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[1] Two TCDP boreholes A and B were drilled in the northern part of the Chelungpu thrust fault where the
Chi-Chi earthquake (21 September 1999, Mw 7.6) showed large displacement, low ground acceleration,
and high slip velocity. In this paper, we describe the microstructures of the Chi-Chi Principal Slip Zone
(PSZ) within black gouges localized at 1111 m depth in Hole A and at 1136 m depth in Hole B. In the
FZAT1111 the PSZ is a 2 cm-thick isotropic clay-rich gouge which contains aggregates formed by central
clasts coated by clay cortex (clay-clast aggregates (CCAs)) and fragments of older gouges segregated in the
top third of the PSZ. In FZB1136 the PSZ is 3 mm thick and is characterized by a foliated gouge displaying
an alternation of clay-rich and clast-rich layers. The presence of CCAs, plucked underlying gouge
fragments, gouge injections, and the occurrence of reverse grain size segregation of large clasts in the
FZAT1111 isotropic gouge suggest that the gouge was fluidized as a result of frictional heating and thermal
pressurization. The foliated gouge in FZB1136 may be one locus of strain localization and related heat
production. Small calcite veins present above the isotropic FZA1111 PSZ gouge and, characterized by an
increasing strain with increasing distance away from the PSZ, are attributed to coseismic fluid escape from
the pressurized gouge. The observed microstructures are interpreted in view of their seismic implications
for the Chi-Chi earthquake in terms of slip weakening mechanisms by thermal pressurization, gouge
fluidization, coseismic fluid distribution, and postseismic slip. Above the PSZ, several layers of compacted
gouges containing deformed CCAs and gouge fragments correspond to several PSZ of past earthquakes
similar to the Chi-Chi earthquake and display a fault-parallel cleavage resulting from a low strain rate
pressure solution deformation mechanism that may be correlated to the interseismic periods.
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1. Introduction

[2] Over the last 10 years several international
drilling and coring programs have been conducted
through active faults to better understand earth-
quakes (see Zoback et al. [2007] for a review).
Most of them have been conducted after major
earthquakes and through different types of rocks,
granodiorite in the Nojima fault (Kobe earthquake,
1995, Hirabayashi borehole, Japan [Ohtani et al.,
2000; Tanaka et al., 2001]), calcareous and detrital
formations in the Corinth rift (Corinth Rift Labo-
ratory, Greece [Cornet et al., 2004]), sandstone and
siltstone alternations in the Chelungpu fault (Chi-
Chi earthquake, 1999, Taiwan Chelungpu fault
Drilling Project [Song et al., 2007; Hung et al.,
2007]), and arkoses, shales, siltstones, and serpen-
tines in the San Andreas fault (Parkfield earth-
quake, 2004, San Andreas Fault Observatory at
Depth, California [Hickman et al., 2004; Zoback et
al., 2007]). They correspond also to different
tectonic contexts, such as reverse dextral strike
slip, normal, thrust, and dextral strike-slip faults,
respectively. Therefore, each drill hole provides
specific but complementary data for the interna-
tional earthquake community which has consider-
ably benefited from multidisciplinary approaches
on these boreholes and core samples.

[3] The Chi-Chi earthquake (21 September 1999,
Mw = 7.6) produced a surface rupture of 80 km,
and up to 10 m offset on the northern part of the
Chelungpu thrust fault [Kao and Chen, 2000; Chen
et al., 2001a; Yu et al., 2001]. It was recorded by
the very dense Taiwan Strong Motion and GPS
Networks allowing models of spatial slip distribu-
tion [Ma et al., 2001], determination of rupture
velocity [Chen et al., 2001b], coseismic and post-
seismic deformation [Pathier et al., 2003; Yu et al.,
2003]. The Taiwan Chelungpu Fault Drilling Proj-
ect (TCDP) started in 2002 and drilled two vertical
boreholes 40 m apart (2000.3 m deep Hole A and
1352.6 m deep Hole B), about 2 km east of the
surface rupture, near the town of DaKeng (Figure 1).
The TCDP location was chosen because of large
displacement, low ground acceleration, and high

slip velocity in the northern part of the surface
rupture, in contrast to the smaller displacement
and higher accelerations in the southern part [Ma
et al., 2003]. To explain such a behavior, Ma et al.
[2003] have proposed the elastohydrodynamic lu-
brication model [Brodsky and Kanamori, 2001] in
which a high fluid pressure is generated in a fluid-
ized gouge during slip. However, frictional heating
represents another possible mechanism for inducing
thermal pressurization in a slip zone [Sibson, 1973;
Lachenbruch, 1980; Wibberley and Shimamoto,
2005] and has been proposed also for the Chi-Chi
Principal Slip Zone (PSZ) [Sibson, 2003] by some
authors [Tanaka et al., 2006, 2007]. However, no
textural evidence has been found yet for any of these
mechanisms in the Chi-Chi PSZ.

[4] In this paper we present a detailed microstruc-
tural analysis of gouge core samples from TCDP
boreholes A and B. First, we focus on micro-
structures of a very localized gouge zone, which
is interpreted to be the Chi-Chi PSZ [Ma et al.,
2006], and specify the most likely slip weakening
mechanism that occurred during the earthquake.
Second, we describe the microstructures within the
fault zone and interpret them in terms of deforma-
tion and fluid-rock interactions related to different
stages of past seismic cycles on the Chelungpu
thrust fault.

2. Tectonic Setting and Geological
Background

[s] The Taiwan mountain belt is the result of an
oblique convergent boundary and complex subduc-
tion reversal (Figure la insert) between the Eur-
asian and Philippine Sea Plates [Chai, 1972; Ho,
1986; Teng, 1990; Wu et al., 1997a; Lallemand
et al., 2001], which has led to active faulting and
intense crustal deformation, as indicated by frequent
earthquakes. The boundary between the western
coastal plain and the western foothills [Ho, 1988]
is one of the most active regions within Taiwan.
Several disastrous earthquakes have occurred along
this boundary, including the 1999 Chi-Chi earthquake
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Figure 1. Geological map and cross section of the fold and thrust belt of western Taiwan. The insert shows the
geodynamical context of Taiwan. (a) Geological map, distribution of the major thrusts of western Taiwan. The focal
mechanism of the Chi-Chi earthquake is located at the hypocenter [Kao and Chen, 2000]. The TCDP site is indicated
by the red star. (b) Cross section through the drill site indicating the principal sedimentary formations and the
principal faults [after Hung et al., 2007]. (c) Correlation between the different fault zones observed in Holes A and B
after Hirono et al. [2007b].
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(a) Unrolled scanning image of FZA1111 and (b) corresponding sketch showing the principal structural

characteristics of the fault zone and the location (red box) of the thin section shown in Figure 3.

[Wang et al., 2000]. The stratigraphic formations in
this active region (Figure 1a) are late Miocene to
Pliocene marine sediments characterized by alter-
nating sandstone, siltstone and shales, and Pleisto-
cene fluvial to shallow marine sediments with
alternating conglomerates, sandstones, and silt-
stones [Ho, 1988; Song et al., 2007]. These for-
mations are crosscut and tectonically stacked by
three bedding-parallel major faults (Figure 1a) that
form a west-verging ramp flat system [Yue et al.,
2005]. Among these faults, the Chelungpu fault
zone played the major role in the Chi-Chi earth-
quake. From reconstruction of balanced cross sec-
tions, Yue et al. [2005] determined a total
displacement of about 14 km for the Chelungpu
thrust system and 0.3 km total slip on a newly
propagated North Chelungpu Chinshui detachment
where the Chi-Chi earthquake occurred (Figure
1b). The TCDP is located in the northern part of
the fault where the maximum seismic displacement
was measured.

[¢] Several fault zones were crossed by TCDP
Hole A and Hole B [Yeh et al., 2007; Hirono et
al., 2007b]. Lithological and mineralogical
descriptions, as well as the physical properties of
the core and shear zones, have already been pre-
sented [Song et al., 2007; Yeh et al., 2007; Hirono
et al.,2007b, 2008]. Only FZA1111 (Hole A, Fault
Zone at 1111 m depth) and FZB1136 (Hole B,
Fault Zone at 1136 m depth) are described in this
paper because they have been recognized as
corresponding to the Chi-Chi earthquake fault zone
[Ma et al., 2006; Song et al., 2007; Hirono et al.,

2008] and to the North Chelungpu Chinshui de-
tachment [Yue et al., 2005].

