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implications for fault zone evolution and coseismic slip
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[1] We report variations in the mineralogical, geochemical, and isotopic (6'°C, 6'%0)
composition of fault rocks sampled in transects across the Zhaojiagou and Pingxi
exposures of the Wenchuan Earthquake or Longmenshan Fault Zone, where the gouge-
rich fault core and principal slip surface cuts through carbonate-rich strata. Pervasive fluid
infiltration was found to modify the mineralogical and geochemical architecture of the
fault zones studied. Enrichment/depletion patterns, element partitioning, and a very large
implied volume loss are quite different from those characterizing faults in granites and
clastic sedimentary rocks and can be explained by a mass removal model involving
dissolution and advective transport enhanced by pressure solution. An increasing
enrichment in smectite observed toward the principal slip surface, a high abundance of
elements such as Ba, Mg, and F, the deposition of minerals such as barite and fluorapatite,
as well as the distinct depletion in '*C in vein material consistently suggest reactions
involving a hydrothermal fluid originating at depth. Illitization of black gouges, caused by
coseismic frictional heating, was found to be widespread. We propose that coseismic
frictional heating along with the action of postseismic hydrothermal fluids controlled the
transformation and distribution of smectite and illite within the fault core of the
Longmenshan Fault Zone. The coseismic dewatering reactions are expected to have been
more extensive at depth, possibly helping generate excess pore pressure assisting dynamic

slip weakening during the Wenchuan Earthquake.
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1. Introduction

[2] The structure of the upper portion of brittle faults can
generally be divided into three principal zones: the fault
core, the surrounding damage zone, and the host rock
(HR) [Caine et al., 1996]. The fault core, where most of
the displacement is accumulated, is characterized by
comminuted rocks, such as fault gouge, which are typically
subject to geochemical and mineralogical alteration during
both coseismic and postseismic periods [Kerrich et al.,
1984; Hickman et al., 1995]. Investigation of fault zone
composition provides insight into fault strength, fluid flow,
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and fluid-rock interaction. Extensive studies have been per-
formed on fault zones cutting crystalline and clastic
sedimentary rocks [e.g., Goddard and Evans, 1995; Tanaka
et al.,2001; Boullier et al., 2004]. However, relatively little
work has been done on the geochemical signature of
carbonate-hosted fault rocks. That which has been done
[e.g., Kirschner and Kennedy, 2001; Faulkner et al., 2003;
Labaume et al., 2004; Janssen et al., 2005; Molli et al.,
2010; Fondriest et al., 2012] suggests that the internal
structure of carbonate fault zones is strongly influenced by
chemical processes associated with fluid channeling and
fluid-rock interaction.

[3] The permeability of fault zones can often be several
orders of magnitude different from the HR [Wibberley and
Shimamoto, 2003]. Fault zones accordingly exert an
important control on subsurface fluid flow, acting as
conduits for or as barriers to flow or even fulfilling a
combined fault-valve function [Sibson, 1990]. Fluids in fault
zones are thought to play a key role in earthquake nucleation
and seismic rupture propagation [e.g., Sibson, 1973; Chester
et al., 1993; Hickman et al., 1995]. For example, frictional
heating and dehydration of water-bearing minerals can result
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in fluid pressurization that reduces the effective pressure
acting on the fault plane, producing a mechanical weakening
[Brantut et al., 2008, 2011]. Fluids also play an important
role in the chemical and architectural evolution of fault
zones. Using bulk rock chemical analysis, Goddard and
Evans [1995] concluded that fluids passing through fault
zones react with the fault rock, dissolving and transporting
soluble cations away. Such an effect can change fault rock
volume, insoluble content and isotopic composition, as well
as transport and mechanical properties [Labaume et al.,
2004; Chen et al., 2007; Molli et al., 2010; Pili et al.,
2002, 2011]. Similarly, fluid-assisted mineralogical changes
may cause fault weakening and reactivation [e.g., Chester
et al., 1993], particularly when clay minerals are formed
[e.g., Wintsch et al., 1995; Vrolijk and van der Pluijm,
1999]. Fault gouges are often enriched in clay minerals with
respect to the HR, as seen in the cores of seismogenic faults
such as the Chelungpu Fault [Isaacs et al., 2007] or the San
Andreas Fault [Lockner et al., 2011], where smectites are the
most abundant clay minerals. Last, high-temperature fluids
derived from coseismic heating may interact with fault
rocks, changing isotopic ratios [Kerrich et al., 1984;
Ishikawa et al., 2008]. These ratios are expected to record
the in situ precipitation environment and to provide better
indications of the origin of the fluid phase [Wang et al.,
2010] than elemental abundance.

