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Primary rock magnetism analysis was performed on samples from the Jiulong outcrop across the Anxian–
Guanxian fault of the 2008 Wenchuan Earthquake rupture zone. The protolith of hanging wall of this outcrop
is the upper Triassic sediments, which formed the fault breccia and gouge by repeated large earthquakes. The
footwall of this outcrop contains Jurassic grayish-green and dark-purple sandstones. The average magnetic
susceptibility value of the gouge is slightly less than that of potential protolith. Based on the primary rock mag-
netism, the main magnetic carriers are Fe-sulfides for the gouge, magnetite for the fault breccia, and magnetite
and hematite for the Jurassic grayish-green and dark-purple sandstones. Possibly during or after repeated large
earthquakes (just like the 2008Mw7.9Wenchuan Earthquake), it transformed themagneticmineral frommag-
netite to Fe-sulfides by low thermal decomposition processes along the Anxian–Guanxian earthquake fault,
which induces the slightly less average magnetic susceptibility values of the gouge than that of potential
protolith. If this magnetic mineral changed only because of repeated large earthquake process, the heating by
low velocity seismic slip friction and seismic fluid could possibly have been less than 300 °C. If this magnetic
mineral of the Anxian–Guanxian earthquake fault is only induced after repeated large earthquakes, the earth
surface process acts an important role for the magnetic mineral change. More other further studies should be
done to verify the primary magnetic mineral phase change and discriminate the time of this magnetic mineral
variation.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Earthquakes, as well as laboratory experiments, can physically and
chemically transform magnetic mineral assemblages in gouge from
protoliths, (e.g., neo-formed ferrimagnetic minerals (such asmagnetite,
hematite, and pyrrhotite) from paramagnetic minerals (e.g., pyrite,
lepidocrocite, and siderite)) (Chou et al., 2012a; Mishima et al., 2006;
Tanikawa et al., 2007; Yang et al., 2012a,b). Rock magnetism provides
an economic, relatively easy and non-destructive method for under-
standing a magnetic mineral assemblage, by measuring properties
such as magnetic susceptibility, magnetic hysteresis loops, high-
temperature thermomagnetism, low-temperature thermomagnetism,
first-order reversal curves, and Isothermal Remanent Magnetization
of Continental Tectonics and
logical Sciences, Baiwanzhuang
: +86 10 68994781.
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(IRM). Magnetic susceptibility anomalies often occur in natural
gouge and in friction experiments, as observed in the Taiwan
Chelungpu Drilling Project (TCDP) (Hirono et al., 2006; Mishima
et al., 2006; Tanikawa et al., 2007, 2008). High magnetic susceptibil-
ity can sometimes provide a direct proxy for locating and tracing
earthquake faults.

High magnetic susceptibilities have also been detected in outcrops
(Pei et al., 2010b; Yang et al., 2012a,b) and the WFSD-1 drill hole (Li
et al., 2013; Pei et al., 2010a) along the Yingxiu–Beichuan fault, one of
the two rupture zones of the 2008 Wenchuan Earthquake. Although
the Wenchuan Earthquake caused great human loss, its study provides
an opportunity to better understand earthquake dynamics, especially
with the opportunity to study two fault rupture zones resulting one
giant earthquake. Rock magnetism of the two rupture zones has not
previously been compared in the literature. This study analyzes the
rock magnetism in samples from the Jiulong trench across the
Anxian–Guanxian fault of the Wenchuan Earthquake rupture zone, de-
ciphers the magnetic mineral differences between the gouge and
protolith of this fault, and examines possible earthquake processes dur-
ing or after repeated large earthquakes.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tecto.2013.08.028&domain=pdf
http://dx.doi.org/10.1016/j.tecto.2013.08.028
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http://dx.doi.org/10.1016/j.tecto.2013.08.028
http://www.sciencedirect.com/science/journal/00401951
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2. Geologic settings and sampling

2.1. Geologic settings

The Longmen Shan, an ~500 km-long and 30–40 kmwidemountain
range trending NE–SW, lies on the eastern margin of the Tibetan
Plateau, N4000 m higher than the nearby Sichuan Basin (Clark and
Royden, 2000). This high topography had developed mainly during
the Mesozoic–Cenozoic, especially during the late Cenozoic (Clark
et al., 2005, 2010; Deng et al., 2013; Li et al., 2012; Ouimet et al., 2010;
Roger et al., 2011; Wang et al., 2012; Wilson and Fowler, 2011; Yan
et al., 2011). Threemain faults became active during this period, includ-
ing, from west to east, the Wenchuan–Maoxian fault, the Yingxiu–
Beichuan fault, and the Anxian–Guanxian fault. The Wenchuan–
Maoxian fault lies west of the Pengguan Massif, which is an important
geological unit in the Longmen Shan fold-thrust belt zone.