3. Structures of TCDP FZA1111 and
FZB1136

[7] Core samples of these fault zones are limited in
volume. They are also difficult to work with
because they are rich in swelling clay minerals
and poorly consolidated. Therefore, nondestructive
techniques such as optical petrography, scanning
electron microscopy (SEM), and X ray fluores-
cence (XRF) element mapping were selected to
analyze extremely challenging polished thin or
thick sections of FZA1111 and FZB1136.

3.1. FZA 1111

[s] The FZAI1111 is a bedding-parallel thrust (30°
dip) developed within siltstone-dominated sedi-
ments. The damage zone is thicker in the hanging
wall than the footwall (2.85 m versus 0.2 m), and
several subzones have been macroscopically de-
fined on the drill site [Yeh et al., 2007; Sone et al.,
2007a]. In this paper we will focus on the fault core
and its immediate vicinity (Figure 2). We will refer
to deformed sediments as representing the rocks in
which fossils, sedimentary layering, and detrital
mica grains are still present, and gouges the rocks
in which none of these structures could be recog-
nized.

[o] Several macroscopic features were encountered
in FZA1111 from top to bottom (Figure 2), and
these are mentioned in the following detailed
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Figure 3. Scan of the thin section with line drawings
indicating the limits of the principal layers A to O,
calcite veins, small extensional faults, and transposed
sedimentary layering.

descriptions: (1) thin jigsaw lines of fine-grained
black material crosscut the cleavage of light gray
clay-rich foliated sediments with an average sub-
vertical attitude [ Yeh et al., 2007, Sone et al., 2007a];
(2) an upper foliated thin black gouge with a straight
upper boundary and a wavy lower boundary; (3) a
lower black gouge with an irregular upper boundary
with the foliated sediments but a sharp and straight
lower contact corresponding to a 2 cm thick homo-
geneous and isotropic black gouge; (4) a solid disk
of black material made of ultracataclasites, referred
to as black disk in the TCDP literature and hereafter,
and situated below the black gouge. The upper half
of this black disk was accidentally broken during
core handling and only fragments could be ob-
served. The lower half of the black disk shows a
clear 70°SW slickenside [Yeh et al., 2007], which is
consistent with the slip direction of the Chi-Chi
earthquake obtained from seismic data inversion
[Ma et al.,2001]. These compacted hard black disks
are compacted ultracataclasites similar to the hard

black disks described in FZB1194 and FZB1243 by
Hirono et al. [2006a] and interpreted by these
authors as pseudotachylytes that originated from
low degrees of melting during past earthquakes.

[10] Sixteen thin sections were studied in this fault
zone between 1110.37 and 1111.45 m depth in
Hole A, including the destroyed hard black disk.
We base most of our interpretations on descriptions
from the core of the fault zone (Figure 2), and
especially on one large thin section (2.1 x 8 cm)
that encompasses the lower black gouge and the
foliated sediments (Figure 3).

3.2. Black Gouge

[11] The black gouge is subdivided into several
layers based on criteria such as isotropic texture,
presence of cleavage or fractures, undeformed or
deformed veins, compaction structures, grain size,
percentage of clays, and orientation of clays. The
cleavage intensity increases from the bottom to the
top of the thin section, indicating an increasing
apparent deformation from layer A to O.

3.2.1. Layer A: A 2 cm Thick Isotropic
-Gouge

[12] At the base of the black gouge and above the
broken black disk of hard material, the 2 ¢cm thick
gouge is characterized by an ultracataclastic texture
with matrix-supported clasts. No brecciation, no
large shear structures, no cleavage, and no banding
can be observed in this fine-grained layer using an
optical microscope (Figure 4a). Therefore, the
gouge can be qualified as isotropic, except for a
few thin clay-rich zones that will be described
below. The isotropic gouge is a mixture of rounded
fragments within an ultrafine light brown matrix
(Figure 4a). The smallest fragments are monomi-
neralic and mostly monocrystalline (quartz, feld-
spars, with small amounts of calcite, zircon, rutile,
or tourmaline). Only 14 cracked quartz clasts, such
as the one in Figure 4a (top middle) were counted
on a 6 cm” surface. The largest quartz grains are
0.1 mm in diameter. A few polymineralic or
polycrystalline clasts of calcite, chert, quartz-feld-
spar, or quartz-calcite aggregates have been ob-
served. The largest (up to 0.9 mm) and more
numerous polymineralic fragments are constituted
by older dark brown gouges (Figure 4b). Except
for two fragments which are identical to the mate-
rial above the isotropic gouge layer, all of the large
dark gouge fragments have similar textures as the
broken hard black disk of ultracataclastic material
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Figure 4. Microstructures in the isotropic gouge, layer A in Figure 3. All microphotographs are oriented as in
Figure 3 except Figure 4e. (a) General aspect of the isotropic gouge showing the matrix-supported clasts which are
either monomineralic, such as the fractured quartz fragment (Q), or fine-grained polymineralic gouge fragments (G).
Plane polarized light. (b) Large dark gouge fragment within the isotropic fine-grained gouge. The fragment shows an
internal cleavage. Plane polarized light. (c) Clay-clast aggregate (CCA) with a round quartz core and a brownish
cortex made of clays. Plane polarized light. (d) Same as Figure 4c but under crossed polars with an additional gypsum
plate (axis NE-SW). (e) Thin layers of fine-grained clays displaying a preferred orientation and a C-S structure
indicating a top-to-the-right sense of shear (white arrows). The thin section has been slightly turned in order to place
the clays at their maximum illumination, i.e., (001) at 45°. Note the CCA with a gouge fragment as a core at the
bottom right. Crossed polars. (f) General view of the isotropic gouge showing the thin microfractures with their

brownish haloes (black arrows). Note the rough geometry of the microfractures. Plane polarized light.

situated below the isotropic gouge layer. These
gouge fragments display a peculiar mineralogical
layering or a cleavage defined by preferentially
oriented clays (Figures 4a, top left, and 4b). Most
of the gouge fragments include finer-grained quartz
clasts, as compared to the quartz clasts within the
surrounding isotropic gouge (Figures 4a, 4b, and
4f). The large gouge fragments appear to be con-
centrated in the top third of the layer (Figure 5) and
some are surrounded by an open crack now filled by
epoxy (Figure 4f). One gouge fragment included
within a larger gouge fragment has been observed,
which may be explained by the fact that the lower
hard black disk itself contains gouge fragments.

[13] Whatever their size, many monomineralic or
gouge fragments display an obvious concentric
clay coating, but this coating is particularly well
defined around clasts smaller than 150 ym as a
very fine-grained (<1 pm), brownish layer under
plane polarized light (Figure 4c). The clays are
illuminated in four sectors under crossed polars and
display opposite blue or yellow colors under
crossed polars plus a gypsum plate (Figure 4d),
suggesting an orientation parallel to the clast
margins. The position of yellow and blue sectors
is consistent with the position of o and v axes
perpendicular and parallel to the (001) plane,
respectively. The average thickness of the clay
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Figure 5. Grain size segregation of the gouge clasts in
the isotropic gouge. Note that the largest clasts are
within the upper top third of the gouge layer (proposed
Brazil nut effect). Microphotographs of Figure 4 are
shown by boxes.

cortex is 4.7 = 2 ym (Figure 6a) and appears to be
independent of the diameter of the central clast
(Figure 6b). The variability of the cortex thickness
may be related either to surface irregularities of the
central clast or to the effect of oblique sections.

[14] Five very localized thin zones (Table 1) rep-
resent the only exceptions to the anisotropic texture
of this gouge layer A. These zones are character-
ized by the alignment of clay particles (illite?) less

60
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40

304

20

10

Number of measurements

0

0 2 4 6 8 0 12 14

Cortex thickness (um)

Cortex thickness (w

than 10 um in length. They are parallel to the fault
plane, are observed on the entire width of the thin
section, and are not disrupted within the gouge.
The strongly preferred orientation of the clays at
low angles to the fault or shear plane is suggested
by the maximum illumination of the clays under
crossed polars with a gypsum plate. Therefore,
these thin zones have a typical C-S structure
(Figure 4e) as defined by Berthé et al. [1979].
Following these authors and using the angle be-
tween the C and S planes and the thickness of each
zone, we have roughly calculated a minimum 8.5
mm total displacement across the isotropic gouge
(Table 1). These clay-rich zones have been locally
reopened and filled either by epoxy or by calcite in
one fracture in the lower part of the layer.

