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[1] During an earthquake, physical and chemical transformations lead to alteration and formation of miner-
als in the gouge layer. Altered and neoformed minerals can be used as tracers of some earthquake pro-
cesses. In this study, we investigate pyrite and magnetic minerals within the host Chinshui siltstone and
the 16-cm-thick gouge. This gouge hosts the principal slip zone of Chi-Chi earthquake (M,, 7.6, 1999).
In the Chinshui siltstone, pyrite framboids of various sizes and euhedral pyrite are observed. The magnetic
mineral assemblage comprises stoichiometric magnetite, greigite, and fine-grained pyrrhotite. The pyrite
content is generally reduced in the gouge compared to the wall rock. The magnetic mineral assemblage
in the gouge consists of goethite, pyrrhotite, and partially oxidized magnetite. The pyrrhotite, goethite
and some magnetite are neoformed. Pyrrhotite likely formed from high temperature decomposition of
pyrite (>500°C) generated during co-seismic slip of repeated earthquakes. Goethite is inferred to have
formed from hot aqueous co-seismic fluid (>350°C) in association with the 1999 Chi-Chi event. Elevated
fluid temperatures can also explain the partial alteration of magnetite and the retrograde alteration of some
pyrrhotite to pyrite. We suggest that characterization of neoformed magnetic minerals can provide impor-
tant information for studying earthquake slip zones in sediment-derived fault gouge.
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for several reasons: 1) it is common within fine-
grained sediments with a concentration of about 1%

1. Introduction

[2] High-friction fault slip zones formed during
earthquakes or laboratory experiments have distin-
guishable textures and mineral characteristics
[Nakamura et al., 2002; Fukuchi et al., 2005;
Tanikawa et al., 2007; Boullier et al., 2009]. In
principle, characterization of slip zones may be
relevant for assessing physical processes such as
frictional heating, thermal pressurization, fracture
energy, redox conditions, etc. In siliciclastic sedi-
mentary environments, faults can develop within
siltstones. These detrital rocks typically contain
accessory minerals like siderite, iron oxides, and
iron sulfides. Among these accessory minerals,
pyrite (FeS,) is worthy of study across slip zones

[Berner, 1984]; 2) it is easy to identify using optical
microscopy or electron microscopy; 3) it generally
has a euhedral morphology with well-calibrated
size distributions [Craig et al., 1998]; 4) pyrite
crystals often cluster in so-called framboids that are
as large as tens of microns across [Craig et al.,
1998]; 5) it alters rapidly with temperature and in
the presence of certain fluids; and releases SOﬁ_
and Fe*" [Jovanovié, 1989; Music et al., 1992;
Lambert et al., 1998; Pelovski and Petkova, 1999;
Mayoral et al., 2002]; 6) pyrite alteration lowers
pH, which can result in dissolution of carbonate
minerals that can then reprecipitate in the gouge
[Liu and Liu, 2004].
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[3] In fault zones, magnetic minerals are of interest
because magnetic susceptibility anomalies have
been reported in gouge and pseudotachylites
[Nakamura et al., 2002; Mishima et al., 2009,
Tanikawa et al.,2007; Ferré et al.,2012]. Similarly,
Nakamura et al. [2002] and Ferré et al. [2005]
suggested that magnetic minerals form during fric-
tional melting associated with fault displacement
during earthquakes. Generally, magnetic minerals
are difficult to observe using optical or electron
microscopy because of their low concentration
(<0.1%) and small grain size (<1 pm). However, it
is relatively easy to determine the nature, size and
concentration of magnetic minerals using rock
magnetic methods [e.g., Hunt et al., 1995]. Com-
parison between the magnetic mineral assemblage
of wall rocks and fault gouge can help to determine
the nature of neoformed magnetic minerals.

[4] During the Chi-Chi earthquake (M,, 7.6, 1999),
a large ~80 km rupture occurred along the Che-
lungpu thrust [Ma et al., 1999]. The Chelungpu
thrust propagates through the siliciclastic early Pli-
ocene Chinshui Formation where pyrite framboids
are initially present in the undeformed sediment
[Boullier et al., 2009]. However, Hirono et al.
[2008] reported a lack of pyrite in the gouge zone.
Similarly, Hirono et al. [2007b] and Ishikawa et al.
[2008] observed an abundance of SO~ in the
gouge zone and related it to pyrite dissolution. The
gouge zone is also marked by a magnetic suscep-
tibility peak due to the contribution of neoformed
ferrimagnetic minerals [Mishima et al., 2009].
There is, therefore, an apparent correlation between
the lack of pyrite and neoformed magnetic minerals
that we would like to elucidate. Using unaltered
samples from the Taiwan Chelungpu-fault Drilling
Project (TCDP) Hole B borehole [Hirono et al.,
2007a; Song et al., 2007a; Yeh et al., 2007], we
determined how pyrite alter with the gouge and
established the magnetic mineralogy of the Chin-
shui Formation and the gouge that hosts the 1999
Chi-Chi principal slip zone. The peak temperature
reached in the gouge during the Chi-Chi earthquake
is still debated; however, we show that identifica-
tion of neoformed magnetic minerals provides
additional evidence to estimate peak temperature
and the presence of co-seismic fluids.