TheMw7.9Wenchuan Earthquake occurred onMay 12, 2008, at the
town of Yingxiu in the Longmen Shan fold-thrust belt zone (Fu et al.,
2011; Li et al., 2008; Liu-Zeng et al., 2009; Pan et al., 2014; Xu et al.,
2008, 2009; Xue et al., 2013). Two major rapture zones formed during
this event, one ~270 km long, along the Yingxiu–Beichuan fault, and
the other ~70 km long, along the Anxian–Guanxian fault (Fig. 1). Verti-
cal displacements occurred along the two major rupture zones, and
horizontal offsets took place along the southern portion of the
Yingxiu–Beichuan rupture zone (Fu et al., 2011; Li et al., 2008; Liu-
Zeng et al., 2009; Pan et al., 2014; Xu et al., 2009). These two fault
rapture zones are the Wenchuan Earthquake fault zones. After the
main shock, the Wenchuan Earthquake Fault Scientific Drilling (WFSD)
Project was organized by the Ministry of Science and Technology, the
Fig. 1. Geological map of the Longmen Shan, modified from Li et al. (2013). Q, Quaternary; R, T
P, Permian; C, Carboniferous; C–P, Carbonic–Permian; D, Devonian; S, Silurian; O, Ordovician;
Ministry of Land and Resources and the China Bureau of Seismology,
and identified five scientific drilling sites. At this time, the engineering
work for four drill holes has been completed (WFSD-1, WFSD-2,
WFSD-3p and WFSD-3), and the fifth well is scheduled to be drilled
(WFSD-4). Scientific investigations of the outcrops along the Yingxiu–
Beichuan fault have been reported by Pei et al. (2010b) and Yang et al.
(2012a,b, 2013). This paper presents the results of the Jiulong outcrop
of the Anxian–Guanxian fault (one Wenchuan Earthquake fault, Fig. 2).
Sections of fault gouge of a few tens of centimeters or even several
meter thickness exist in outcrops and can also be identified in the
WFSD drill holes. In general, one large earthquake creates several centi-
meter thickness gouge (Ma et al., 2006; Sibson, 2003). This means that
repeated large earthquakes must have taken place in the Longmen
Shan region to accumulate the amount of gouge observed. Based on
previous studies, the recurrence interval of large earthquakes along
these faults appears to be ~2000–13,000 years (Burchfiel et al., 2008;
Densmore et al., 2007).

2.2. Sampling

The Jiulong trench was located in the southwest of the Hanwang
Town, Mianzhu County, Sichuan Province (Fig. 1). We choose the loca-
tion with ~2.2 m vertical displacements in the Qingquan village to dig
a shallow trench (Fig. 2A). The red arrows in the Fig. 2A is the surface
rapture zone of the Anxian–Guanxian earthquake fault induced by the
2008 Mw 7.9 Wenchuan Earthquake. The surface rapture zone of the
Anxian–Guanxian fault crosses this shallow trench (Fig. 2B). The
protolith of hanging wall of this outcrop is the upper Triassic sediments
(Fig. 2B), which formed the fault breccia and gouge by repeated large
ertiary; K, Cretaceous; J, Jurassic; T3, Upper Triassic; T2, Middle Triassic; T1, Lower Triassic;
, Cambrian; Z, Sinian; Pt, Proterozoic.
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earthquakes (Fig. 2C, D). The footwall of this outcrop contains Jurassic
grayish-green and dark-purple sandstones (Fig. 2B–D). Two gouge
belts are located in the hanging wall of the Jiulong trench (Fig. 2D).
Our study collected 12 blocks from the northern side of the trench,
named TN1, TN3, TN4, TN5, TN6, TN7, TN8, TN9, TN10, TN12 and
TN13 (Fig. 2C, D). TN11 lies on the ground surface, close to the trench.
U-channels, with cross-sections of 2 × 2 cm2, were used to collect two
parallel samples from each block. One U-channel sample group was
used to study rock magnetism.
Fig. 3 shows the photos of the U-channel samples. TN1-2 and TN3-1
consist of gray-dark fault breccia, 11 and 13 cm-long, respectively (Fig.
3A, B). TN4-1 is 34 cm-long with two segments of black gouge (0–
19 cm) and grayish-green sandstone (19–34 cm) (Fig. 3C). TN5-1 is
23 cm-long with two segments: grayish-green (0–7 cm) and dark-pur-
ple (7–23 cm) sandstones (Fig. 3D). TN6-1 contains black gouge and
extends 23 cm-long (Fig. 3E). TN7-1, 34 cm-long, has three color seg-
ments: a mix of gouge and dark-purple sandstone (0–5 cm), grayish-
green sandstone (5–20 cm) and dark-purple sandstone (20–34 cm)
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Fig. 3. Photos of the U-channels for the Jiulong outcrop.
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(Fig. 3F). TN8-1-1 and TN8-2-1 consist of black gouges, with lengths of
10 and 14 cm, respectively (Fig. 3G, H). TN10-1 contains 35 cm of black
gouge (Fig. 3I). TN11-1, 23.5 cm-long, has three color segments: black
gouge (0–7.5 cm), grayish-green sandstone (7.5–14.5 cm) and dark-
purple sandstone (14.5–23.5 cm) (Fig. 3J). TN12-1 consists of 28.5 cm
of black gouge (Fig. 3K). TN13-1, 20.5 cm-long, has two segments of
black gouge (0–16 cm) and grayish-green (16–20.5 cm) sandstones
(Fig. 3L). Table 1 displays further details.
2.3. Measurements