[15] The matrix of the isotropic gouge has a light
beige color under the microscope, except around
thin extensional fractures now filled by epoxy that
show a 0.2 to 0.5 mm wide brown halo with a
darker external rim (Figure 4f). These fractures are
rough, intergranular, and go around the gouge
fragments (Figure 4f). They are oriented either
subparallel or subperpendicular to the fault plane
on average and no apparent deformation is associ-
ated with them. The chemical composition of the
gouge is homogeneous as shown by XRF elemental
composition mapping (Figures 7a and 7b, bottom):
no compositional layering is visible and Si, Ca, K, S,
and Ti-rich spots simply correspond to monominer-
alic clasts of quartz, calcite, or plagioclase, K-feld-
spar, pyrite, or rutile, respectively. However, a very
slight enrichment in Fe is clearly observed around
late fractures (Figures 7a and 7b, bottom).

® ¢

0 200 400 600 800 1000

Clast diameter (um)

Figure 6. Characterization of the CCAs. Measurements of the clast diameter and the cortex thickness have been
performed using microphotographs made with a petrographic microscope and a few SEM images. The accuracy of
the measurements is on the order of + 0.5 um. (a) Histogram of the cortex thickness (mean 4.7 + 2 pum). (b) Cortex
thickness versus the largest dimension of the central clast. The cortex thickness is independent of the clast diameter

for clasts larger than 150 pm.
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Table 1. Small Clay-Rich Shear Zones Listed From Bottom to Top in the Isotropic Layer®
Approx. Approx. Estimated
Zone/ Thickness e, C-S Angle Shear Displacement d,°
Subzone mm Comments @ Angle »° mm
Al 0.05 high clay content, high LPO 3° 87° 0.95
A2 0.45 medium clay content, C-S 5° 85° 5.10
Bl 0.5 medium clay content, C-S 15° 47° 1.73
B2 0.025 high clay content, high LPO 6° 84° 0.23
Cl 0.015 high clay content, high LPO 15° 74° 0.05
C2 0.002 high clay content, high LPO 15° 74° 0.01
C3 0.005 high clay content, high LPO 15° 74° 0.02
C4 0.002 high clay content, high LPO 15° 74° 0.01
D 0.2 medium clay content, C-S 30° 49° 0.23
E 0.3 medium clay content, C-S 40° 19° 0.11
Total 8.44

4LPO is lattice preferred orientation. C-S is microstructures as described by Berthé et al. [1979].

~cot 2a = 1/2 tan v et.
“tan v = d/e [Ramsay, 1967].

3.2.2. Layers B to J: Compacted Gouges

[16] The boundary between the isotropic gouge
layer and the upper compacted gouge layers is
sharp, straight, and localized above the uppermost
clay-rich C-S shear zone listed in Table 1. One
major feature with high contrast relative to the
isotropic layer consists of black irregular and
curved fractures (Figure 8a) which are particularly
abundant in layers B to F (Figure 3) but are also
present in two gouge fragments in the isotropic
gouge layer. These fractures are not associated with
any peculiar optical feature under crossed polars
(Figure 8b) and do not show any specific orienta-
tion relative to the fault plane. They do not corre-
spond to a particular concentration of clays or
black minerals but are air-filled and appear to be
related to surface defects or topographic irregular-
ities of the thin section.

[17] In contrast to the isotropic gouge, calcite veins
are present in the deformed gouges (Figure 3 and
Figures 8c, 8d, and 8f), although in a limited
volume (<5% of the thin-section surface on aver-
age). They are generally thin (<20 pym wide) and
display different degrees of strain. The undeformed
calcite veins are restricted to a 3 mm thick zone
(layers B to D in Figure 3) and appear as jigsaw
patches (Figure 8c). Matching vein-wall irregular-
ities indicate that they have a dilational origin
(extension). Thin planar cracks at high angles to
the fault plane (Figures 8d and 8f) display upward
increasing apparent deformation by vertical short-
ening, as shown by folds (Figure 8d), mechanical
twins, and rotation toward the fault plane. A very

thin layering corresponding to a higher concentra-
tion of submicrometric black grains is present in
the D and E layers (Figure 8e). This feature is
accompanied by a fault-parallel cleavage defined
by preferentially oriented clays (Figure 8f) or by
very thin cracks defining conjugated sets relative to
the fault plane and filled with crack-parallel ori-
ented clays (Figure 8b). Chemical composition of
these compacted gouge layers clearly shows com-
positional layering (Fe, Al, K, Mg, Si, and Ti) and
carbonate veining (Figures 7b, top, and 7c), which
are both absent in the isotropic gouge.

[18] The layers B to J of compacted gouges contain
also many rounded clasts of older gouges. These
are particularly abundant (nearly 30% areal extent)
and large (up to 1 mm) in layers H and I (see
Figure 3). An internal cleavage is observed in
almost all of these clasts and is generally oblique
to the fault-parallel cleavage of the surrounding
matrix. This is particularly obvious on crossed
polars with a gypsum plate. A few extensional
localized shear bands are visible in layers B to F
(see Figure 3). A fold deforming the H, I, and J
layers, displays an axial planar cleavage oblique to
the fault plane and is consistent with an upthrust
movement (Figure 3). The upper black gouge of
FZA1111 (Figure 2) displays similar microstruc-
tures to those of the B to J layers, i.e., rounded older
gouge fragments and a fault-parallel cleavage.

3.3. Foliated Sediments

[19] As already stated above, the foliated sediments
are located between two layers of black gouges
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Compacted gouge

Figure 7. XRF element mapping of areas indicated by green boxes. The red bar on the photos on the left is 5 mm.
Mg, because of its low Z, is less accurate than the other elements. The epoxy-filled cracks appear black for all
elements except S. (a) Isotropic gouge. It is homogeneous except for some bright dots which are monomineralic
fragments of calcite, K-feldspars, quartz, pyrite, or rutile. (b) The XRF map overlaps the limit (black line drawn on
the back of the thin section) between the isotropic gouge on the bottom and the compacted gouge on the top. A
compositional layering is visible in the compacted gouge, especially for Fe, K, Ti, and Mg. (c¢) Compacted gouge. As
for zone B, the compositional layering is visible mostly for Fe, K, Si, and partly for S. A calcite vein and calcite

patches appear on the Ca map.

(Figure 2) and are represented by the layers K to O
on the thin section (Figure 3). They display a fault-
parallel light to medium gray banding defined by
the alternance of quartz-rich and clay-rich layers,
respectively. Inherited sedimentary features can be

recognized, such as fossils and detrital micas or
chlorites.

[20] The major microstructural features of these
layers is the larger average grain size compared
to that of the gouges, with the diameters of quartz
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Figure 8. Microstructures in the compacted gouges. All microphotographs are oriented as in Figure 3. (a) Boundary
(red broken line) between the isotropic gouge (lighter beige at the bottom) and the compacted gouge. Small black and
irregular microfractures (red arrows) are restricted to the compacted gouge. Plane polarized light. (b) Same area as in
Figure 8a but under crossed polars. The boundary between the isotropic gouge and the compacted gouge is
characterized by a clay-rich layer (indicated by the red broken line and below). Note also the small clay-filled
fractures (white arrows) in the compacted gouge which are either at a high or low angle to the boundary. (c) Dilational
patch of calcite veins in the compacted gouge above the boundary with the isotropic gouge (layer D in Figure 3).
Crossed polars. (d) Vertically shortened calcite vein (layer F in Figure 3). Crossed polars. (e) Thin compositional
layering characterized by a high concentration of tiny black minerals. Plane polarized light. (f) Same area as Figure 8e
under crossed polars. Note the high-angle calcite veins (red arrows) and the clay-rich layer showing a preferred
orientation in the lower third of the microphotograph.

grains ranging up to 0.5 mm (Figures 9b and 9d).
Although fracturing of these quartz grains appears
to be ubiquitous, the fractured fragments are not
scattered allowing for their virtual reassembly.
Therefore, following the definition given by Keulen
et al. [2007], they are not gouges but layers of
cracked grains. The coarser-grained quartz-rich
layers are permeated by calcite which is present

as a cement in the pores, as filling material in
grain-scale fractures, or as veins at high angles to
the fault plane (Figures 9a and 9b). When present
as a cement, calcite is clearly more abundant on
the top of the sandstone layers than at their base.
The calcite crystals within veins and cements are
mechanically twinned and vertically shortened
(Figures 9a and 9b), which is also the case for
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Figure 9. Microstructures in the deformed sediments. (a) Boundary between a quartz-rich (top) and a clay-rich
(bottom right corner) layer (base of M on Figure 3). A calcite vein is vertically shortened and partly dissolved along
the fault-parallel cleavage, indicated by a red broken line. Crossed polars. (b) Coarse-grained and quartz-rich layer
showing subvertical transgranular fractures and intergranular pores filled by calcite. Crossed polars. (c) Fine-grained
isotropic material injected in a fracture within deformed sandy sediments. Plane polarized light. (d) Deformed
sediments showing variations in grain size and conjugated shears (red double arrows) symmetrical relative to the
fault-parallel cleavage (red broken line). Plane polarized light.

detrital grains, micas, and clays which define a
fault-parallel cleavage (Figures 9¢ and 9d). Conju-
gate shear bands in sandy layers are also indicative
of a vertical shortening (Figure 9d). The sedimen-
tary layering and cleavage are locally folded to-
gether (Figure 3, top of the thin section).