2. Geologic Setting

[5] In Taiwan, one of the largest inland earthquakes
(M, = 7.6) took place on 21 September 1999, near
the town of Chi-Chi (hypocenter 120.81°E, 23.86°N,
depth ~10 km [Ma et al., 1999; Kao and Chen,

2000], which caused large-scale casualties (2,321
deaths, 10,000 injured) and destruction (more than
100,000 buildings were damaged or destroyed).
During the 1999 Chi-Chi earthquake, the surface
rupture closely followed the ~80 km Chelungpu
fault, which is one of the most active faults in
western Taiwan [Chen et al., 2002]. The Che-
lungpu fault system is an out-of-sequence thrust
(Figure 1a), which is part of the ramp of a ~20 km
fault-bend-fold that is now largely eroded [Yue
et al., 2005; Yeh et al., 2007]. The TCDP was
designed to drill two cores in DaKeng, central
Taiwan (Figures la and 1b) [Yeh et al., 2007]. Hole
A (depth 2,003 m) and Hole B (depth 1,352.6 m)
are separated by 40 m. At the location of the two
boreholes, the estimated slip during the 1999 Chi-
Chi earthquake is ~8 m [Ma et al., 2003]. Three
major fault zones were identified within the Chin-
shui Formation [Hirono et al., 2007a]. From inde-
pendent data sets, different authors proposed that
the fault zone at 1,111 m depth and 1,136 m depth
for Hole A and B, respectively, contains the prin-
cipal slip zone (PSZ) of the Chi-Chi earthquake
[Kano et al., 2006; Ma et al., 2006; Song et al.,
2007a; Wu et al., 2007, Chou et al., 2012].
Boullier et al. [2009] determined the location of the
Chi-Chi PSZ by identifying a ~2 cm (Hole A) to
3 mm (Hole B) thick gouge layer. The PSZ differs
from other ancient slip zones in that it has not been
affected by any later compaction or deformation
(veins, fractures, or shear zones). The PSZ at
1,136 m does not show evidence of melting
[Boullier et al., 2009].

[e] The lower Pliocene Chinshui Formation (also
called the Chinshui Shale) consists of alternating
siltstones and ~10-cm-thick sandstones. Minerals
in the siltstones are quartz, clays, and accessory
minerals (feldspar, calcite) [Isaacs et al., 2007].
Clay minerals consist of an assemblage of illite,
chlorite, and kaolinite with accessory smectite [Kuo
et al., 2009]. Organic matter is present at a con-
centration of ~1% in the sediments, but its quantity
is less than 0.7% in the fault zone [lkehara et al.,
2007]. Iron sulfides are common in the unde-
formed and deformed sediments [Boullier et al.,
2009]. The Chinshui siltstones are unmetamor-
phosed with a recorded peak temperature due to
modest burial of ~120°C based on vitrinite reflec-
tance [Sakaguchi et al., 2007].

3. Sampling and Methods

[7]1 For this study, we sampled the Chinshui For-
mation in TCDP Hole B across the ~20-cm-thick
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Figure 1.

Geological setting of the TCDP borehole (modified from Yeh et al. [2007]). (a) Schematic geological map

of western Taiwan with the location of the TCDP site (red star, 120.73916°E, 24.20083°N) on the northern part of the
Chelungpu fault. The focal mechanism of the Chi-Chi main shock is located at the hypocenter of the 1999 Chi-Chi
earthquake (128.81°E, 23.86°N). (b) Geological cross-section through the TCDP site. The Chelungpu fault is located

within the Chinshui Formation.

fault zone (from 1,136.22 m to 1,136.43 m)
together with wall rocks at different depths
(Figures 2a and 2b; samples are listed in Table 1).
In addition, we analyzed ten (2.5 cm X 2 cm)
polished thin sections that were cut perpendicular to
bedding within the fault plane (samples 1 to 10,

Figure 2c¢) that were thoroughly described by
Boullier et al. [2009]. These sections contain the
boundaries between the gouge, the hanging wall,
and the footwall deformed sediments. The
deformed sediments were initially labeled ‘gray
gouge’ principally because of their color [Hirono
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Figure 2.

Images of the cores and samples from TCDP Hole B. (a) Half-core image for the depth interval from

1,133.33 to 1,138.63 m. The blue arrows and frame indicate the sample locations. (b) Half-core image of the
FZB1136 fault zone at a depth of 1,136.22~1,136.43 m; the white frame corresponds to the locations of polished sec-
tions. The green dashed line frames the Chi-Chi principal slip zone (PSZ) [Boullier et al., 2009]. (c) Collage of SEM
images from the polished sections. Red circles indicate sample positions for TXM analysis. The yellow lines are the
boundaries between deformed sediments (DFS) and the gouge zone (BGZ). The yellow stars indicate clay-clast aggre-
gates (CCAs [see Boullier et al., 2009]). The double yellow dashed line is an ancient slip zone (ASZ) and the double
green dashed line is the Chi-Chi PSZ [after Boullier et al., 2009].

et al., 2007a]. However, within the ‘gray gouge’,
bedding is preserved and thus the ‘gray gouge’
cannot be genetically related to gouge formation.
To avoid confusion, we abandon the name ‘gray
gouge’ in favor of ‘deformed sediments’ and we
call gouge the ‘black gouge’ horizon. The ~16-cm-
thick gouge, which is surrounded by deformed
sediments, constitutes a horizon of gouges where
the bedding or other sedimentary structures are no
longer preserved. Some gouges are reworked and
are interpreted as ancient slip zones [Boullier et al.,
2009]. A 3-mm-thick level of gouge in thin sec-
tion 8 (Figure 2c) is not reworked and consists of
alternating clay-rich and clast-rich layers. Boullier
et al. [2009] proposed that this slip zone was gen-
erated during the 1999 Chi-Chi event. Hereafter, it
is referred to as the PSZ. From the 10 thin sections,
we made scanning electron microscope (SEM)