Magnetic susceptibilities (MS) of the U-channels were measured
with a Bartington magnetic susceptibility meter at 1 cm intervals. Iso-
thermal Remanent Magnetization of the U-channels at 1 cm intervals
wasmeasuredwith a 2G Enterprises Superconducting RockMagnetom-
eter (2G-755), after magnetic field impulse from a pulse magnetizer.
Then we split the samples from the U-channels into sub-samples at
1 cm intervals. Representative sub-samples were selected to measure
other rock-magnetism, including high-temperature thermomagnetism
(K–T) and temperature dependence of Nature RemanentMagnetization
(NRM). The K–T curve was obtained by AGICO Kappabridge. The tem-
perature dependence of NRM was also acquired by the 2G-755 after
step-by-step heating using a MMTD80 thermal demagnetizer.
3. Rock magnetism results

3.1. Magnetic susceptibility

Fig. 4 and Table 1 show the results of the magnetic susceptibility of
the U-channels. Table 1 shows the results of minimum, maximum and
average MS of all kinds litho of each U-channel. The minimum, maxi-
mum and average MS of TN1-2 are 8.9, 13.6 and 12.34 × 10−5 SI
units, respectively (Fig. 4A). The minimum, maximum and average MS
of TN3-1 are 4.7, 14.7 and 9.92 × 10−5 SI units, respectively (Fig. 4B).
TN1-2 and TN3-1 belong to the fault breccia, with an average MS value
of ~11.03 × 10−5 SI units. For the U-channel gouge, the MS values
(min/max/average) are 6.5/12.8/8.68, 2.8/9.1/7.98, 8.6/12.3/10.74, 4.1/
9.5/7.9, 6/10/8.03, 8.9/10.1/9.61, 5.1/10.3/8.2 and 6.1/10.2/8.53 × 10−5

SI units for the TN4-1, TN6-1, TN7-1, TN8-1-1/TN8-2-1, TN10-1, TN11-
1, TN12-1 and TN13-1 samples, respectively (Fig. 4C, E–L). The average
MS value of the all measuring gouge is ~8.30 × 10−5 SI units. The
gouge of TN7-1, which contaINS dark-purple sandstone, has a slightly
higher average MS value (Fig. 4F). For the U-channel Jurassic grayish-
green sandstone, the MS values (min/max/average) are 2.7/15.9/12.07,
3.6/8.2/6.88, 7.2/12.7/10.13, 6.1/8.4/7.1 and 11/18.4/15.35 × 10−5 SI
units for the TN4-1, TN5-1, TN7-1, TN11-1 and TN13-1 samples, respec-
tively (Fig. 4C, D, F, J, L). The averageMSvalue of the allmeasured Jurassic
grayish-green sandstone is ~10.08 × 10−5 SI units. For the Jurassic



Table 1
Magnetic susceptibility results (10−5 SI) of the U-channels (B: Fault breccia; G: gouge; J–G: Jurassic grayish-green sandstone; J–P: Jurassic dark-purple sandstone; Len: length
(cm); Ave: average; *: mixed layer with gouge and dark-purple sandstone).

TN1-2 TN3-1 TN4-1 TN5-1 TN6-1 TN7-1 TN8-1-1 TN8-2-1 TN10-1 TN11-1 TN12-1 TN13-1 Ave.

B Len. 0–11 0–13
Min 8.9 4.7
Max 13.6 14.7
Ave. 12.34 9.92 11.03

G Len. 0–19 0–38 0–5⁎ 0–10 0–14 0–35 0–7.5 0–28.5 0–16
Min 6.5 2.8 8.6 4.1 6 8.9 5.1 6.1
Max 12.8 9.1 12.3 9.5 10 10.1 10.3 10.2
Ave. 8.68 7.98 10.74 7.90 8.03 9.61 8.20 8.53 8.30

J–G Len. 19–34 0–7 5–20 7.5–14.5 16–20.5
Min 2.7 3.6 7.2 6.1 11
Max 15.9 8.2 12.7 8.4 18.4
Ave. 12.07 6.88 10.13 7.1 15.35 10.08

J–P Len. 7–23 20–34 14.5–23.5
Min 8.1 3 3.4
Max 35.8 12.6 10.7
Ave. 22.66 9.36 8.02 14.23
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dark-purple sandstone, the MS values (min/max/average) are 8.1/35.8/
22.66, 3/12.6/9.36 and 3.4/10.7/8.02 × 10−5 SI units for the TN5-1,
TN7-1 and TN11-1 samples, respectively (Fig. 4D, F, J). The average
MS value of the all measuring Jurassic dark-purple sandstone is
~14.23 × 10−5 SI units.