[21] In another thin section of these foliated sedi-
ments (NTU, TCDP3.1), we have observed narrow
(<0.3 mm) fractures that have been injected by a
fine-grained isotropic material (Figure 9c). Given
the small size of the core sample, it was not
possible to precisely determine the 3-D geometry
of these fractures, but they are oriented at high
angles to the fault plane and cleavage, are de-
formed at the boundary between quartz-rich and
quartz-poor layers, and are sheared together with
the surrounding foliated silty rocks (see Figure 2b).

3.4. FZB1136

[22] Sample FZB1136 from Hole B has already
been the subject of an extensive, nondestructive

characterization of its physical properties, such as
density, porosity, magnetic susceptibility, natural
gamma ray radiation and gamma ray attenuation
[Hirono et al., 2006b, 2007b], and X-ray computed
tomography [Hirono et al., 2008]. However, until
now no detailed microstructural studies have been
reported in the literature. We performed SEM
observations on a complete 100 pum thick section
across the FZB1136 fault zone in order to have
information complementary to that given by the
samples from FZA1111.

[23] The half core and the section assemblage are
shown in Figure 10. The black gouge is localized
in the 1136.26—1136.40 m interval between two
gray gouges, an upper one (1136.22—-1136.26 m)
and a lower one (1136.40—1136.46 m) [Hirono et
al., 2007b, 2008]. This fault zone differs from
FZA1111 by the absence of a black disk. Sedimen-
tary features such as detrital micas, fossils, or
delicate framboidal pyrites were observed above
and below the two continuous white lines shown in
Figure 10 and localized in sections 1 and 9.
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Grey
gouge

Black
gouge
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Figure 10. The FZB1136 fault zone. (a) Image of the
core section FZB1136 and location of the 100 pm thick
sections (rectangle). The black gouge is delimited by the
two white lines and corresponds to the disappearance
of sedimentary features. (b) Assembly of scans of the
100 pm thick sections 1 to 10 of the FZB1136 with the
localization of the two white lines. The PSZ corresponds
to the youngest gouge layer. White stars show CCAs
localized in compacted gouge layers.

Therefore, the upper and lower gray gouges can be
considered as deformed sediments and share sim-
ilar deformation textures with the deformed sedi-
ments described in FZA1111, such as cleavage
parallel to the fault plane, fractured grains and
dilated sandy layers cemented by calcite, and thin
shear zones.

[24] Between the two white lines, the black gouge
exhibits a macroscopically homogeneous texture.
However, thin section [Hirono et al., 2008] and
systematic SEM (this study) observations allow one
to distinguish several layers of more or less com-
pacted or deformed gouges displaying cleavage
(sections 2 to 8), folds (section 2), small shear zones
(all sections), calcite veins showing different degrees
of strain (sections 3 to 6), and a probable gouge
injection (section 6). Thus, the FZB1136 black gouge
shares similar microstructures with the FZA1111 one.
However, a 3 mm thick layer (Figure 10, between
the broken red lines in section 8) is devoid of small
shear zones, veins, or any later deformation struc-
tures. Its location corresponds to the low-density
zone L.Z2 described in X-ray computed tomographic
images by Hirono et al. [2008]. Because of the
absence of reworked or compacted microstructures
(Figure 11a), this layer may be compared to the

isotropic gouge layer in FZA1111. However, it is
different because of its smaller thickness (0.3 cm
versus 2 cm) and by its textural characteristics: it
is a very fine grained ultracataclasite, is devoid of
older gouge fragments at the scale of the section,
and locally exhibits a layering defined by varia-
tions in concentrations of monomineralic clasts
which are locally touching each other, or of very
small clay minerals and tiny grains (Figure 11b).
Very small heavy minerals (white on BSE-SEM
images) present in this gouge were recognized as
rutile, apatite, and undetermined Fe-S minerals.

[25] Interestingly, textures similar to those observed
in FZA1111 isotropic gouge layer can be observed
in compacted and sheared gouge layers, such as
aggregates with a 5 to 10 pm thick clay cortex (white
stars in Figure 10 and Figure 11c) or rounded gouge
fragments (Figure 11d).

4. Discussion

[26] The FZA1111 and FZB1136 fault zones cor-
respond with the surface rupture [Ma, 2005; Hung
et al., 2007; Heermance et al., 2003], and with the
slip zone identified in the northern shallow bore-
hole [Tanaka et al., 2006]. With respect to the
surrounding country rock, the fault zones have a
specific clay mineralogy [Kuo et al., 2005; Song et
al., 2007], and are characterized by decreasing
resistivity, lower density, Vp and Vs values, ele-
vated Vp/Vs and Poisson’s ratios, higher fracture
density [Hung et al., 2007], and frequent borehole
breakouts [Wu et al., 2007; Lin et al., 2007]. Most
importantly, temperature anomalies have been
measured on this fault plane in the TCDP Hole A
well [Kano et al., 2006] as well as in other shallow
boreholes [Tanaka et al., 2006, 2007]. Therefore,
these studies have already shown that the FZA1111
and the FZB1136 are the fault plane of the Chi-Chi
earthquake.

4.1. Chi-Chi Earthquake Slip Zone

[27] In the FZA1111 and the FZB1136 samples,
several layers of gouge have been distinguished
which correspond to several past earthquakes,
including Chi-Chi. Among these gouge layers,
the 2 cm thick gouge at the bottom of the black
gouge in FZAI1111 is the only one to show a
remarkable isotropic texture (the thin clay-rich
zones excepted) and the absence of veins, fractures,
or large shear zones suggesting that this layer has
not been reworked by any subsequent slip event.
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Figure 11.

This indicates that this isotropic gouge is the
youngest PSZ of the Chelungpu fault and, conse-
quently, is the Chi-Chi PSZ [Kuo et al., 2005; Ma
et al., 2006]. All of the structural features described
in the previous section suggest that the isotropic
gouge results from a complete mixing of fragments
of sedimentary grains, older calcite veins, or pre-
vious gouge layers originating mostly from the
hard black material below the PSZ. The average
grain size is lower than in the foliated sediments,
which suggests that some fracturing or comminu-
tion processes have occurred. The quasi-absence of
cracked fragments within FZA1111 indicates, how-
ever, that no stress concentration related to grain-
to-grain contacts, i.e., no force chains, has existed

Backscattered electron SEM images of the FZB1136 black gouge. (a) Fine-grained PSZ in section 8. No
shear-zones have been observed in this layer, which is thought to be the youngest gouge layer. Scale bar is 100 pgm.
(b) Detail of the layer shown in Figure 11a. Note the layering defined by heterogeneous grain size distribution. The
upper layer contains large quartz clasts, whereas the lower one is very fine-grained and clay-rich. Scale bar is 20 pm.
(c) CCA in section 6 (Figure 10). Note the fine-grained and dense 10 pm-thick clay-rich cortex around the central
quartz clast. Scale bar is 10 pum. (d) Compacted gouge in section 4 (Figure 10) containing numerous rounded gouge
fragments (white arrows). Scale bar is 100 pm.

in the isotropic gouge as it is structured now. This
means that crushing or comminution was restricted
to an early stage of the fault history or to an early
stage of slip during the Chi-Chi earthquake.

[28] Until now, the only undisputed textural evi-
dence for seismic faulting was the presence of
pseudotachylytes [Cowan, 1999]. Some pseudota-
chylyte fragments have been found in the shallow
drill hole that penetrates the southern part of the
Chelungpu fault [Otsuki et al., 2005]. Amorphous
textures (vesicles and hourglass structures) have
been described in two black disks in Hole B
(FZB1194 and FZB1243) [Hirono et al., 2006a].
Kuo et al. [2005] have mentioned similar textures
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in the FZA1111 isotropic gouge layer but could not
determine if these were localized in the gouge
matrix or in some of the older gouge fragments
plucked from the lower black disk and if they
correspond to a quenched melt or to a gel similar
to that produced by di Toro et al. [2004] during
rotary-shear experiments. Consequently, pseudota-
chylytes produced by frictional melting during the
Chi-Chi earthquake cannot be unambiguously dem-
onstrated in the northern part of the Chelungpu fault.