observations coupled with energy dispersive spec-
trometry (EDS) measurements and reflected-light
polarizing microscope observations. We also made
transmission X-ray microscopy (TXM) observa-
tions on 17 polished thick sections from the work-
ing section of TCDP Hole B core (Table 1). From
these polished thick sections, we cut a few milli-
meter-long pieces and impregnated them with resin.
Then, we cut each section into ~15-pum-thick
samples for TXM observation. We obtained four-
teen 15-um-thick samples from the fault zone, and
three from the two parts of the hanging wall and
footwall deformed sediments (Figure 2a and
Table 1). For magnetic property measurements, we
sampled hundreds of milligrams of rock powder
within the ~20-cm-thick fault zone, including
deformed sediments and gouge.
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Table 1. Sample Depths and Measurements Made in
This Study®
Depth (m) Location Number Measurements
1134.04 hanging wall S9 M1 MPMS, FORC, TXM
rock
1135.83 damaged zone TXM, RFM
1136.22  deformed S1 M2 TXM, RFM, SEM,
sediment MPMS, FORC
1136.25 black gouge  S10 TXM, RFM, SEM
1136.27 black gouge TXM, RFM
1136.29 black gouge M3 TXM, RFM, SEM,
MPMS, FORC
1136.31  black gouge TXM, RFM
1136.33  black gouge  S3 S11 TXM, RFM, SEM
1136.35 ASZ M4 TXM, RFM, SEM,
MPMS, FORC
1136.37 black gouge S4 TXM, RFM, SEM
1136.38 PSZ S5 S7 M5 TXM, SEM, RFM,
MPMS, FORC
1136.39 black gouge  S12 TXM, RFM, SEM
1136.41  deformed TXM, RFM, SEM
sediment
1138.48 footwall rock S2 TXM

?FORC: First-order reversal curve, MPMS: Magnetic property
measurement system, RFM: Reflected-light microscope, SEM:
Scanning electron microscope, TXM: Transmission X-ray microscope.

[8] We used a LEO Stereoscan 440 SEM equipped
with EDS (Analyzer EDX KEVEX SYGMA) for
elemental analysis. The SEM was operated at
15 keV with 4 nA current. For TXM observation,
we used the BLO1B Beamline with 60 nm tomo-
graphic resolution at the National Synchrotron
Radiation Research Center (NSRRC), Taiwan [Yin
et al, 2006; Song et al, 2007b]. A super-
conducting wavelength shifter source provides a
measured photon flux of 4.5 x 10'" photons/s/0.1%
bw in the energy range 5-20 keV. X-rays generated
by a wavelength shifter are primarily focused at a
charge-coupled detector by a toroidal focusing
mirror with a focal ratio of nearly 1:1. A double
crystal monochromator that exploits a pair of Ge
(111) crystals selects X-rays of energy 8—11 keV.
After the focusing mirror and double crystal
monochromator, a capillary condenser further
shapes the X-ray beam. The condenser intercepts
the impinging X-rays and further focuses them onto
the sample. The image of the sample is magnified
with a zone }Zolate. The field of view of the image is
15 x 15 pm” for the first-order diffraction mode of
the zone plate. The phase term can be retrieved by
the Zernike’s phase contrast method for imaging
light materials. The phase ring positioned at the
back focal plane of the zone plate results in a
recording of the phase contrast images at the
detector. By acquiring a series of two-dimensional

(2-D) images with the sample rotated stepwise,
three-dimensional (3-D) tomography data sets are
reconstructed from 141 images from —70° to +70°.
We scanned each sample over an area of 2700 ym?>.

[s] We also conducted a non-destructive magnetic
investigation at room temperature (300 K) and at
low temperature (10 to 300 K) to characterize the
magnetic mineral assemblage in the deformed
sediments and gouge in the Chi-Chi fault zone. In a
first set of experiments, we measured the low-tem-
perature dependency of a saturation isothermal
remanent magnetization (SIRM) using a Quantum
Designs Magnetic Property Measurement System
(MPMS) XL5 EverCool system at the Institute de
Physique du Globe de Paris (IPGP), France. To
impart an SIRM, a magnetic field of 2.5 T was
applied, either at room temperature (RT-SIRM at
300 K) or at low temperature (LT-SIRM at 10 K).
We monitored successively the cooling and the
warming demagnetization curves of the RT-SIRM
and the LT-SIRM. We refer to warming curves of
LT-SIRM as ZFC (zero field cooled). During
cooling of the RT-SIRM, a positive magnetic field
of 5 uT (~1/10 of the Earth’s magnetic field) was
applied to enable detection of a potential Néel
transition. For samples M3, M4, and M5 (Table 1),
we cycled the RT-SIRM during cooling and
warming (cycling RT-SIRM). For this procedure,
we removed the 5 uT magnetic field, and the
residual magnetic field in the MPMS was <0.1 uT.
We measured ~400 mg of rock powder sealed in a
gel-cap. In a second set of experiments, we mea-
sured first-order reversal curves (FORCs) [Pike
et al., 1999; Roberts et al., 2000] using a Princeton
Measurement Corporation vibrating sample mag-
netometer located at the Institute for Rock Magne-
tism (Minneapolis, USA). We measured FORCs
using an averaging time of 0.5 s and processed the
data using the FORClinel software [Harrison and
Feinberg, 2008].