3.2. Isothermal Remanent Magnetization

Fig. 5 shows the results of the Isothermal Remanent Magnetization
for the four lithologies of the U-channels. The IRM curves reach quasi-
saturation before 300 mT for TN1-2 and TN3-1, which consist of fault
breccia (Fig. 5A and B). IRM curves for the gouge do not reach to
quasi-saturation before 1 T (Fig. 5C–J). Furthermore, some of IRM
curves for the gouge have one peak (Fig. 5G, H), even several peak-to-
troughs (Fig. 5F, I, J). Three kinds of IRM curves occur for the grayish-
green sandstone of the footwall (Fig. 5K–O): one kind of IRM curve al-
most reaches quasi-saturation before 300 mT (Fig. 5K); another kind
of IRMcurve does not reach saturation before 1 T,with single increasing
trend (Fig. 5L–N); and the last type of these IRM curves has several
peaks and troughs (Fig. 5O). IRM curve for the dark-purple sandstone
on the footwall, does not reach saturation before 1 T, with either two
sections of increase (Fig. 5P and Q) or a single increasing line (Fig. 5R).

3.3. Temperature dependence of Nature Remanent Magnetization (NRM)

Fig. 6 shows the NRM intensity variations during the stepwise thermal
demagnetization for the representative small block samples,fixed by glass
fibers in a carved direction glass cup tomaintain the original position and
direction. This diagram shows the variations of natural remanent magne-
tization versus temperature. The maximum temperature reached was
600 °C, before the block samples broke due to the high temperature. For
the representative fault breccia, two clear decreasing trends occurred at
around 300 °C and 600 °C, and one decrease occurred around 100 °C
(TN3-1) (Fig. 6A). Only one clear decrease occurred around 300 °C, for
the representative gouge samples (Fig. 6B). The natural remanentmagne-
tization versus temperature curves decreased almost linearly, for the gray-
ish-green (Fig. 6C) and dark-purple sandstones (Fig. 6D), up to 600 °C.

3.4. High-temperature thermo-magnetism

Fig. 7 shows the results of the high-temperature thermo-magnetism
curves (K–T) in an argon tumbler for the representative powder sam-
ples of the fault breccia (Fig. 7A–C), gouge (Fig. 7D–F), grayish-green
sandstone (Fig. 7G–I) and dark-purple sandstone (Fig. 7J–L). The red
and blue lines show the heating and cooling curves, respectively. All
the values of the cooling lines occur much higher than those of the
heating lines at low temperatures, while the two values are more
similar at high temperatures. The curves of the fault breccia resemble
those of the gouge, with the same peaks at around 400 or 500 °C for
both the cooling and heating curves, induced by the Hopkinson Effect.
The fault breccia peak values of the cooling curves are about twice
those of the heating curves, while the gouge peak values of the cooling
curves rise several times higher than those of the heating curves (four
times for Fig. 7D, eight times for Fig. 7E, and six times for Fig. 7F). The
K–T curves are relatively simple for the Jurassic strata, showing the
same abrupt decrease of heating and cooling curves of a sample that oc-
curred around ~600 °C for the Jurassic grayish-green (Fig. 7G–I) and
~700 °C for the Jurassic dark-purple sandstone (Fig. 7J–L). Furthermore,
some sulfur separated from the gouge with yellow color and sulfur
smells were detected during the K–T experiments.

4. Discussion

4.1. Rock magnetic mineral assemblage at the Jiulong outcrop

The IRM acquisition curves are often used to discriminate between
softmagneticminerals (such asmagnetite) and hardmagneticminerals
(such as goethite and/or hematite), with quasi-saturations less than
300 mT or more than 2.5 T, respectively. In the Jiulong trench, we
found three kinds of IRM curves: one with low quasi-saturation, one
with high quasi-saturation and one with one or multiple peak-to-
trough cycles. The former two kinds exhibit increasing IRM values
with increasing magnetic fields, while the latter kind shows decreasing
IRM values under strong magnetic fields. For magnetic minerals with
the low quasi-saturation, less than 300 mT, we found magnetite (a
soft magnetic mineral) in the fault breccia of the hanging wall (Fig. 5A,
B), as well as in some gouge (Fig. 5K). For the high quasi-saturation, as
much as N1 T, hard magnetic minerals commonly existed in the gouge
(Fig. 5C), Jurassic grayish-green sandstones (Fig. 5L–N) and Jurassic
dark-purple sandstone (Fig. 5P–R). The IRM curves with multiple
peaks and troughs were only related to the a few special layers, in the
gouge layer (Fig. 5F–J), or close to the surface rapture zone (Fig. 5O).
Stacey and Banerjee (1974) pointed out that some N-type ferromag-
neticminerals with self-reversal character have decreasing IRM intensi-
ty under relatively strong magnetic fields. Natural examples of N-type
ferromagnetism have been reported in ocean floor basalts (Carvallo
et al., 2010; Doubrovine and Tarduno, 2004, 2006; Krasa and Matzka,
2007). The most well-documented N-type ferromagnetism minerals
with self-reversal are titanium-rich titanohematites (Fe2 − xTixO3)
with x (the composition parameter) values between 0.5 and 0.8 (Haag
et al., 1990; Lawson et al., 1987; Nagata, 1953). Sometimes this kind of
N-type ferromagnetism, (associated with low Curie temperature, for
example 0.7 b x b 0.8), can coexist with some other magnetic
minerals (such as magnetite, hematite and goethite), which will induce
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a self-reversal phenomenon (Dillon and Franke, 2009). During strong
magnetic fields, partial self-reversed thermoremanent magnetizations
can be induced by field dipole energy (Roperch et al., 2012), and it
may induce a self-reversal to decrease the total IRM values, resulting
in the kind of IRM curves seen in the Jiulong trench.