[29] An important characteristic of the FZA1111
isotropic gouge is the presence of aggregates
among the matrix-supported fragments. These nat-
ural microstructural features have been already
found at the base of large landslides [Beutner and
Gerbi, 2005] and within the gouge of the Alpine
fault in New Zealand [Warr and Cox, 2001]. For
the first time, they have been experimentally repro-
duced by Boutareaud et al. [2008a] from high-
velocity rotary shear tests using a natural smectite-
rich gouge as a starting material; they are termed
clay-clast aggregates (CCAs hereafter) by these
authors. CCAs observed in the FZA1111 isotropic
gouge display a thinner clay cortex (5 um versus
15 pm) than those experimentally produced. This
difference may be simply related to the larger total
displacement of the rotary shear experiments (30 to
55 m) compared to the slip during the Chi-Chi
earthquake (approximately 5 m on the TCDP site)
[Yu et al., 2001]. As shown by Boutareaud et al.
[2008b], the presence of smectite clay minerals in
the gouge used in the experiments appears to be a
key parameter for the formation of the CCAs
because the amount of interlayer water that can
be released while heating is very large [Ferrage et
al., 2005; Michot et al., 2005]. This is also an
important characteristic of the FZA1111 isotropic
gouge, where smectites are almost the only clays
present, with a minor occurrence of illite [Kuo et
al., 2005]. Boutareaud [2007] and Boutareaud et
al. [2008a] have conducted rotary shear experi-
ments at 0.09, 0.9, and 1.3 m/s. On the basis of
temperature measurements during the experiments,
the authors have modeled the thermal evolution in
the gouge at 0.6 MPa normal stress and have
shown that CCAs are only formed when frictional
heating occurring in the gouge was sufficient to
reach water vaporization (160°C at 0.6 MPa)
during the early stage of slip, regardless of the
water content of the initial gouge. These authors
suggest that CCAs could be a new useful textural
indicator of large slip at coseismic velocity with
thermal pressurization [Boutareaud et al., 2008a].
Therefore, the observation of CCAs in the FZA1111

isotropic gouge may imply that thermal pressuriza-
tion occurred in the Chi-Chi earthquake slip zone,
on at least the northern part of the fault where slip
reached about 9 m [Yu et al., 2001].

[30] CCA formation implies aggregation of clay
particles around a central rolling clast, a process
which is thought to be enhanced by surface tension
phenomena or electrostatic forces in a thermally pres-
surized and fluidized clay-rich gouge [Boutareaud
et al., 2008a]. Consequently, CCAs indicate that
complex processes should have controlled the behav-
ior of very small sized particles in the gouge. If
crushing and comminution were effective during
the first stage of slip and contributed to decrease the
overall grain size, fine particle aggregation around
clasts may have modified the grain size distribution
in the FZA1111 gouge. Consequently, the fracture
energy released by the Chi-Chi earthquake [Ma et
al., 2006] may not be simply related to grain size
distribution in the gouge and may point to some
other mechanochemical processes that should also
be considered in the energy budget of the Chi-Chi
earthquake.

[31] The gouge fragments originating from the
lower black disk are concentrated in the top third
of the layer (Figure 5). Such a grain size segrega-
tion may be explained by two mechanisms. First, it
may be compared to flotation of large blocks on
top of viscous debris flows. However, we do not
observe any flow texture in the gouge. Second, and
we favor this interpretation, the observed grain size
segregation of the gouge fragments perhaps obeys
the Brazil nut effect (BNE), a phenomenon ob-
served when an homogeneously distributed mix-
ture of large and small nuts or beads is vertically
shaken in a container, such that large particles
migrate toward the top of the container. The BNE
size segregation results from the competition be-
tween downward percolation of the small particles
between the larger ones and buoyancy, which tends
to push the heavier particles toward the bottom of
the container [Ciamarra et al., 2006; Schréter et
al., 2006]. Experimental BNE simulations have
been conducted under air pressure, i.e., in a very
low viscosity medium with upward flow of larger
particles depending on the size and density ratios of
the particles, their surface frictional properties, the
total height of the layer, and the acceleration of the
vibrations. Depending on these conditions, BNE
segregation may or may not occur [Ciamarra et al.,
2006; Schréter et al., 2006]. A high diameter
ratio with almost no density contrast is favorable
for BNE segregation, and this is the case of the
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FZA1111 PSZ gouge where clasts are similar in
composition but are of very different sizes. The
total height of the layer (20 mm) is much larger
than the largest particles (0.9 mm), and this con-
figuration is also favorable to BNE size segregation
[Schroter et al., 2006]. The Chi-Chi peak ground
acceleration reached 0.5 g at the surface of the
hanging wall [Chang et al., 2004], but acceleration
on the fault plane at depth may have been larger
than 10 g [McGarr et al., 1981] which is within the
range of shaking accelerations during experimental
BNE grain size segregation (1 to 20 g range)
[Schréter et al., 2006]. The unknown parameters
are the relative viscosity of the matrix and the
friction coefficient of the fragments in FZA1111
PSZ. While the size segregation experiments are
generally conducted in an air-filled container, the
aging of particles (i.e., increasing friction coeffi-
cient) is a favorable condition for BNE size segre-
gation [Ulrich et al., 2007]. Gouge fragments may
be considered to have high static friction proper-
ties. The observation that their size distribution
obeys BNE shows that they were able to move
and geometrically rearrange themselves in a very
low viscosity medium during this particular seis-
mic shaking event. Therefore, in addition to the
presence of CCAs indicators for large seismic slip
and thermal pressurization, the observed grain size
segregation of gouge fragments strongly suggests
that the gouge was fluidized during the Chi-Chi
earthquake.

[32] In FZB1136, the inferred PSZ of the Chi-Chi
carthquake has different textural characteristics
than the FZA1111 isotropic gouge. First, it is much
thinner (0.3 cm versus 2 cm) and second, it does
not contain CCAs, but clay-rich foliated gouges
alternating with clast-rich layers similar to foliated
gouge described by Boutareaud et al. [2008a] in
their high velocity rotary shear experiments. The
existence of loaded grain contacts between quartz
clasts suggests that fragmentation was still effec-
tive in the corresponding layers and that friction
was still high [Mair et al., 2002]. According to
Boutareaud et al. [2008a], the foliated gouges is
where heat is first produced by strain localization,
which is then diffused through the whole gouge
leading to thermal pressurization. As Holes A and
B are 40 m apart in the downdip direction, such
differences in FZA1111 and FZB1136 indicate that
the Chi-Chi PSZ has variable thickness and struc-
tural signature and that physical and dynamic
seismic processes may vary somewhat along the
fault. Heat may have been produced by friction in
the thin FZB1136 PSZ, while thermal pressuriza-

tion inducing fluidization of the gouge may have
been dominantly expressed in the thicker FZA1111
PSZ. However, thicker compacted gouge layers
containing CCAs and gouge fragments are also
observed in FZB1136 (Figures l1lc and 11d),
whereas thinner compacted but layered gouge
layers are observed in FZA1111 (Figure 3 and
Figures 4e and 4f). This means that textural sig-
natures of physical and dynamic seismic processes
may change in space along the fault plane and in
time from one earthquake to another.

[33] As described in the previous sections, the only
observed compositional layering in FZA1111 cor-
responds to thin clay-rich C-S layers that are
indicative of low shear strain (approximately
8 mm of minimal displacement; Table 1). Because
the isotropic gouge is interpreted as the Chi-Chi
earthquake PSZ and these shear zones are not
disrupted within the gouge, they are interpreted
to have developed after the fluidization of the PSZ
gouge and to be related to ductile deformation
during the Chi-Chi postseismic shear. Yu et al
[2003] measured postseismic deformation using
GPS data during 15 months after the Chi-Chi
earthquake, which shows a spatial correlation be-
tween the smallest postseismic displacements and
the largest coseismic displacements. At their AF25
station which is the closest one to the TCDP drill
site, the measured horizontal displacement was
approximately 48 mm after 15 months. Thus, the
8 mm estimate of ductile postseismic shear local-
ized within the 2 cm thick slip zone is consistent
with the GPS measurements. The very low post-
seismic deformation of the isotropic gouge also
suggests that fluidization of the gouge was effec-
tive until the seismic slip stopped, due probably to
the low permeability of the fault walls preventing
the efficient escape of fluids.

