goethite in
the granodiorite, cataclasite, and pseudotachylyte veins with mixed cataclasite. Decrease of the soft coerciv-
ity components at about 300–4008C was observed in some dark veins (Figures 10c and 10d). This behavior
may suggest the presence of pyrrhotite or fine magnetite [Lowrie, 1990; Dunlop and O�zdemir, 2000].

6. Discussion

6.1. Rock Records of Ancient Large Earthquakes Along the Longmen Shan Thrust Belt
Melt-origin pseudotachylytes are typically characterized by melt textures. They include flow structures,
amygdules, microlites, spherulites, vesicles, blebs, and embayed and rounded clasts, and these features are
absent in crush-origin pseudotachylytes which also contain amorphous material [Sibson, 1975; Maddock
et al., 1987; Lin, 1994, 2008; Camacho et al., 1995; Lin et al., 1999, 2001; Di Toro and Pennacchioni, 2004; Ujiie
et al., 2007; Otsuki et al., 2009; Janssen et al., 2010; Chu et al., 2012; Pittarello et al., 2012; Hirono et al., 2014].
Microstructural analyses, including flow structures, microlites, embayed quartz clasts, rounded quartz and

Figure 8. Magnetic hysteresis loops for representative samples before (black) and after (red) para-diamagnetic correction. The black
magnetic hysteresis loops are linear with small goose-neck loops below 0.1 T.
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feldspar grains, spherulites, vesicles, and melt flow textures within quartz grains observed in the veins, dem-
onstrate that these veins from the WFSD-2 cores are of pseudotachylytes (Figures 4 and 5). The powder X-
ray diffraction spectra exhibit similar diffraction characteristics to the Fuyun glass pseudotachylyte vein,
which indicates that glass is present in pseudotachylyte veins (Figure 6). The presence of glass and micro-
structural analyses indicates that the pseudotachylytes are of melt-origin. Previous studies concluded that
ultrafine spherulites are the result of frictional melting [Lin, 1994; Kuo et al., 2015]. In this study, the ultrafine
spherulites in the pseudotachylyte vein imply that the seismic fault slip experienced temperatures above
11008C (corresponding to the breakdown temperature of feldspar) [Spray, 1992]. In addition, the deep
embayed quartz clasts, rounded quartz grains, and flow textures in quartz indicate that temperatures
attained at least 17308C (at least locally), as reported in the pseudotachylyte veins in the YBF zone [Wang
et al., 2015]. The breakdown temperature of quartz is 17308C [Spray, 1992].

Previous studies imply that an individual pseudotachylyte vein can show evidence of an individual slip
event [Di Toro and Pennacchioni, 2005; Griffith et al., 2008; Alder et al., 2016]. Shigetomi and Lin [1999] sug-
gested that a single seismic faulting event cannot generate distinct multilayers with sharp boundaries.
Mitchell et al. [2016] reported that pseudotachylytes weld the seismic fault, resulting in subsequent seismic
ruptures preferably branching onto other fractures or foliation planes. Based on macroscopic and

Figure 9. Results of low-temperature magnetic measurements of representative samples. The gray and black lines are the curves for ZFC
and FC, respectively. All curves for ZFC and FC from representative samples exhibit a Verwey transition around 120 K, indicating the pres-
ence of magnetite. No transitions for hematite (263 K) or pyrrhotite (32 K) are evident. The remanence of the dark veins is higher than that
of granodiorite and cataclasite.

Geochemistry, Geophysics, Geosystems 10.1002/2017GC006822

ZHANG ET AL. ROCK RECORD AND MAGNETIC RESPONSE TO EQ 1900



microstructural analyses, different pseudotachylyte layers were present in the WFSD-2 cores (Figures 2–4). If
each pseudotachylyte layer records at least one earthquake, 21 generations of pseudotachylytes can be
determined based on the various locations (supporting information Figure A). The gray veins may indicate
the partial devitrification of glassy material or glass during alteration and metamorphism during the interval
following the formation of the dark pseudotachylyte veins. The gray veins (Figures 3a–3c) and dark veins
may imply different stages of pseudotachylytes. In the cores, fragments of black pseudotachylyte are