[4] Alongside these observations on natural fault rocks,
the manner in which mineral reactions interact with the
faulting process has recently been observed experimentally.
Alteration processes such as the smectite-illite transforma-
tion have been shown to result from coseismic frictional
heating [Hirono et al., 2008; Kuo et al., 2009]. Coseismic
mineral decomposition processes, such as dehydration of
smectite or gypsum [Ferri et al., 2010; Brantut et al.,
2011], dehydroxylation of kaolinite, and decarbonation of
calcite or siderite [Hirono et al., 2006; Han et al., 2007;
Tanikawa et al., 2007], have also been demonstrated
experimentally, corroborating natural evidence for such
reactions seen, for example, in drill cores from the
Chelungpu [Mishima et al., 2006; Hirono et al., 2008;
Hamada et al., 2009] and Nojima [Famin et al., 2008]
faults. Experiments are also showing that syndeformational
mineral reactions and associated energy consumption may
be much more important than previously recognized
[Brantut et al., 2011] as well as showing how reactions
induced by frictional heating liberate fluid into the pores,
building up pore pressure that may lead to dynamic stress
reduction [e.g., Ferri et al., 2010].

[s] Against this background, examining the mineralogical
and chemical composition of fault rocks can be expected
to yield key insights into the characteristics of the fluid
associated with faulting as well as into the rock-fluid interaction
processes that influenced the faulting mechanism. In this
article, we report mineralogical (bulk composition and clay
portion) and geochemical (major and trace elements) variations
measured in transects across two surface exposures of the 2008
Wenchuan Earthquake rupture within the Longmenshan
Fault Zone (LFZ), where the main slip surface cuts through
carbonate-rich rocks. We document major mass/volume
loss and element mobility in the fault rocks studied. A
model describing the volume changes resulting from fluid-
rock interaction in carbonate-rich fault zones is proposed.

We also determine the stable isotope (6'>C and 6'0) ratios
characterizing the fault rocks from one site by investigating
the fault-related carbonate minerals. We go on to test
models for isotopic evolution based on a decarbonation
versus a water-rock interaction mechanism. In addition,
the origin of the clay minerals within the fault zone and their
role in the faulting process are discussed. It is argued that
black gouge found at the sites studied was formed by
illitization of smectite due to frictional heating and that the
fluid released may have assisted dynamic rupture at shallow
levels during the Wenchuan Earthquake.

2. Study Area and Methods

2.1.

[6] The Longmenshan fault system constitutes of three
parallel subfaults. From west to east, they are the Maoxian-
Wenchuan, Yinxiu-Beichuan, and Guanxian-Jiangyou faults
(Figure 1). The catastrophic Wenchuan Earthquake (M, 8.0)
of 12 May 2008 occurred on the Yinxiu-Beichuan Fault,
producing a 240-km-long surface rupture [Xu et al., 2009].
In this study, two exposures on the north segment of this
fault are systematically investigated, the Zhaojiagou (ZJG)
and Pingxi (PX) exposures. Both the principal coseismic slip
surface at the ZJG and PX exposures cut through carbonate
or carbonate-rich layers. Previous studies of microstructure,
permeability, grain size distribution, frictional properties,
and magnetic properties of the fault rocks at the two
localities [Fu et al., 2008; Han et al., 2010; Chen et al.,
2011; Yao et al., 2011; Yang et al., 2012] show similar
characteristics that may represent common features along
much of the LFZ, at least along the north segment where
similar internal structure and lithologies are involved in
the fault.

Study Area and Key Exposures
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Figure 1. Location of the studying area and regional
geological map of the Longmenshan (LMS) fault system
consisting of three fault zones: the Jiangyou-Guanxian fault
(JY-GX F.), Yingxiu-Beichuan fault (YX-BC F.), and
Maoxian-Wenchuan fault (MX-WC F.).
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2.2. Field Methodology

[7] To determine the internal structure and composition of
the fault zone, transect sampling was employed at the two
exposures. A roughly 50-cm-thick surface layer was
removed to eliminate weathered rock. Samples were then
collected at a spacing of <0.5 m across the exposed fault
zone. Typical country rocks were also collected. Sampling
density was reduced to ~1 cm near the principal slip surface.
Oriented gouge samples from the main slip zone (MSZ)
were collected for petrographic analysis. They were
recognized as very fine grained, tacky, clay-rich material
exhibiting ductile behavior when wet. This material was
easily distinguishable from the surrounding rocks by its
appearance, feel, and color. The surrounding damage zone,
characterized by an increased density of crushed or fragmen-
ted grains and fractures relative to the HRs, was divided into
a highly damaged zone (HDZ) and a weakly damaged zone
(WDZ). The fault core, with a width of several decimeters
[Billi, 2005], was recognized and defined as the combined
HDZ and the fault gouges. The WDZ is defined by the
portion of transect extending from the outside edge of the
fault core (HDZ and the fault gouges) to the point at which
the rock is marked by the appearance of bedding. This
correlated with a notable decrease in fracture density and
degree of alteration as well as changes in the dominant
deformation pattern.