[34] The precise age of the thin rough fractures
with a brown halo which are present in the isotro-
pic gouge is unknown. They are expected to be
younger than the Chi-Chi earthquake and may be
simply related to an artifact induced by drilling or
by thin section preparation. The core samples were
preserved in a cold chamber with a controlled
humidity before sample distribution. Moreover,
we can be confident that the cores did not dry
out and that no iron-rich fluid percolated through
the samples during stockage. Barium was not
detected in the gouge based on XRF, indicating
that these fractures were not contaminated by dril-
ling mud. Whatever their age, these microfractures
were the locus of Fe-rich fluid circulation leading to
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iron enrichment in the wall rocks (Figures 7a and
7b). Their rough geometry indicates that they may
have propagated at a subcritical rate [Atkinson,
1987]. They may be related to a rapidly distributed
volume change in the isotropic gouge (C. Rowe,
personal communication, 2008) after the Chi-Chi
earthquake. Measured in situ hydraulic diffusivity
by injection tests [Doan et al., 2006] shows that the
permeability values of the fault zone are high
compared to the permeability of the host rocks
measured by Sone et al. [2007b]. If these micro-
fractures were formed in the isotropic gouge at
depth after Chi-Chi, but before drilling, they could
explain these high permeabilities. Nonetheless, the
real age and origin of these fractures still remain a
matter of debate.

4.2. Compacted Gouge: Interseismic
Deformation of Previous Slip Zones

[35] Small irregular black cracks, compositional
layering, and calcite veins are the most striking
differences between the compacted gouge and the
isotropic gouge layer below. As the small cracks do
not correspond to any compositional variation and
do not show any specific orientation, it is not
possible to interpret them as dissolution features,
such as stylolites for example. As they appear to be
air-filled and correlated with topographic defects
on the surface of the thin section, they can be
considered to be artifacts related to the thin section
preparation. Nevertheless, these artifacts do not
exist in the isotropic gouge matrix and are indic-
ative of a discrepancy in the physical properties of
the compacted gouges compared to the isotropic
gouge, i.e., possessing higher strength potentially
due to a greater degree of compaction.

[36] Evidence for dissolution is found in the thin
compositional layering described in the D-E layers,
defined by a higher concentration in small black
grains or clay minerals, and corresponding to
higher concentrations of Fe, Al, K, Mg, Si, and
Ti (Figures 7b and 7c¢). This is particularly evident
for Fe and Ti in the thin black layers and for K and
Mg where the concentration of clays is higher. This
fine-scale compositional layering is interpreted as
the result of a passive concentration of insoluble
minerals in a plane normal to the maximum stress
induced by the dissolution of soluble minerals
[Durney, 1976; Gratier, 1987]. This process may
also have accentuated a previously existing layer-
ing similar to that of the foliated gouge described
in FZB1136 PSZ. Such a pressure solution mech-
anism may have contributed to the compaction of

the gouge layers above layer A, increasing their
strength and decreasing their permeability.

[37] Calcite veins within the compacted gouges
provide information on fluid circulation at different
stages of the fault zone evolution. Just above the
isotropic gouge, 3-D dilational patches of unde-
formed calcite veins indicate that these veins are
recent and related to hydraulic fracturing. We
suggest that they are induced by coseismic fluid
redistribution from the isotropic gouge below and
have been induced by the Chi-Chi earthquake. The
contrasting composition of calcite-rich fault walls
and calcite-poor gouge in the FZB1136 has been
interpreted by Hirono et al. [2007a] as resulting
from the thermal decomposition of carbonates at
temperatures higher than 850°C during seismic
slip, as has been experimentally reproduced by
Han et al. [2007]. However, clays, and especially
smectites, are able to produce a large quantity of
water by dehydration between 200 and 385°C,
depending on the interlayer cations [Wu et al.,
1997b; Michot et al., 2005]. Moreover, Brantut et
al. [2008] have observed an analogous large re-
lease of water during high-velocity rotary shear
experiments using clay-rich gouges as starting
material. We suggest that an important release of
water from clays, and especially smectites, by
frictional heating during seismic slip could have
diluted the pore water within the isotropic gouge
and thus enhanced calcite dissolutional removal in
the gouge. Moreover, higher temperatures would
lead to faster carbonate dissolution kinetics. Sub-
sequent coseismic fluid redistribution within the
hanging wall may then have locally induced hy-
draulic fracturing of the hanging wall, leading to
precipitation of calcite.

[38] On the basis of the isotopic signature of calcite
veins around the fault zone, Wang et al. [2005]
have shown that the fluids were a mixture of
meteoritic and seawater with a very limited dis-
tance of circulation due to a relatively low hydrau-
lic diffusivity and that the vein-filling carbonates
originated from dissolution of the numerous micro-
fossils observed in the surrounding sediments.
Following the reasoning of these authors, we
estimate that the Chelungpu fault does not repre-
sent an important fluid conduit connected to greater
depths. This assumption is consistent with the
observed limited volume of calcite veins in a
restricted volume of wall rock compared to what
has been described in the Nojima fault, where
carbonate veins related to coseismic fluid redistri-
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bution are observed several meters away from the
fault [Boullier et al., 2004a].

[39] Deformation of the calcite veins (layers C to
H, Figure 3) and folds with an axial planar cleav-
age (layer H, Figure 3) are indicative of a shorten-
ing perpendicular to the fault plane, which also
probably results from a pressure solution process
[Durney, 1976; Rutter, 1976; Gratier, 1987; Le
Guen et al., 2007]. This process implies a succes-
sion in space and time of three mechanisms, (1) dis-
solution at loci of stress concentration, (2) diffusion
of solute within a trapped intergranular fluid film,
and (3) crystallization at minimum stress bound-
aries. This process is kinetically controlled by the
slowest mechanism, which is diffusion [Rutter, 1976].
In addition, this process implies a stress lower
than the strength of the material in combination
with a low strain rate. Therefore, it is assumed to
be operative during postseismic to interseismic
intervals [Gratier and Gamond, 1990]. As apparent
finite deformation of the compacted gouge layers
increases from the bottom to the top, as indicated by
increased shortening of the calcite veins, it is sug-
gested that the age of the gouge layers in FZA1111
is correspondingly older from the bottom to the top,
as each layer has registered more interseismic strain
than the layer immediately below.

[40] Apart from the compaction microstructures,
the compacted gouges in FZA1111 and FZB1136
share similar textures with the isotropic gouge
layer. Indeed they contain no cracked quartz but
instead contain matrix-supported clasts, CCAs, and
numerous gouge fragments. These similarities sug-
gest that the compacted gouges constitute ancient
slip zones representative of past earthquakes sim-
ilar to Chi-Chi with regards to their seismological
characteristics (slip, magnitude, slip weakening
mechanisms. . .). It is not easy to count the totality
of these seismic events because we could not
observe a continuous section across the whole
gouge zone. However, on the basis of nine deter-
mined gouge layers (A to I in Figure 3), the two
hard black disk materials themselves containing
gouge fragments, and the observation of gouge
fragments in the compacted gouge layers (B to I
in Figure 3), we suggest that the observed gouge
section could correspond to 15 to 20 major earth-
quakes. We could not observe the whole upper
black gouge in FZA1111, and thus we do not know
how many seismic events have been registered
there. The total displacement on the FZA1111 has
been determined to be 0.3 km and attributed to
approximately 35 Chi-Chi-equivalent earthquakes

by Yue et al. [2005]. Our observations are consis-
tent with these estimates.

4.3. Foliated Sediments: Seismic and
Aseismic Deformation

[41] We previously stated that the very fine grained
material injected within fractures in the foliated
sediments is similar to the isotropic gouge matrix
of the FZA1111 PSZ. Otsuki et al. [2005] and Ujiie
[2005] describe similar clay-rich injections in the
northern shallow borehole through the Chelungpu
fault. Following Lin [1996], Rowe et al. [2005],
and Ujiie et al. [2007], we interpret these features
as coseismic injections of fluidized gouge originat-
ing from a lower-level gouge layer. The jigsaw
lines of fine-grained black material observed in the
upper light gray clay-rich gouge (Figure 2) are
probably also deformed gouge injections originat-
ing from the upper black gouge layer. All the
gouge injections observed in FZA1111 are de-
formed and sheared together with the surrounding
foliated sediments in a way similar to the com-
pacted gouge, i.e., by the low strain rate pressure
solution mechanism [Durney, 1976; Rutter, 1976;
Gratier, 1987; Le Guen et al., 2007]. By compar-
ison with what has been described in the Nojima
fault zone [Boullier et al., 2004b], this pressure
solution mechanism is interpreted as acting mostly
during interseismic stages. Therefore, like the
compacted gouges, the gouge injections should
correspond to past earthquakes.