4. Results

4.1. Reflected-Light Polarizing Microscopy

[10] Inspection of thin sections using reflected-light
polarizing microscopy indicates the presence of
numerous framboids in the undeformed and deformed
sediments. Complete extinction is observed for most
of the framboids under polarized reflected-light,
which suggests that they are isotropic minerals. The
number of framboids decreases considerably from
the deformed sediments to the gouge, where only a
few reflective minerals (<25 pm) are observed. We
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Figure 3. Backscattered SEM images with EDS results. (a) Large iron sulfide aggregates that contain framboidal
pyrite (FeS,) within the deformed sediments (S1 in Figure 2c¢). Some parts of the aggregate are greigite (FesS,).
(b) Large iron sulfide aggregates that contain framboidal pyrite with micro-fractures and shears in the deformed sedi-
ments (S2 in Figure 2c). (c) Pyrite grain in the gouge (S3 in Figure 2c¢). The framboidal FeS core (pyrrhotite, which
is a replacement of a framboidal pyrite) has an FeS, rim. The photos on the right were obtained using reflected-light
microscopy (P: polarized reflected; L: light reflected); pyrite is dark and pyrrhotite is light under polarized light.
(d) Large cluster of pyrite grains mixed with quartz (S4 in Figure 2c¢). (e) Small pyrite grains (bright backscattered
grains, smaller than 5 pum, one is ~20 um) and quartz grains within the Chi-Chi PSZ (S8 in Figure 2c). (f) Detail
of Figure 3e: fractured pyrite grain within the PSZ (S8 in Figure 2¢). (g) Image of the Chi-Chi PSZ (S8 in
Figure 2c¢). (h) Pyrite grain (3 pum) within the Chi-Chi PSZ (S8 in Figure 2c¢).
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Figure 4. 2-D and 3-D images acquired for TXM
observations. (a) Sediment at a depth of 1,134.04 m in
TCDP hole B (M1 in Figure 2a). (b) Deformed sediment
at a depth of 1,136.25 m (S10 in Figure 2c). (c) Gouge at
adepth 0f 1,136.33 m (S11 in Figure 2c¢). (d) Gouge close
to the PSZ at a depth of 1,136.38 m (S12 in Figure 2c¢).

did not observe magnetic minerals such as magne-
tite at the >1 pm scale.

4.2. SEM Observations

[11] In the deformed sediments close to the gouge,
as well as in sediments from the hanging wall and
footwall, numerous large iron sulfide aggregates
include framboids of various sizes (1-5 pm)

(Figure 3a). EDS analysis reveals that euhedral
crystals within the framboids consist of pyrite
(FeS,). The size of pyrite crystals (~1 wum) is
homogenous within framboids (Figure 3a). Isolated
euhedral pyrite grains, with variable sizes, are also
observed. Small framboids (~5 pm) consist of
aggregates of ~100 nm iron monosulfide grains
(FeS) (Figure 3a). FeS framboids are commonly
observed from similar sediments in Taiwan and
elsewhere and are interpreted as greigite (FesS,)
framboids [Jiang et al., 2001; Roberts and Weaver,
2005; Rowan and Roberts, 2006]. In deformed
sediments close to the gouge, some iron sulfide
aggregates have been dismembered by shearing
(Figure 3b). From the pattern of shear planes, we
identified a sense of shear that is consistent with
the thrust orientation on the Chelungpu fault
(Figure 3b).

[12] In the gouge (thin sections 2 to 9), we observed
framboids of two types. Some framboids, with
diameter of 5 to ~25 um, have a FeS core sur-
rounded by a 1~10 um FeS, rim (Figure 3c). Under
reflected-light microscopy, the core remains bright
and the rim is black (Figure 3c, inset). This obser-
vation suggests that the FeS core is not cubic, which
excludes the possibility that it is greigite. The sec-
ond type of framboid is observed 1 mm from the
PSZ (thin section 8). It consists of ~100 um clusters
of irregular-shaped pyrite crystals (Figure 3d). This
resembles intensely deformed overgrown sedimen-
tary sulfides. Within the 1999 Chi-Chi PSZ (thin
section 8), we never observed framboids. Instead,
small overgrown sulfide aggregates (<25 pum) are
identified (Figure 3h). We also observed fine
(<3 pm) pyrite grains scattered within the quartz
and clay matrix (Figures 3g and 3h).

4.3. Transmission X-Ray Microscopy

[13] TXM provides three-dimensional (3-D) images
of framboids that complement our two-dimensional
(2-D) SEM and reflected-light microscopy obser-
vations. Within hanging wall (at a depth of
1,133.04 m) sediments, footwall (1,138.48 m)
sediments, and deformed sediments (1,135.83 m)
(Figure 2a), framboids are common (Figure 4a).
Framboids are generally grouped in high con-
centrations in some parts of siltstones. This is
probably a result of remineralization of large pieces
of organic matter during early diagenesis [Roberts
and Weaver, 2005]. Typically, the diameter of the
framboids is larger than 10 pum, and the grain size
of each pyrite crystal within the framboids is close
to 1 pm.
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[14] At a depth of 1,136.24 m in the borehole (thin
section 2), a ~1-cm-thick layer of foliated gouge
was identified by Boullier et al. [2009] (Figure 2c¢).
There, TXM observations reveal the occurrence of
numerous framboids together with dense spherical
or cubic minerals (Figure 4b). The framboids are not
aggregates and are scattered throughout the gouge.
Within the gouge and near the 1999 Chi-Chi PSZ
(Figures 4c and 4d), framboidal clusters are not
observed. Instead, we observed 5 to 25 um indi-
vidual spherical-like mineral aggregates (Figure 4c)
that probably correspond to the pyrite that we
described in the gouge using SEM (Figures 3c
and 3d).