The NRM intensity stepwise variations and K–T results are often used
to detect the Curie–Neel temperatures, such as 80–120 °C for goethite,
320 °C for pyrite, 320 °C for pyrrhotite, 330 °C for greigite, 580 °C for
magnetite, and 675 °C for hematite. The above magnetic minerals, with
Curie temperatures of ~320 °C, are Fe-sulfides, which contain minerals
such as pyrite, pyrrhotite, and greigite. In this study, the hematite could
not be clearly detected by theNRM intensity stepwise variations because
for our 600 °C maximum heating temperature. The magnetic minerals,
such as goethite (TN3-1(7–8 cm)), Fe-sulfides and (magnetite were de-
tected in the fault breccia of the hanging wall (Fig. 6A). Only the Fe-sul-
fides were detected in the gouge (Fig. 6B). Possibly only the magnetite
and/or hematite were detected in the footwall (Fig. 6C, D). The similar
K–T shapes derived from the gouge and fault breccia indicate that they
contain the samemagneticminerals (Fig. 7A–F). The heating peak occurs
between 400 °C and 600 °C, based on the possible newly-formed
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magnetite from Fe-sulfides or Fe-bearing clay minerals, as reported by
Roberts (1995). More times of the peak values between cooling and
heating curves of gouge compared to those of fault breccia, which implies
that more Fe-sulfides or Fe-bearing clay minerals may have altered to
magnetite during heating progress. In addition, the NRM intensity step-
wise variations show that Fe-sulfide exists in the gouge and fault breccia.
More Fe-sulfides might be present in the gouge than in the fault breccia
because of the sulfur separating out preferentially from the gouge during
theK–T experiments. The simple K–T results show that themagnetite and
hematite are also the main magnetic minerals for the Jurassic grayish-
green (Fig. 7G–I) and dark-purple sandstones of the footwall (Fig. 7J–L).

For the fault breccia, NRM intensity stepwise variations show that
magneticminerals include goethite, Fe-sulfides, and possiblymagnetite.
K–T results show that less Fe-sulfide exists. IRM results show that mag-
netite is the main magnetic minerals, further indicating that the main
magnetic minerals of the fault breccia are magnetite, with somewhat
goethite and Fe-sulfides.

Based on the results of theNRM intensity stepwise variations andK–T,
Fe-sulfides constitute the main magnetic minerals for the gouge. N-type
ferromagnetismminerals are possibly involved in the IRM, and they indi-
cated that the main magnetic minerals of the gouge are Fe-sulfides with
somewhat possible N-type ferromagnetism minerals.

NRM intensity stepwise variations for the Jurassic grayish-green sand-
stones in the footwall show themagneticminerals to bemagnetite and/or
hematite; IRM results show that the magnetite, hematite and possible N-
type ferromagneticmineral co-exist; K–T results show that themagnetite
is the main magnetic mineral. Hence, the main magnetic mineral of the
Jurassic grayish-green sandstones is magnetite, with these sandstones
also hold hematite and possible N-type ferromagnetic minerals.
Fig. 5. Isothermal Remanent Magnetization (IRM) of the U-channels at the Jiulong outcrop
dark-purple sandstone.)
IRM results for the Jurassic dark-purple sandstone of the footwall
show the characteristics of hard magnetic minerals. NRM intensity step-
wise variations show that the magnetic minerals are magnetite and/or
hematite. K–T curves confirm that the hematite is the main magnetic
mineral.

This study provides only preliminary results regarding the magnetic
mineral assemblages at the Jiulong outcrop. Additional rock-magnetism
and othermethod experimentswill be needed to providemore compre-
hensive identifications. The discussions in this report rely on the above
preliminary assessment of primary rock-magnetism for the gouge and
potential protoliths.

4.2. Rock magnetism change at the Jiulong trench

A rock'smagneticminerals will change in certain environments, such
as oxidation or reduction, high temperatures, and high pressures. Goe-
thite can be rapidly dehydrated to become hematite if heated above
300 °C (Lowrie and Heller, 1982). High temperatures will transform sid-
erite into ferrimagnetic minerals at temperatures of 400–530 °C, into
magnetite at temperatures of 540–590 °C, and into hematite at high
temperatures of 700 °C (Pan et al., 2000). Pyrrhotite will transform into
magnetite at low temperatures (b300 °C) (Aubourg and Pozzi, 2010;
Cairanne et al., 2004; Moreau et al., 2005). Magnetite will transform
into hematite at temperatures above 300 °C (Lowrie and Heller, 1982).
Pyrite gradually transforms into pyrrhotite, magnetite or hematite at dif-
ferent high temperatures (Li and Zhang, 2005; Lowrie and Heller, 1982).
The above-mentioned rock magnetic mineral transformations occur in
the laboratory or in nature, and will induce magnetic susceptibility
(MS) anomalies. Large earthquakes can cause similar alterations. Results
. (A–B, Fault breccia; C–J, gouge; K–O, Jurassic grayish-green sandstone; P–R, Jurassic