[42] Because of the small size of the core sample,
we did not observe undeformed gouge injections
originating from the FZA1111 isotropic gouge
layer that could be related to the Chi-Chi earth-
quake, but it is not excluded that such injections may
also have occurred elsewhere and not just at the drill
hole. Indeed, all of the textural characteristics of the
isotropic gouge (very fine grain size, matrix-supported
clasts, no loaded grain contacts, presence of CCAs,
and occurrence of Brazil nut segregation indicating
thermal pressurization and low viscosity of the
gouge matrix) are consistent with its fluidization
required for its mobilization and injection in the
above surrounding fault rocks [Ujiie et al., 2007].

[43] Three-dimensional dilation of the top of sandy
layers below and above the FZA1111 black gouge
and their impregnation by calcite are indicative of
hydraulic fracturing induced by high fluid pressure.
The clay-rich layers may have acted as imperme-
able caps allowing compartmentalization of the
sediments and formation of small-size cells of high
fluid pressure within sandy layers. By analogy with
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the seismic valve model proposed by Sibson et al.
[1988], it is tentatively suggested that this high
fluid pressure occurred during the preseismic stage,
before the interconnection of the high pressure
cells induced by the seismic rupture [Sibson,
1994]. Deformation of the calcite cement probably
occurred therafter by twinning and pressure solu-
tion during the interseismic stage.

4.4. Slip-Weakening Processes in the
Chi-Chi Slip Zone

[44] The Chi-Chi earthquake is characterized by a
contrast in seismological behavior of the northern
and southern areas of the fault. Ma et al. [2003]
have proposed the elastohydrodynamic lubrica-
tion mechanism for the northern part, following
the model presented by Brodsky and Kanamori
[2001]. In this model lubrication pressure increases
during slip within the viscous PSZ gouge layer and
contributes to decreasing the frictional stress by
elastically deforming the asperities and widening
the fault wall distance. Similar internal pressure in
the gouge may result from thermal pressurization
when frictional heating induces a pore fluid pres-
sure increase [Sibson, 1973; Lachenbruch, 1980;
Wibberley and Shimamoto, 2003, 2005], if fluid is
trapped within the gouge pores. Such a mechanism
has been proposed for the Chi-Chi PSZ by Tanaka
et al. [2006, 2007] and Kano et al. [2006] on the
basis of temperature anomalies measured in the
shallow boreholes and in TCDP hole A, respec-
tively. According to Boutareaud et al. [2008a],
CCAs constitute reliable evidence of frictional
heating and thermal pressurization and formed
during experiments when the temperature reached
the water vapor phase boundary at 160°C. In
FZA1111 PSZ, pore pressure before slip was less
than 26 MPa (lithostatic gradient) and higher than
11.1 MPa (hydrostatic gradient), with a present-day
temperature of 46.5°C [Kano et al., 2006]. A
minimum 300-400°C increase in temperature
would be necessary to bring the pore water into
the vapor or critical state in the 11 to 26 MPa
pressure range [Roedder and Bodnar, 1980]. There
is no direct evidence that the isotropic gouge of the
Chi-Chi earthquake was heated to such elevated
temperatures, although temperature measurements
in boreholes across the Chi-Chi PSZ have shown
temperature increases 1 [Tanaka et al., 2007] and
6 years [Kano et al., 2006] after the earthquake.
However, 400°C temperature increases have been
registered by magnetic minerals in the black disks
from FZB1194 and FZB1243 [Mishima et al.,
2006], as well as by vitrinite reflectance in a very

narrow fault zone from the southern shallow drill
hole [Sakaguchi et al., 2007]. Therefore, as past
earthquakes on the Chelungpu fault have produced
such frictional heat, we would expect the occur-
rence of similar processes during the Chi-Chi
earthquake within the isotropic gouge.

[45] A numerical simulation based on the calcula-
tion proposed by Wibberley and Shimamoto [2005]
and on measurements of physical transport prop-
erties of the FZA1111 fault zone [Sone, 2006; Sone
et al., 2007b] has been performed to evaluate the
consequences of frictional heating of FZA1111 in
terms of thermal pressurization and a slip-weakening
effect (see Appendix A). The simulation confirms
that all of the conditions were met for thermal pres-
surization in the 2 cm wide PSZ during the Chi-Chi
earthquake.

[46] To conclude, microstructural analysis of the
Chelungpu fault gouge from the two TCDP bore-
holes are consistent with fluidization and thermal
pressurization of the Chi-Chi PSZ and therefore
may explain the exceptionally large velocities and
ground displacement observed in the northern part
of the Chelungpu fault.

5. Conclusions

[47] On the basis of a detailed microscale descrip-
tion of samples from the TCDP project, we con-
clude the following:

[4s] 1. We have recognized the Chi-Chi earthquake
Principal Slip Zone in the fault zones FZA1111 and
FZB1136 by the lack of any later deformation. In
the FZA1111, the PSZ is a 2 cm thick isotropic
gouge characterized by matrix supported clasts, the
absence of loaded grain contacts between these
clasts, the presence of clay clasts aggregates
(CCAs), and older gouge fragments segregated
on the top third of the slip zone according to the
Brazil nut effect. In the FZB1136, it is a 0.3 c¢cm
thick, very fine grained zone displaying alternation
of clay-rich and clast-rich layers. For the first time,
CCAs are recognized as slip indicators in a recent
slip zone in an important active fault.

[40] 2. By analogy with CCA-producing experi-
ments performed by Boutareaud et al. [2008a], we
suggest that pore water in the isotropic gouge
reached the vapor or critical state and therefore
was heated to 300—400°C at 1111m depth. Release
of water from clays in the gouge by frictional
heating may have increased the water content of
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the gouge, contributing to an increase of the pore
pressure.

[s0] 3. All of the described structures suggest that
the gouge was fluidized by thermal pressurization
resulting from strain localization and heat produc-
tion in places such as the thin PSZ in the FZB1136,
this in itself inducing fluidization of the isotropic
gouge that was concentrated on wider PSZ, such as
FZA1111.

[s1] 4. This work demonstrates that clays have a
very important role for slip weakening processes
and fluid-rock interactions in shallow, clay-rich slip
zones.

[52] 5. Thin undeformed calcite veins within the
compacted gouges above the PSZ in the FZA1111
are interpreted to be representative of the coseismic
redistribution of fluids expelled from the PSZ and
are thought to be related to the Chi-Chi earthquake.
However, the quantity of precipitated carbonate is
small (less than 5% in a thin section) and indicates
that only small volumes of fluids were able to
escape from the PSZ toward the low permeability
fault walls.

[53] 6. Although low-rate deformation by pressure
solution has partly modified their microstructural
signature, several layers of compacted gouges in
FZA1111 and FZB1136 may be recognized as the
PSZ of past earthquakes having characteristics
similar to the Chi-Chi event.

[54] On the basis of microscopic observations of
the PSZ of the Chelungpu fault gouge, the con-
clusions of this work are of primary importance for
mesoscopic and microscopic observations of re-
trieved fault gouges from coring programs con-
ducted through active faults such as the Nankai
subduction zone [Park et al., 2002].

Appendix A: Thermal Pressurization of
the Chi-Chi Slip Zone

[ss] Here we present the results of a simple nu-
merical simulation of thermal pressurization based
on the calculation proposed by Wibberley and
Shimamoto [2005] and Boutareaud et al. [2008c].
We consider a simple one-dimensional fluid and
heat-flow model in the direction perpendicular to
the fault. On the basis of microstructural observa-
tions of the isotropic gouge (i.e., this paper), we
also consider that all of the fault displacement and
related dynamic weakening processes are localized
along a well-defined, laterally continuous and

planar 2 cm thick (FZA1111) or 0.3 cm thick
(FZB1136) gouge slip zone. Below we discuss
the relevance of our results.

[s6] As most of the mechanical frictional energy is
converted into heat [Scholz, 2002], heat represents
the major component of the energy budget of
earthquakes. For that purpose, it constitutes a key
physical parameter that controls the dynamics of
the slip-weakening process (see Rice [2006] for a
review). As two possible end-members, frictional
heating of pore fluids can lead either to thermal
expansion of the fluids, resulting in drainage out of
the heated slip zone, or to pressurization of the
fluids if trapped within pores [Sibson, 1973].