4.4. Magnetic Properties

[15] Magnetic properties are comparable for the
undeformed sediments (sample M1) and deformed
sediments (sample M2) (Figures 5a and 5b). A
Verwey transition at 120 K is detected in RT-SIRM
demagnetization curves (see derivatives in insets in
Figure 5) and in ZFC demagnetization curves. The
Verwey transition indicates the occurrence of stoi-
chiometric magnetite [Ozdemir and Dunlop, 1999].
An additional magnetic transition is detected near
35 K for both ZFC and RT-SIRM demagnetization
curves. This ~35 K transition is marked by a drop
of one to two orders of magnitude of the LT-SIRM.
The ~35 K transition is less evident in RT-SIRM
demagnetization curves, with a break in slope at
about 80 K followed by an enhancement of rema-
nence (Figures 5a and 5b; see derivative). This
behavior is similar to the P-behavior described by
Aubourg and Pozzi [2010] and Kars et al. [2011].
The nature of P-behavior will be discussed later.
We calculated the maximum concentration of mag-
netite by assuming that only magnetite contributes
to the RT-SIRM at room temperature (300 K).
The RT-SIRM at 300 K is less than 10~ Am?/kg
for the different sediments that we measured.
Taking the SIRM of magnetite as ~10 Am?/kg
[Maher et al., 1999], we infer a maximum concen-
tration of magnetite of 100 ppmv (concentration in
parts per million by volume =1 x 10® x RT-SIRM/
SIRMagnetite)- FORC diagrams are noisy due to
the small concentration of ferrimagnetic grains with
respect to the paramagnetic contribution (Figures 5f
and 5g), so high values of the smoothing factor (SF)
were needed. The FORC diagrams are consistent
with a distribution of weakly interacting single
domain to superparamagnetic (SP) particles [e.g.,
Pike et al., 2001; Rowan and Roberts, 2006].

[16] Gouge samples M3-M5 (Table 1) have dif-
ferent magnetic properties (Figures 5c—5¢). From

300 K to 150 K, there is a regular increase of up to
~10% of the RT-SIRM. This increase is diagnostic
of goethite (a-FeOOH) [Dekkers, 1989; Maher
et al., 1999; Liu et al., 2006]. To check for the
presence of goethite, we imparted a RT-SIRM at
300 K, and warmed it up to 400 K (Figure 6), which
is close to Néel temperature of goethite (120°C
[e.g., Ozdemir and Dunlop, 1996]). About ~50%
of the RT-SIRM is then lost at 400 K, which
indicates that goethite contributes a large part of
the artificial remanence. In the host sediments, by
comparison, the increase of RT-SIRM from 300 K
to 150 K is limited to 1 to 2% and the drop from
300 K to 400 K is less than 25%. In the gouge,
the Verwey transition is much less pronounced and
is observed only during cooling of the RT-SIRM
(Figures 5d and 5e). The most notable difference is
observed near 35 K. The ZFC curves do not
undergo the one to two order magnitude remanence
decrease at 35 K that is observed in host rock
sediments. In addition, there is no P-behavior dur-
ing cooling of the RT-SIRM. Instead, a ~35 K
transition is characterized by a remanence drop
despite application of a +5 T magnetic field in the
MPMS. This transition is similar to the magnetic
transition for >1 wpm pyrrhotite [Dekkers et al.,
1989; Rochette et al., 1990]. According to
Dekkers et al. [1989], the degree of reversibility of
this transition is an indication of grain size. When
cycling the RT-SIRM for sample M5 (Figure 7), we
observed a reversible magnetic transition at 35 K,
which indicates that pyrrhotite is fine-grained and
close to 1 um in size (h/c ratio 0.96). We calculated
the maximum concentrations of goethite, pyrrho-
tite, and magnetite in the studied samples. At room
temperature, the RT-SIRM is <10~% Am%/kg for the
different measured gouges. We assume that the
contribution of goethite is about half of this value.
Taking the SIRM of goethite as 0.05 Am?/kg
[Maher et al., 1999], we obtain a maximum con-
centration of several percent goethite (RT-SIRM/
SIRMgocthite).- Assuming that the other half of the
remanence is carried by pyrrhotite or magnetite, and
assuming the SIRM of pyrrhotite as ~4.5 Am?/kg
and of magnetite as ~10 Am%/kg [Maher et al.,
1999], we obtain a maximum concentration of
pyrrhotite of less than 0.1% (concentration% =
100 x RT-SIRM/2SIRMpyihotite) and a maximum
concentration of magnetite of less than 500 ppmv
(concentration ppmv = 1 x 10° x RT-SIRM/
2SIRMpagnetite).- This suggests that there is an
enhanced concentration of ferrimagnetic minerals
in the gouge. FORC diagrams for gouge (M3) and
PSZ (M5) have a significant high-coercivity con-
tribution (Figures Sh and 5i). A coercivity peak at
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Figure 5. Low temperature magnetic measurements (inset: relative values of RT-SIRM) from 10 to 300 K and
FORC diagrams. (a) Wall rock sample (M1 in Figure 2a). (b) Deformed sediment sample (M2 in Figure 2c¢). (c) Gouge
sample (M3 in Figure 2c¢). (d) ASZ sample (M4 in Figure 2c). (¢) PSZ sample (M5 in Figure 2c¢). (f) FORC diagram for
wall rock sample (field 0-100 mT). (g) FORC diagram for deformed sediment sample (field 0-100 mT). (h and i)
FORC diagrams for samples from fault gouge (field 0—-100 mT).
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goethite (120°C). (a) For a wall rock sample, less than 25% of the RT-SIRM is lost at 400 K. (b) For a gouge sample,
about ~50% of the RT-SIRM is lost at 400 K. This indicates neoformation of a significant concentration of goethite in

the fault gouge.