Fig. 7.High-temperature thermomagnetism (K–T) results of represent samples from the U-channels. (Red lines are the heating process; blue lines are the cooling process; A–C, fault breccia;
D–F, gouge; G–I, Jurassic grayish-green sandstone; J–L, Jurassic dark-purple sandstone.)
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from Taiwan Chelungpu Drilling Project (TCDP) research show that the
MS increased because of newly-formed friction-induced ferrimagnetic
minerals (such as magnetite, pyrrhotite) during the 1999 Chi-Chi Earth-
quake (Chou et al., 2012a; Hirono et al., 2006;Mishima et al., 2006, 2009;
Tanikawa et al., 2007, 2008). The 2008Wenchuan Earthquake produced
measurable magnetic susceptibility anomalies, as previous reported
along the Yingxiu–Beichuan fault. Along this fault, highmagnetic suscep-
tibility has also been detected in the outcrops (Pei et al., 2010b; Yang
et al., 2012a,b) and in the WFSD-1 drill hole (Li et al., 2013; Pei et al.,
2010a). In that case, ferrimagnetic magnetite and/or maghemite (with
high MS) transformed from Fe-bearing minerals by thermal decomposi-
tion (Yang et al., 2012a,b, 2013). At the Jiulong outcrop along the
Anxian–Guanxian fault, the average MS value of the gouge is slightly
lower than that of the potential protolith, fault breccia and Jurassic sed-
iments, which means that the MS values of the fault-related rock can
decrease during or after repeated large earthquakes. Based on the pri-
mary rock magnetism, Fe-sulfides provide the main magnetic carriers
for the gouge,whereasmagnetite did for the potential protolith. At shal-
low depth along the Anxian–Guanxian fault during or after repeated
large earthquakes (just like the 2008 Wenchuan Earthquake), the pos-
sible thermochemical reaction had resulted in more newly-formed Fe-
sulfides frommagnetite. In nature, the Fe-sulfides alter frommagnetite
during the certain conditions (Gillett, 2003; Schill et al., 2002). In reduc-
ing environments, magnetite and pyrite transformed to pyrrhotite (a
kind of Fe-sulfide) at low temperatures (less than ~200 °C) (Gillett,
2003). Under reducing and organic-rich conditions, magnetite will
alter to pyrrhotite at relatively low temperature of b300 °C (Schill
et al., 2002). Therefore, at the Jiulong outcrop, the possible magnetic
mineral alteration may be that of magnetite transforming to Fe-sulfide
at low temperatures and in a reducing environments. Magnetite (a
kind of ferrimagnetic mineral) has high magnetic susceptibility than
Fe-sulfide. In the Jiulong trench, some magnetite had transformed to
Fe-sulfide during or after repeated large earthquakes, which induced
the slightly less average magnetic susceptibility of the gouge than that
of potential protolith. In general, the MS anomalies include increasing
and decreasing MS values during or after repeated large earthquakes.
The recent common seismic rock magnetism (such as in TCDP
and Yingxiu–Beichuan fault of WFSD) results from increasing MS,
while on the Anxian–Guanxian fault of WFSD may have resulted from
decreasing MS.

4.3. Temperature estimations for the Anxian–Guanxian fault during repeated
large earthquakes

Temperature estimation provides a key indicator for understanding
large earthquake processes, including changes in magnetic minerals
(Chou et al., 2012a; Hirono et al., 2009; Mishima et al., 2006, 2009),
origin of major & trace elements (Hirono et al., 2009; Ishikawa et al.,
2008), vitrinite reflectance (O'Hara, 2004), carbonate contents
(Hamada et al., 2009; Hirono et al., 2009), and formation of clay min-
erals (Kuo et al., 2009, 2011). The study of rock magnetism provides an
economic, easy-access and non-destructive method. During the Chi-Chi
Earthquake, pyrrhotite formed from pyrite at high temperatures
(N500 °C) during co-seismic slip (Chou et al., 2012a; Tanikawa et al.,
2008). Chou et al. (2012a,b) infer that goethite was formed from hot
aqueous co-seismic fluids (N350 °C) during post-seismic cooling
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processes. Similarly, magnetite has been shown to be newly-formed by
paramagnetic minerals at high temperatures (N400 °C) (Mishima et al.,
2009; Tanikawa et al., 2008). Rock magnetism studies indicate that high
temperature friction heating occurred during the Chi-Chi Earthquake,
and that has been confirmed by other researchmethods, for example ex-
amination of major & trace elements at 750–850 °C (Ikehara et al., 2007)
and the clay minerals with 900–1100 °C (Kuo et al., 2009, 2011).