Figure 10. Results of three-axis thermal demagnetization of IRMs for representative samples. The unblocking temperatures are around 5808C, and there is no clear indication of goethite
(80–1208C), pyrrhotite (300–3308C), or hematite (6808C) in any of the samples.
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identified in the gray vein (Figure 3a), and in addition, parallel black veins, gray veins, and dark-gray veins
with sharp boundaries are observed (Figures 3c and 3d). The black pseudotachylyte veins injected and
wedged out into the gray vein suggest that gray veins are formed earlier than black veins. In optical micros-
copy, fragments of black pseudotachylyte are recognized in dark-gray pseudotachylyte (Figure 4b). In addi-
tion, the dark vein cuts off one clast from another dark vein (Figure 4c). The fragments of early-formed
pseudotachylyte in the new layer suggest that subsequent seismic ruptures occurred on the same fracture.
The occurrence of seismic faulting processes exploiting the same fault strand twice may be inconsistent
with the results of Mitchell et al. [2016]. Overprinting relations between different layers of pseudotachylyte
veins are visible in microstructural observations (Figures 4b–4d). These structures imply that the pseudota-
chylyte veins in the WFSD-2 cores are the products of multiple seismic faulting events, and therefore,
ancient earthquakes may have occurred repeatedly within the Longmen Shan thrust belt. This conclusion is
in accord with that based on studies of fault rocks, microstructural analyses, and magnetic properties of out-
crops of the study area [Zhang et al., 2012; Li et al., 2013; Pei et al., 2014a, 2016; Wang et al., 2014, 2015].

6.2. Rock-Magnetic Response to Large Earthquakes
Previous rock-magnetic studies have indicated that pseudotachylytes have relatively high magnetic suscep-
tibility values, and it has been suggested that they may result from (1) ferromagnetic grains being crushed
to submicrometer size [Dearing, 1999] and/or (2) ferromagnetic minerals being newly formed by thermal
decomposition of paramagnetic components during a large earthquake [Fukuchi, 2003; Fukuchi et al., 2005;
Mishima et al., 2006; Hirono et al., 2006b; Ferr�e et al., 2005, 2012]. Therefore, a positive magnetic susceptibil-
ity anomaly can be regarded as evidence for large earthquakes. In this study, magnetic susceptibility anom-
alies are also evident in pseudotachylyte veins (Figure 7), the values being 2–10 times higher than in
cataclasites. In addition, the large number of magnetic susceptibility anomalies in the cataclasite zone sug-
gest repeated earthquake faulting (Figure 7a).

In general, it is difficult to identify magnetic minerals using optical or electron microscopy alone because of
their low concentration and small grain size in pseudotachylytes. However, the type, size, and concentration
of magnetic minerals can be determined more easily using rock-magnetic methods [Hunt et al., 1995;
Dunlop and O�zdemir, 1997; Deng et al., 2001; Liu et al., 2005]. The magnetic hysteresis loops indicate that the
magnetic behavior of the cataclasites and wall rocks are controlled by paramagnetic minerals (Figure 8).
Previous rock-magnetic studies in the Yingxiu-Beichuan fault zone also suggest that the magnetic behavior
of fault rocks and wall rocks is controlled by paramagnetic minerals [Pei et al., 2014a; Liu et al., 2016; Yang
et al., 2016]. In addition, the small goose-neck magnetic hysteresis loops below 0.1 T indicate very low con-
centrations of ferromagnetic minerals in the samples (Figure 8). The magnetic hysteresis loop of the dark
vein after slope correction is saturated around 0.2 T but is approximately open in higher magnetic fields
(Figure 8d). To identify the magnetic minerals, the measurements of the low-temperature magnetic proper-
ties and the thermal demagnetization of three-component IRM were carried out for the representative sam-
ples. Low-temperature magnetic measurements (FC and ZFC curves) reveal a Verwey transition around
120 K, implying the presence of magnetite (Figures 9b and 9d). No transitions for hematite (263 K) or pyr-
rhotite (32 K) are evident in the FC and ZFC curves of pseudotachylyte veins. This finding suggests that the
low unblocking spectrum of ‘‘soft’’ component at 300–4008C observed in some dark veins (Figures 10c and
10d) could be the consequence of fine magnetite. The thermal demagnetization of three-component IRM
for all samples indicates the presence of magnetite and the absence of goethite and hematite (Figure 10).
Therefore, the ferromagnetic mineralogy is dominated by magnetite grains with different sizes in pseudota-
chylyte veins. The heating curves of the pseudotachylyte decrease to near zero around 5808C (Figures Be
and Bf in the supporting information), also implying the presence of magnetite. Similarly, these findings
including magnetic hysteresis loops, low-temperature magnetic measurements, and the thermal demagne-
tization of three-component IRM demonstrate that the magnetic minerals in granodiorite and cataclasite
are paramagnetic minerals with relatively small amounts of magnetite.