90 mT is consistent with the presence of magneti-
cally interacting pyrrhotite [Wehland et al., 2005;
Roberts et al., 2006]. Although goethite is identi-
fied using low-temperature remanence properties,
we did not observe evidence of high-coercivities up
to 500 mT in the FORC diagrams (data are not
shown). We infer that the coercivity of this goethite
is too high to contribute to the FORC distribution.
Rochette et al. [2005] showed that natural goethite
may not saturate even at fields up to 57 T.

5. Discussion

5.1. Iron Sulfides

[17] Iron sulfide minerals are common in organic
matter rich sedimentary rocks [Reimer, 1984;
Tribovillard et al., 2002; MacLean et al., 2008].
This is particularly true within Plio-Pleistocene
sediments from Taiwan [Horng et al., 1992, 1998;
Jiang et al., 2001] and within the Chinshui Forma-
tion, as confirmed by our observations. In these
sediments, the iron sulfides typically form as fram-
boids (Figures 3a, 3b, and 4a), but they can also
appear as individual euhedral crystals. TXM
inspection indicates that the framboids are not ran-
domly scattered but are grouped as packs of tens of
framboids in the sediments (Figures 3a, 3b, and 4a).
SEM observations coupled with EDS analyses indi-
cate that the framboids consist essentially of pyrite
aggregates. However, small framboids (<0.1 pm)
have an ‘FeS’ composition, and are likely greigite
(FesSy4). Greigite often forms during early [Rowan
et al., 2009] or late [Roberts and Weaver, 2005]
diagenesis and is probably preserved in the

unmetamorphosed Chinshui Formation. In deformed
sediments, the only form of alteration of pyrite that
we observed is the development of shear planes
(Figure 3b). This is the first type of alteration of
framboids that we detected in the deformed sedi-
ments. In the gouge, all micro-scale observations
confirm the absence of well-preserved framboids.

[18] The pyrite content decreases drastically from
the host sediments to the gouge. Hirono et al.
[2007b] and Ishikawa et al. [2008] reported an
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Figure 7. Cooling—warming RT-SIRM cycle from 10
to 50 K. A reversible magnetic transition at 35 K for
the PSZ sample indicates that pyrrhotite is fine-grained
and close to 1 pum in size (h/c ratio = 0.96) [see
Dekkers et al., 1989].
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enhanced abundance of SO;  in the gouge zone
and related it to pyrite dissolution. Pyrite dissolu-
tion would release sulfate and would lower the pH
of the immediately surrounding sediment [Roberts
and Weaver, 2005]. Low pH conditions in turn
would favor dissolution of carbonate minerals. This
could be an alternative explanation for the low
inorganic carbon content in the gouge [Hirono
et al., 2008; Hamada et al., 2009; Mishima et al.,
2009].

[19] Hirono et al. [2008] reported a lack of pyrite in
the gouge based on X-ray diffraction spectroscopy.
Our observations contradict this view. In the gouge,
we observe: 1) unusual small framboids (<25 pm)
with FeS, as a rim and FeS as a core (Figure 3c), 2)
detrital pyrite with irregular shapes (Figures 3d and
3f), and 3) individual <2 pm pyrite grains
(Figure 3g). Individual pyrite grains are observed
within the whole gouge, including the Chi-Chi PSZ
(Figures 3e—3h). However, framboids have not
been observed in the Chi-Chi PSZ.

[20] For the first time, we identified pyrrhotite in
the gouge. This is based on the drop in remanence
at ~35 K in the RT-SIRM demagnetization curves
(Figure 7) which is a diagnostic signature of >1 um
pyrrhotite [Dekkers et al., 1989; Rochette et al.,
1990]. The quasi-reversible path of the pyrrhotite
transition indicates that the size of pyrrhotite grains
is close to 1 um [Dekkers et al., 1989]. The distri-
bution of coercivities around ~90 mT (Figures 5h
and 5i) suggests that strongly interacting pyrrho-
tite dominates the magnetic assemblage of the
gouge [Wehland et al., 2005; Roberts et al., 2006].
Our magnetic observations along with SEM
observations reveal the occurrence of unusual
framboids with rims of FeS, (pyrite) and cores of
FeS (Figure 3c). The FeS phase included in fram-
boids is likely pyrrhotite, which is detected mag-
netically, because it has grain sizes between 0.5 and
1 pum and is not cubic (Figure 3c¢). In addition, the
strong magnetic interactions suggested by FORC
diagrams can be explained by the tight grouping of
pyrrhotite minerals enclosed in framboids. We
never detected coarser >1 pm pyrrhotite in the
Chinshui siltstones. Additional low-temperature
magnetic experiments performed by Humbert et al.
[2012] confirm our observations. We therefore
argue that the coarser >1 pm pyrrhotite is not
derived from the host rocks and that it was neo-
formed in the fault gouge.