The 2008 Wenchuan Earthquake created two fault rupture zones,
the Yingxiu–Beichuan fault and the Anxian–Guanxian fault (Fu et al.,
2011; Liu-Zeng et al., 2009;Xu et al., 2009). Highmagnetic susceptibility
of the gouge was detected in the Hongkou outcrop along the Yingxiu–
Beichuan fault by field measurements. This attribute was possibly
caused by crushing of preexisting ferrimagnetic minerals into fine
grains, or the formation of new magnetic minerals (Pei et al., 2010b).
High magnetic susceptibility of the gouge was detected in the WFSD-1
drill hole along the Yingxiu–Beichuan fault, which is interpreted simi-
larly (Pei et al., 2010a). Rock magnetism studies of the Zhaojiagou and
Dagou outcrops (along the Yingxiu–Beichuan fault) show that newly-
formed ferrimagnetic minerals (such as magnetite and/or maghemite)
increased the magnetic susceptibility (Yang et al., 2012a,b). Based on
variously derived frictional coefficients (μ = 0.05–0.15), the possible
temperature from frictional heating would have been between
~300 °C and ~900 °C at depths of 590–618 m in WFSD-1 (Yang et al.,
2012b). These temperatures would have occurred close to the Principal
Slip Zone (PSZ) at the drill hole during the 2008Wenchuan Earthquake
(Li et al., 2013). But friction stress measured by temperature logging
profiles in WFSD-1 shows that the coefficient of friction should have
been lower than 0.02 (Brodsky et al., 2012); therefore, the friction tem-
perature close to the PSZmaynot have been very high. Subsequent tem-
perature logging of WFSD-1 showed an ~0.15 °C temperature anomaly
close to the PSZ (Li et al., 2013).

In this study, a primary rock magnetism study shows the different
magnetic mineral assemblages at the Jiulong outcrop of the Anxian–
Guanxian earthquake fault. As we all know that earthquakes can
physically and chemically transform magnetic mineral assemblages in
gouge from protoliths (Chou et al., 2012a; Mishima et al., 2006;
Tanikawa et al., 2007; Yang et al., 2012a,b). What's more, some rock
magnetic minerals had changed after earthquake by the post-seismic
fluid, water and other condition (Chou et al., 2012b). Additionally on
the earth surface, rocks and minerals can be chemically modified
towards a more stable phase for the presence of water, such as clay
minerals (Kuo et al., 2012). The magnetic minerals would be
constrained by source, dissolution, authigenic growth, weathering,
pedogenic processes, temperature, oxidation–reduction, magnetic
mineral phase variation, tectonic process, etc. (Gillett, 2003; Leslie
et al., 1990; Maher and Thompson, 1991; Schill et al., 2002; Sun
et al., 2005; Zhou et al., 1990). This present magnetic mineral varia-
tion in the Jiulong shallow trench, crossing the Anxian–Guanxian
earthquake fault, would possibly take place during or after repeated
large earthquakes.

In the Jiulong trench, Fe-sulfide is the main magnetic mineral in the
gouge; and magnetite is the main magnetic mineral in the Jurassic
grayish-green sandstones and fault breccia, which close to the gouge,
fault zone and earthquake surface rapture zone. Close to the large earth-
quake fault rapture zone, themagnetite could possibly have transformed
into Fe-sulfide at low temperatures and in reducing environments, as de-
scribed in the above text. And this magnetic mineral change was related
to the Anxian–Guanxian earthquake fault. During the repeated large
earthquakes, the slip friction heat would transform the protoliths to
the gouge (Ma et al., 2006; Sibson, 2003). The earthquake slip friction
process and seismic fluid will raise the temperature in and close the
PSZ, which would induce this magnetic mineral phase change. On
other hand, this Jiulong shallow trench is close to earth surface, so
magnetic mineral change possible occurred after repeated large
earthquakes, such as the weathering, dissolution, pedogenic processes,
temperature, and oxidation–reduction.
If this magnetic mineral change was induced during the repeated
large earthquakes, the heating by co-seismic friction or fluid could act
an important role for themagnetic mineral variation. Magnetic mineral
variation had recorded the temperature information during repeated
large earthquakes, which correspond to certain magnetic mineral
phase change. The temperatures of magnetic mineral phase variation
were gained by laboratory results, such as thermomagnetism
(Aubourg and Pozzi, 2010; Cairanne et al., 2004; Li and Zhang, 2005;
Lowrie and Heller, 1982; Moreau et al., 2005; Pan et al., 2000). The pos-
siblemagneticmineral phase change is that themagnetite transforms to
Fe-sulfide in the Jiulong trench of the Anxian–Guanxian earthquake
fault. Basing on the previous work in the natural condition, the temper-
ature has been less than 300 °C for the new-formed Fe-sulfides from
magnetite (Gillett, 2003; Schill et al., 2002). It means that the low tem-
perature (less than 300 °C) possibly took place during the repeated
large earthquakes in the Jiulong trench of the Anxian–Guanxian earth-
quake fault. Additionally, the temperature logging of the quick response
earthquake scientific drilling would give more information for the tem-
perature during large earthquake (Li et al., 2013). Fig. 8 shows the tem-
perature logging of the WFSD-3. The almost linear depth-temperature
logging curve, equaling the geothermal gradient (~1.966 °C/100 m),
shows that possibly no clear temperature anomalies exist in this earth-
quake scientific drilling hole along the Anxian–Guanxian earthquake
fault. This temperature logging possibly gives more evidence for the
low temperature during repeated large earthquakes. And this low tem-
perature during repeated large earthquakes possibly formed Fe-sulfides
from magnetite. A primary rock magnetism study and temperature
logging imply that the low temperature environment and low thermal
decomposition possiblymay have occurred during repeated large earth-
quakes along the Anxian–Guanxian earthquake fault. This possible low
temperature was induced by the low velocity slip process during re-
peated large earthquakes along the Anxian–Guanxian earthquake fault.