[s7] A characteristic distance that controls the loss
of fluid under pressure during the entire slip
duration is the hydraulic diffusion length scale L
[Mase and Smith, 1987; Lachenbruch, 1980; Wib-
berley and Shimamoto, 2005]:

Ly = (D)2 (A1)

where D, is the hydraulic diffusivity and ¥ a
characteristic time controlling the rate of thermal
pressurization. These two parameters can be
defined as:

Dy = n’;ﬂ ; (A2)

ﬂc = (ﬁb - ﬁx) + (b(ﬂf - ﬂv) (A3)
__pe

U= ST (A4)

p o $owt (1 —ﬁ P)am — (A5)

where k is the permeability function (see Table Al)
determined by best fitting the data obtained from
laboratory measurements on FZA1111 gouge
samples by Sone [2006] and Sone et al. [2007b],
3. is the storage capacity, (3, is the compressibility
of liquid water, (3, is the compressibility of
individual grains, 3; is a function of the gouge
bulk framework compressibility determined by
best fitting the data obtained from laboratory
measurements on the FZA1111 fault gouge by
Sone [2006] and Sone et al. [2007b], p is the clay-
rich fault gouge density, ¢ is the clay-rich fault
gouge specific heat capacity, p, is the dynamic
coefficient of friction, I' is the thermal pressuriza-
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Table Al. Physical Parameters With Symbols, Values,
and Units Used in the Thermal Pressurization Numerical
Modeling

Property Symbol Value Units

Permeability k -2 m?

Porosity -8

Total slip zone width 2w 2% 1072 m

03 x 1077 m

Water dynamic n 2.82 x 107* Pa s°
viscosity

Storage capacity Ge = pa~'*

Compressibility of Br 43 x 10717 pa '®
liquid water

Compressibility of B, 12 x 107" pa~'®
individual grains

Water thermal Qyy 6 x 1074 K-'®
expansivity

Mineral thermal Qe 2x107° K~'®
expansivity

Gouge thermal Qg 1 x 1073 K~1®
expansivity

Gouge density p 2000 kg m>°

Gouge specific c 1000 Jkg ' K7'e
heat capacity

Dynamic friction L 0.4
coefficient

Relative slip velocity 14 2 ms '

“Values based on the logarithmic function to unloading data
reported by Some et al. [2007b]. The method is applied from
Boutareaud [2007], with (1) the permeability values follow equations
of the form: k = ko x exp[—vy X (P, — Py)], where ky is the
permeability equal to 4 x 10~ '® m? at a reference pressure Py = 0, and
(2) the porosity values follow equations of the form =, X exp[—a X
(P, — Py)], where ( is the porosity equal to 0.18 at a reference pressure
P() =0.

®Values assumed to be constant, based on Lachenbruch [1980],
Mase and Smith [1987], Wibberley and Shimamoto [2005].

©Values based on data from Tanaka et al. [2007].

tion coefficient, V' is the relative slip velocity, n is
the fluid dynamic viscosity, «,, is the thermal
expansivity of water, ¢ is the porosity function
determined by best fitting the data obtained from
laboratory measurements on the FZAI1111 fault
gouge by Sone [2006] and Sone et al. [2007b],
v, s the mineral thermal expansivity, and oy is
the thermal expansivity of the porous medium (see
Table Al).

[ss] Considering a half-slip zone width W of 1 cm
(e.g., PSZ in FZA1111) or 0.15 cm (e.g., PSZ in
FZB1136), the calculated hydraulic diffusion
length scale L, is 0.01 cm and 0.03 cm, respec-
tively. It can be shown that L, < W, which implies
that the amount of fluid loss from the slip zone
during the fault slip duration can be assumed to be
negligible. Thus, the numerical model assumes a
trapped fluid.

[s9] The rate of thermal pressurization is the differ-
ence between the rate of pore pressure buildup due
to frictional heating and the rate of pressure dissipa-
tion due to fluid flow in the slipping zone. Assuming
the entire frictional work is transformed into heat, the
rate of frictional heating during faulting is equal to:

dr
ar EXV

—_— =t A6
dt  pxcxw (A6)

where 7 is the fault frictional resistance. Assuming
an effective stress for a constant slip rate, the fric-
tional resistance 7 of the fault is given by:

dr dP
o = Ha % (Un - E) (A7)

Combining equations (6) and (7), it results:

X i x V
d_Ti/Ld On dt

dt pXCXW

(A8)

Taking into account the absence of fluid loss (see
above), the corresponding rate of undrained pore
pressure buildup is:

X ar XV
dpy o odr o M\
dr dr

A
pXCXW (A9)

Following classical solutions for heat diffusion as
an analog for fluid pressure diffusion [Carslaw and
Jaeger, 1959], the rate of fluid pressure dissipation
in the center of the shear zone can be estimated as:

s Dy B () ()
2w.

—=-Dp x— X
dt h

o (A10)

The rate of thermal pressurization € is the differ-
ence between the rate of pore pressure buildup due
to frictional heating (equation (9)) and the rate of
pressure dissipation due to fluid flow (equation (10)).
Integration of the result with respect to time allows
calculation of the fluid pressure evolution within the
gouge slip zone. Finally, the frictional resistance I1
of the fault through time (then through displacement)
is given as follows:

i _ X doe xV
ar M dt

(A1)

considering that the effective stress o, is the differ-
ence between constant normal stress o, at consid-
ered depth and rate of thermal pressurization €.
Figure A1 shows the result of our analysis for the
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Figure Al. Results of modeling of the thermal

pressurization process for the PSZ showing the effects
of frictional heating during seismic slip ata 1111 m depth,
4 m/s slip velocity and for a 0.4 dynamic friction coef-
ficient for a PSZ-thickness for 0.3 cm (red curve) and
2 cm (blue curve), respectively.

two gouge slip zones. It states that for an effective
pressure P, of 16.7 MPa, assuming a lithostatic
pressure gradient of 25 MPa/km and a fluid pressure
gradient of 10 MPa/km (at 1111 m depth), all of the
necessary conditions are fulfilled for thermal
pressurization to be effective for a slip weakening
distance Dc of ~1 m on a 2 cm wide PSZ or of
~0.1 m on a 0.3 cm wide PSZ, with a total fault
strength reduction of 6.7 MPa. The results also show
that the gouge slip zone thickness is a key parameter
that significantly affects the thermal pressurization
process, with better efficiency for the thinner gouge
thicknesses, which is consistent with the results
obtained by Noda and Shimamoto [2005] from a
more elaborate numerical analysis.

[60] These results have two important implications
for the determination of the seismic process. First,
the thermal pressurization process, which is sup-
ported by the presence of CCA microstructures and
BNE segregation of underlying plucked gouge
fragments, appears to be efficient in the two gouge
zones at 1111 m depth. Second, the calculated slip
weakening distance D,., which is of the same order
of magnitude as those determined from seismolog-
ical studies ranging from 0.05 to about 1 m [/de
and Takeo, 1997; Mikumo et al., 2003], occurs over
timescales of the order of one second and appears
to be representative of the typical risetime and

stress drop of large earthquakes. The combination
of these two results provides important evidence
that tend to validate a possible occurrence of
thermal pressurization during the Chi-Chi earth-
quake. However, our two D, values are a factor of
10 lower than the D, estimated by Ma et al. [2006]
for the Chi-Chi earthquake (nearly 5 m) at the
northern end of the fault, and our numerical sim-
ulation overestimates by about 2 MPa the coseis-
mic fault strength reduction estimated by Ma et al.
[2006]. On the basis of the fact that our numerical
analysis does not take into account the slip rate
change that accompanies the fault slip with a peak
velocity that occurred at few seconds after the slip
initiation [Ma et al., 2003], one reason explaining
this discrepancy in both D, and A7 may be related
to the type of slip weakening mechanism that was
operative. Indeed, the physical conditions respon-
sible for the parameters of a specific weakening
mechanism would primarily depend on the rate of
frictional heating during the initial stages of slip
[Bizzarri and Cocco, 2006; Sulem et al., 2007,
Boutareaud, 2007]. We can also consider an iso-
volumetric shear at constant shear strain rate in our
model. This results in several physical parameters
being constant (such as the storage capacity or the
water compressibility among others); however, this
does not agree with the microstructural evidence
that suggests a gouge water phase transition. To the
best of our knowledge, few studies account for the
phase transition from liquid to water vapor induced
by frictional heating of both water expelled from
clay interlayers and the gouge pore water [Sulem et
al., 2007; Mizoguchi et al., 2007; Boutareaud et
al., 2008a]. These results point out that the prop-
erties of water during the rapid phase transition,
properties that depend on pressure and temperature
(in addition to the amount of CO, dissolved in
water), should be seriously taken into account for
future thermal pressurization process calculations.
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