[21] The preservation of iron sulfides like pyrite and
the neoformation of pyrrhotite in the fault gouge are
consistent with several observations. First, iron

sulfide neoformation attests to a reducing environ-
ment in the gouge. This is in agreement with geo-
chemical observations in the gouge from FZB1136
[Ishikawa et al., 2008]. Second, the association of
pyrite and pyrrhotite may imply heating and cool-
ing during co-seismic and post-seismic processes.
We assume that pyrrhotite formation is related to
alteration of pyrite grains. Chin et al. [2005]
observed that mechanical milling of pyrite under
CO,-rich conditions triggered pyrrhotite formation.
This process is feasible in a gouge where milling is
a common process. However, we infer the presence
of large pyrrhotite grains (~1 um) grains in the
FZB1136 gouge, which is supported by direct
observations of framboid relics that have not been
completely crushed (Figure 3c). Therefore, we
conclude that an additional process occurred. Wang
et al. [2008] demonstrated that oxidation of pyrite
to pyrrhotite or hematite can occur during short-
term exposure to temperatures up to 700°C (heating
rate: 11°C/minute). With a similar heating rate,
Bhargava et al. [2009] observed that heating of
pyrite yields pyrrhotite at 500°C under inert con-
ditions (pure N, or Ar gas). This is consistent with
the heating experiments of Mayoral et al. [2002] at
500°C with a higher heating rate (80°C/minute).
When extrapolating these experimental results to
our study, we suggest that elevated temperatures of
>500°C in the gouge triggered pyrrhotite formation
at the expense of pyrite. The gouge is a stack of
numerous slip zones, and within each slip zone
elevated temperatures are likely due to frictional
processes [Boullier et al., 2009]. Even if there is no
evidence of melting in the FZB1136 gouge [Hirono
et al., 2008; Boullier et al., 2009], temperatures
above 500°C are nevertheless possible in parts of
the gouge, including the 1999 Chi-Chi PSZ.
Therefore, we suggest that pyrrhotite formed at
temperatures >500°C associated with repeated
earthquakes.

[22] A temperature above 350°C in the gouge has
been proposed by several authors, based on geo-
chemistry [Ishikawa et al., 2008], carbonate alter-
ation [Hirono et al., 2008], vaporization of water
during thermal pressurization [Boullier et al.,
2009], and formation of magnetic minerals
[Hirono et al., 2006; Tanikawa et al., 2008;
Mishima et al., 2009]. Ishikawa et al. [2008] sug-
gested that the chemical characteristics of the gouge
were produced by interaction with co-seismic
aqueous fluids derived from sediment pore waters
with temperatures up to 350°C. We calculated Eh-
pH diagrams using the Geochemist’s Workbench
software and considered the stability of pyrite and
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Figure 8. Eh-pH diagrams for fluid temperatures of 300°C and 100°C. The model parameters are: agosp_ = 1072,
acr. = 1072, apeyy = 1074 (higher iron concentration). The pressure used is 30 MPa, which is equivalent to lithostatic
pressure at a depth of 1,100 m. Note that at higher temperatures the pyrrhotite field exists at strong reducing conditions
in a pH range of 5.3-8.2. As temperature decreases, the pyrite field expands and pyrrhotite alters to pyrite.

pyrrhotite in an aqueous fluid within the gouge
(Figure 8). The pyrite stability field increases from
300 to 100°C at lower Eh conditions. The gouge
appears to have formed under anoxic conditions
based on microbial observations at 1,000 m depth
in TCDP core Hole A [Wang et al., 2007]. We
suggest that pyrite formed as a result of retrograde
metamorphism. The presence of pyrite rims on
pyrrhotite cores in the framboids (Figure 3c) sup-
ports the retrograde metamorphism hypothesis.
Only pyrrhotite on the surface of framboids will be
affected by retrograde metamorphism, and the core
of pyrrhotite will be preserved. If correct, this sug-
gests that most pyrite in the gouge (Figures 3e—3h)
resulted from retrograde metamorphism during
cooling of co-seismic fluids from above 350°C.

5.2. Magnetite

[23] Magnetite is present in the Chinshui Forma-
tion, and recognition of the Verwey transition
(~120 K; Figure 5a) implies the occurrence of
stoichiometric magnetite with a maximum concen-
tration of 100 ppmv. Mishima et al. [2009] also
reported a low concentration of magnetite in the
Chinshui siltstones. The marked ~35 K magnetic
transition observed from ZFC demagnetization
curves (Figure 5), also observed by Mishima et al.
[2009], could be explained by superparamagnetic
(SP) grains, monoclinic pyrrhotite, siderite
(FeCO3), and rhodochrosite (MnCOs) [Housen

et al., 1996; Kars et al., 2011]. It is well known
that magnetite nanoparticles carry a remanence at
low temperature (typically 10 K), and that they lose
this remanence on warming [Hunt et al., 1995].
Mishima et al. [2009] attributed this 35 K transition
to SP grains in the Chinshui Formation. Although
we agree with Mishima et al. [2009], from the same
samples we observed development of a magnetic
transition with a break-in-slope at ~35 K on RT-
SIRM demagnetization curves (Figure 5). Aubourg
and Pozzi [2010] and Kars et al. [2011] observed
the same behavior in unmetamorphosed claystones.
They proposed that this magnetic transition,
referred to as P-behavior, is due to a combination of
a fine-grained pyrrhotite transition and an induced
magnetization of unknown origin. We support this
interpretation because of the strong similarity of
low-temperature demagnetization curves (ZFC,
RT-SIRM) of Chinshui Formation sedimentary
rocks with those reported by Aubourg and Pozzi
[2010] and Kars et al. [2011]. If correct, the pres-
ence of stoichiometric fine-grained magnetite and
fine-grained pyrrhotite of the Chinshui Formation is
diagnostic of modest burial below 5 km [Aubourg
and Pozzi, 2010; Abdelmalak et al., 2012]. This is
consistent with a burial temperature of about
120°C, inferred from vitrinite reflectance data
(R0~0.8%) [Sakaguchi et al., 2007].