If this magnetic mineral change was induced after repeated large
earthquakes, the earth surface processwould change themagneticmin-
eral assemblage, such as weathering, dissolution, diagenesis, bacteria,
temperature, and oxidation–reduction. For example, chemical
weathering would constrain the long-term variation of saturation Iso-
thermal Remanent Magnetization (SIRM) in the Chinese Loess Plateau
(CLP) (Deng et al., 2006); dissolution would constrain the “high or
low”magneticmineral assemblage of theCLP in alternating oxic and an-
oxic depositional environments (Ao et al., 2010); diagenesis may have
induced solution and pyritization of iron oxides (Roberts and Turner,
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1993); magnetotactic bacteria (MTB) would change the rock magnetic
assemblage in some degree (Pan et al., 2005); and during the different
temperature, the nature magnetic phase variation would take place
during the certain conditions (Gillett, 2003; Schill et al., 2002). What's
more, diagenetic dissolution of iron oxides (such as magnetite,
titanomagnetite, goethite) would form the Fe-sulfides (such as pyrrho-
tite, greigite, pyrite) during reducing environment with organic matter
influx (Canfield and Berner, 1987; Emiroglu et al., 2004; Hilgenfeldt,
2000; Pyzik and Sommer, 1981; Roberts and Turner, 1993; Rowan
et al., 2006; Rubio et al., 2001). The Jiulong shallow trench has the con-
ditions for the new-formed Fe-sulfides from iron oxides. Firstly, the
hanging wall of the Anxian–Guanxian earthquake fault consists of
upper Triassic Xujiahe Formation (Figs. 1 and 2B), which comprised of
yellow to gray conglomerates, pebbled sandstones, sandstones, silt-
stones and mudstones with coal bench (Zhu et al., 2008). The coal of
Xujiahe Formation contains organic matter, possibly containing in
gouge and fault breccia of the hanging wall of this Jiulong trench with
black or gray-dark color (Fig. 3). Secondly, this shallow trench, located
in the earth's surface, has enough water for chemical weathering and
dissolution. Thirdly, the differentmagnetic mineral assemblages actual-
ly existed between the gouge and potential protoliths. The magnetite
possiblywas formed frompotential protoliths (fault breccia and Jurassic
grayish-green sandstone) or induced by repeated large earthquake (just
like the large earthquake slip process that induced newly-formed ferri-
magnetic minerals in the Yingxiu–Beichuan fault rapture zone (Yang
et al., 2012a,b)). The possible magnetic mineral variation of this Jiulong
trench is that the magnetite (original earthquake induced gouge or po-
tential protoliths) transforms to Fe-sulfides (present gouge) after re-
peated large earthquakes during reducing environment with organic
matter influx.

In generally, the magnetic mineral change of the Jiulong shallow
trench is the primary result, so this magnetic mineral phase needs fur-
ther studies to identify this result. And more other further studies
should be done to discriminate the time of this magnetic mineral varia-
tion, during or after repeated large earthquake.
5. Conclusions

The 2008Wenchuan Earthquake produced two rupture zones, one at
the Yingxiu–Beichuan fault zone and one at the Anxian–Guanxian fault
zone. Along the latter, a shallow trench was dug (in the Jiulong village,
Mianzu County, Sichuan Province). The protolith of hanging wall of this
outcrop is the upper Triassic sediments, which formed the fault breccia
and gouge by repeated large earthquakes. The footwall of this outcrop
contains Jurassic grayish-green and dark-purple sandstones. Our
primary rock magnetism study was carried out at this Jiulong outcrop.
The average value of the magnetic susceptibility of the gouge is slightly
less than that of the potential protolith. Based on the primary rock
magnetism, Fe-sulfides provide the major magnetic carrier (with
possible N-type ferromagnetic mineral) for the gouge; magnetite (with
less goethite and Fe-sulfide) does so for the fault breccia; magnetite
(with less hematite) does so for the Jurassic grayish-green sandstones;
and hematite does so for the Jurassic dark-purple sandstones. The
decreasing MS in the gouge may result from more newly-formed Fe-
sulfides frommagnetite during low-temperature thermal decomposition
during or after the repeated large earthquakes, such as the 2008
Wenchuan event. If this magnetic mineral change of the Anxian–
Guanxian earthquake fault is only induced during repeated large earth-
quake process, the heating by low velocity seismic slip friction and
seismic fluid could possibly have been less than 300 °C. If this magnetic
mineral of the Anxian–Guanxian earthquake fault is only induced after
repeated large earthquake, the earth surface process could act an impor-
tant role for the magnetic mineral change. More other further studies
should be done to discriminate the time of this magnetic mineral varia-
tion. The results regarding the rock magnetic mineral assemblages at
the Jiulong outcrop are preliminary, and further rock-magnetism and
other method studies needed to verify our conclusions.
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