It has been suggested that a reduction in the size of ferromagnetic grains from submicron to superpara-
magnetic results is responsible for the high magnetic susceptibility values of fault rocks [Dearing, 1999;
Hirono et al., 2006b]. The higher Mr/Ms ratios of the samples from the pseudotachylyte veins, cataclasites,
and granodiorite indicate a range of magnetic domain states from MD to PSD (Figure 8). Consequently, the
inferred grain sizes are too large to produce a significant increase in the magnetic susceptibility [Dunlop, 2002;
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Mishima et al., 2009], and therefore a reduction in the grain size of the ferromagnetic minerals is not a plausi-
ble explanation for the high magnetic susceptibility values of the pseudotachylyte.

The ZFC, FC curves, and results of thermal demagnetization of three-component IRM imply that the main
ferromagnetic mineral in pseudotachylyte veins and wall rocks is magnetite. In addition, the higher satura-
tion magnetization (Ms) in pseudotachylyte veins than in granodiorite and cataclasite indicates that more
magnetite is present in pseudotachylyte veins than in wall rocks (Figure 8). Hc and Mrs are also higher in
pseudotachylyte veins than in wall rocks, while the increases in remanence at 20 K (Figure 9) in pseudota-
chylyte veins also suggest a higher ferromagnetic mineral content. Magnetite can be formed by the break-
down of ferromagnesian silicates and liberation of Fe at elevated temperatures from frictional melts in
pseudotachylytes [Nakamura et al., 2002; Ferr�e et al., 2005, 2012]. Decomposition of siderite and chlorite to
magnetite was caused by frictional heating in the Chelungpu fault [Tanikawa et al., 2008]. SD to PSD magne-
tite was formed by oxidation of Fe from the breakdown of ferromagnesian silicate during melting in experi-
mental pseudotachylytes [Nakamura et al., 2002]. A previous rock-magnetic study indicated that
paramagnetic minerals (such as siderite and lepidocrocite) and pyrrhotite may have been transformed to
magnetite/maghemite in the Longmen Shan thrust belt [Yang et al., 2012a]. Fault-rock-magnetic measure-
ments of the Zhaojiagou outcrop indicate that some Fe-bearing minerals (lepidocrocite, smectite, siderite,
and chlorite) can be transformed to magnetite/maghemite [Yang et al., 2012b]. Pei et al. [2014a] and Liu
et al. [2016] reported that magnetite was newly formed by the breakdown of paramagnetic minerals at the
Bajiamiao outcrop in the Yingxiu-Beichuan fault. In our study, the pseudotachylyte veins, granodiorite, and
cataclasite are characterized by an abundance of paramagnetic minerals and small amounts of magnetite.
Magnetite is enriched in the pseudotachylyte veins, which have higher magnetic susceptibility values than
granodiorite and cataclasite. We conclude that in the WFSD-2 cores, the neoformation of magnetite from
the breakdown of Fe-bearing paramagnetic minerals by frictional heating is responsible for the higher mag-
netic susceptibility values in the pseudotachylyte veins.

Numerous rock-magnetic studies of fault rocks have focused on characterizing magnetic changes resulting
from thermal decomposition due to seismic frictional heating [Mishima et al., 2006; Hirono et al., 2006a;
Tanikawa et al., 2008; Pei et al., 2014a,b]. Yang et al. [2016] studied rock-fluid interactions in fault zones and
emphasized the role of fluid in the transformation of magnetic minerals within fault gouge. Generally, cata-
clasite is formed at depths of 10–15 km, while the fault gouge and fault breccia are formed at shallower
depths of <5 km [Sibson, 1977]. Fluid infiltration within fault breccia and gouge is stronger than in the cata-
clasite zone. The presence of calcite in the cataclasite zone (Table 2 and Figure 3e) implies the presence of
seismic hot fluids in the cataclasite zone within the WFSD-2 cores. However, experiments performed at a
low confining pressure indicated that the highest permeabilities occur in the damaged zone [Evans et al.,
1997]. Pseudotachylyte veins are stiffer and more cohesive than cataclasites. The abundance of calcite in
the cataclasites (Table 2) also indicates that cataclasites are the main channel for fluids. However, the cata-
clasites have not experienced seismic frictional heating, and therefore in the absence of frictional heating,
fluid infiltration played a minor role in the growth of magnetic minerals within fault zones. Therefore, seis-
mic frictional heating may be mainly responsible for the magnetic properties of pseudotachylyte veins.
Zhang et al. [2017] also suggested that the transformation of magnetic minerals in pseudotachylytes is
mainly caused by frictional heating during large earthquakes.