[24] The magnetic properties of gouge differ from
those of the host sediments. In particular, we
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observe a weakening of the Verwey transition
(Figures 5¢c—5¢), which suggests that magnetite is
partially oxidized [Ozdemir et al., 1993; Cui et al.,
1994; Ozdemir et al., 2002]. The presence of co-
seismic hot fluids in the gouge [Ishikawa et al.,
2008] constitutes a possible explanation for the
partial alteration of magnetite, where magnetite
could be oxidized to maghemite thereby causing
weakening of the Verwey transition [Ozdemir et al.,
1993; Cui et al., 1994; Ozdemir et al., 2002]. The
absence of a large remanence drop between 10 K
and 40 K in the ZFC demagnetization curves
(Figures 5a and 5b) implies that the grain size frac-
tion of magnetite is essentially above the SP
threshold size (~20 nm). Paradoxically, ultrafine-
grained magnetic minerals present in the Chinshui
Formation do not exist in the gouge, where grain
size reduction by a milling process is likely. We
interpret that the ultrafine fraction is altered chemi-
cally during repeated earthquakes. Aubourg and
Pozzi [2010] showed that moderate heating up to
250°C promotes drastic reduction of the 35 K
magnetic transition. We suggest, therefore, that the
increased temperature in the gouge alters the ultra-
fine-grained fraction of magnetic minerals.

[2s] A fraction of magnetite could have been
inherited from the Chinshui Formation. However,
detrital magnetite is probably unlikely in sediments
that have been extensively pyritized [Rowan et al.,
2009]. Magnetite can form at elevated tempera-
tures, by precipitation from frictional melts as
observed in natural pseudotachylites [Ferré et al.,
2005, 2012] or in experimental pseudotachylites
[Nakamura et al., 2002]. Similar to pyrrhotite, we
suggest that some magnetite formed during repeated
earthquakes within the gouge.

5.3. Goethite

[26] The evolution of remanence on heating and
cooling (Figures 5c—5¢) also suggests the occurrence
of goethite (a-FeOOH) in the gouge. Recognition of
goethite is important because it demonstrates the
presence of fluid in the gouge. In a companion paper,
we provided additional evidence for the occurrence
of goethite [Chou et al., 2012] and showed that the
natural remanent magnetization in the gouge is car-
ried essentially by goethite. We suggest that this
magnetization record is contemporaneous with the
1999 Chi-Chi event. TXM tomography identified
scattered 5 pm goethite grains within the gouge. The
remanence and TXM observations led Chou et al.
[2012] to propose that goethite formed from cool-
ing of co-seismic fluids within the gouge. Low pH
conditions associated with pyrite alteration would

favor goethite formation [Schwertmann and Murad,
1983; Murad and Rojik, 2003]. In addition,
Nakamura and Nagahama [2001] also observed
5 pm goethite in the Nojima fault gouge from Japan.
We therefore suggest that study of goethite in fault
gouge is important to detect evidence of co-seismic
fluids and could be an indicator of thermal
pressurization.

5.4. Implications for Identification of
Earthquake Slip Zones

[27] In sediment-derived fault gouge, endothermic
dehydration reactions and the phase change from
liquid water to steam can efficiently buffer the
temperature within a fault [Brantut et al., 2011].
This is consistent with the scarcity of melts in
sediment-derived fault gouge, as was observed in
the FZB1136 gouge [Boullier et al., 2009]. Gener-
ally, recognition of clay-clast aggregates (CCA)
[Boullier et al., 2009] is good evidence of thermal
pressurization processes, and, in turn, as a signature
of earthquakes [Boutareaud et al., 2008]. Identifi-
cation of neoformed minerals can be an alternative
indicator of limited temperature elevation and fluid
interaction. In this regard, we suggest that at the
time of pyrrhotite formation in the FZB1136 gouge,
this implies a temperature above 500°C. Similarly,
we suggest that goethite formation is an indication
of thermal pressurization processes. In fold-and-
thrust belts, thrusts similar to the Chelungpu fault
are common and likely developed within clay-rich
rocks. If pyrrhotite and goethite exist in the gouge,
and not in the host rocks, then it can be inferred that
temperature enhancement took place and that fluids
infiltrated the gouge.

6. Conclusions

[28] The 16-cm-thick gouge zone intersected in the
TCDP drill holes is a product of repeated earth-
quakes, including the Chi-Chi earthquake (M,, 7.6,
1999), and has had a complex mechanical and
thermal history. The wall rocks are made up of the
Chinshui Formation, which contains several percent
pyrite. The magnetic mineral assemblage of this
formation is typical of unmetamorphosed sediments
and consists essentially of nanometric stoichiomet-
ric magnetite. Micro-scale observations indicate that
the concentration of pyrite framboids decreases
considerably from the wall rock into the gouge.
Pyrite alteration would cause a lowering of pH, and,
in turn, would promote carbonate mineral dissolu-
tion. Beside pyrite alteration, we identify for the first
time the occurrence of micrometric pyrrhotite in the
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fault gouge. The pyrrhotite likely formed at high
temperatures (>500°C) at the expense of pyrite.
Magnetite, which is also present in the gouge, is
partially altered. We propose that pyrrhotite and
some of the magnetite formed at elevated tempera-
tures during frictional heating along the slip zones.
The total concentration of pyrrhotite and magnetite
is therefore a result of numerous earthquakes. In the
gouge, we also identify neoformed goethite, which
implies the presence of hot fluids (>350°C). On
cooling, these hot fluids altered pyrrhotite into
pyrite and magnetite into partially altered magnetite.
Our results demonstrate that characterization of
magnetic minerals provides a useful means of
studying earthquake processes in faults.
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