The presence of new-formed magnetic minerals is also an indicator of a certain degree of temperature ele-
vation [Chou et al., 2012b]. Pan et al. [2000] reported that siderite could be transformed to ferromagnetic
phases at temperatures of 400–5308C, into magnetite at temperatures of 540–5908C, and into hematite at a
temperature of 7008C. Liu and Deng [2009] reported that the neoformation of SD magnetite begins to occur
above 4008C, and most of the neoformed fine-grained (SP 1 SD) particles with a dominant grain size around
35 nm are produced above 5008C. Rock-magnetic studies indicate that siderite and pyrite were transformed
into magnetite and pyrrhotite at >4008C–5008C during the Taiwan Chi-Chi earthquake [Tanikawa et al.,
2008; Chou et al., 2012b]. Previous rock-magnetic studies of gouge in the Yingxiu-Beichuan fault zone indi-
cated that pyrrhotite formed at temperatures >5008C [Liu et al., 2016]. Parts of the magnetite grains in pseu-
dotachylytes from the WFSD-2 cores are inherited from the host rock, while most of the magnetite is newly
formed by frictional heating during large earthquakes. The application of previous findings to our own
study leads us to infer that the new-formed magnetite from the Fe-bearing paramagnetic minerals indicates
that the pseudotachylytes have experienced temperatures of >5008C. Overall, the rock-magnetic results
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indicate that the fault zone has experienced temperatures exceeding 5008C. These temperatures are the
result of frictional heating produced by large earthquakes.

In Longmen Shan thrust belt, ancient large earthquakes occurred repeatedly from around 3000–6000 years
ago at 10–14 km-depth [Li et al., 2008; Zhang et al., 2008; Zheng et al., 2016]. These seismic faulting events
experienced high temperatures (>5008C) which caused the physical and chemical alteration of the mag-
netic mineral assemblages within the host rocks. Magnetite may be formed by the thermal decomposition
of paramagnetic phases due to frictional heating during large earthquakes. The new-formed magnetite is
responsible for the high magnetic susceptibility anomalies in pseudotachylyte veins in the WFSD-2 cores.
Numerous high magnetic susceptibility anomalies and layers of pseudotachylyte veins within the WFSD-2
cores demonstrate that powerful seismic faulting events occurred repeatedly in the Longmen Shan thrust
belt.

7. Conclusions

The 19.69 m-thick cataclasite zone in the WFSD-2 borehole cores is a product of repeated earthquakes.
Detailed rock-magnetic, microstructural, mineralogical, and chemical analyses were conducted on the pseu-
dotachylyte veins and wall rock (granodiorite and cataclasite). The results reveal distinctive microstructural
structures, geochemical compositions, and magnetic properties in granodiorite, cataclasites, and pseudota-
chylyte veins. The main conclusions are summarized as follows.

1. XRD spectra indicate that glass is present in the veins. This finding, together with the presence of flow
structures, microlites, embayed quartz clasts, rounded quartz and feldspar grains, spherulites, vesicles,
and melt flow textures in quartz, indicates that the veins in the WFSD-2 cores are melt-origin
pseudotachylytes.

2. Twenty-one layers of pseudotachylytes observed in WFSD-2 cores demonstrate that at least 21 powerful
seismic faulting events occurred repeatedly in the Longmen Shan thrust belt. The fragments of early-
formed pseudotachylytes in the new layer suggest that subsequent seismic ruptures occurred on the
same fracture.

3. Pseudotachylyte veins have higher magnetic susceptibility values than cataclasite and granodiorite. Neo-
formed magnetite from the thermal decomposition of paramagnetic minerals contributes to the higher
magnetic susceptibility values in the pseudotachylyte veins.

4. Magnetic analyses indicate that frictional heating (>5008C) has occurred in the Longmen Shan thrust
belt during the slip of repeated large earthquakes. The seismic frictional heating may play the dominant
role in generating the magnetic properties of pseudotachylyte veins.
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