2.3. Laboratory Analyses

[8] Only fresh samples were selected for mineralogical
and geochemical analysis. X-ray diffraction (XRD) was
used to determine relative mineral content, including
semiquantitative analysis for clay minerals. Unoriented,
hand-powdered bulk samples were scanned over a 26 range
of 3-45° with CuKo radiation (0.15418 nm), at a scan rate of
2°/min with step width of 0.02°, employing a Dmax 12 kW
X-ray power diffractometer (45 kV and 100 mA). Bulk
powder samples gave a first evaluation of the relative
amounts of bulk clays, whose proportion was further verified
by analyzing the clay-sized portion (<2 um). This was
separated by centrifugation. Slurry samples (1 ml) of clays
and distilled water were air-dried on glass slides and scanned
over a 26 range of 2.5-15°. Ethylene glycol was used to
detect the swelling components with 20 coverage of 2.5-30°.
Heating the samples to 550°C also helped distinguish kaolinite
from chlorite. For this, a 26 coverage of 2.5-15° was used.
The method of semiquantitative analysis of clay minerals
followed Syunnan [1981] and Lin et al. [1992].

[9] For comparative purposes, identical samples to those
used for XRD analysis were also used for geochemical
analysis. Crushed sample material (~50 g) was powdered
in an agate ball mill to <200 mesh grain size and then
analyzed by X-ray fluorescence (XRD) spectrometry for
major and minor oxides, including SiO,, Al,Os, Fe,O1,
K;0, MnO, MgO, CaO, Na,O, TiO,, and P,0Os, using a
Magix-pro2440 XRF machine. The FeO content of the
samples was determined by titration using K,Cr,O after
being digested by H,SO4, + HF [Rao and Govil, 1995].
Volatile components were measured by thermogravimetric
analysis [Tanaka et al., 2001]: primarily, water (presented
as “H,0”) was determined by baking the samples at 110°C
and recording the weight increase of 100% sulfuric acid in

a chamber connected to the baking vessel. Weight loss after
ignition at 1000°C for 3 h was also measured and presented
as loss on ignition (LOI) data. Content of CO, was measured
by nonaqueous titration [Johnson et al., 1985]. The weight
ratio of major elements, minor elements, H,O, and LOI were
combined and normalized to 100 wt.%. As for trace
elements, the samples were first digested using distilled
HF + HNOj in Teflon vessels and the percentages of trace
elements were then determined using inductively coupled
plasma-mass spectrometry (ICP-MS) employing a Thermoe-
lemental X7 analyzer. Sample-digesting procedures, analyt-
ical precision, and accuracy of ICP-MS analyses are the
same as described by Li et al. [2006]. All geochemical tests
were conducted at Hubei Geological Research Laboratory.

[10] To quantify the element transfer and volume loss/gain
within the LFZ, correlation analysis and the isocon method
were applied [Grant, 1986; Tanaka et al., 2001]. The isocon
approach involves plotting element concentration in an
altered sample (or mean of a group of altered samples)
against an unaltered reference precursor, in a “Grant-type
plot” [Grant, 1986]. Elements that are immobile should be
dispersed along a straight line passing through zero. These
elements are usually high-field strength elements, because
they are expected to be less mobile or fully immobile in
fluid-rock interaction and weathering processes [Goddard
and Evans, 1995]. In our study, TiO, as the most used
reference elements [e.g., Tanaka et al., 2001; Chen et al.,
2007] was chosen as the immobile proxy defining the isocon
line, along which elements that are neither gained nor lost
during alteration will fall. The slope of this line defines the
net mass change of the altered sample. To quantify
corresponding volume changes, grain densities were
measured by pycnometry. Average densities of the HRs
of material from the HDZ and from the MSZ are listed
in Table 1.

[11] For the ZJG exposure, carbon and oxygen isotope
analyses on fault-related calcite (breccia fragments, matrix
and vein material) were performed. Powdered samples were
obtained by microdrilling the hand specimens. Breccia
fragments refer to fragments with diameter bigger than 1.5
mm so that drilling can be performed on individual particles.
Matrix represents portion of the specimen in which the
fragments is <0.5 mm. After dissolving in 100% H3POy,
the CO, gas released was collected for mass spectrograph
analysis, employing the MAT 253 isotope-ratio mass
spectrograph machine at the Institute of Geology, Chinese
Academy of Geological Sciences. The isotopic compositions
measured are reported in the d-notation permil (%o) with a
precision of +0.2%o using the V-PDB standard for §'°C
and the V-SMOW standard for 6'%0, respectively.

3. Characterization of the Longmenshan Fault
Rocks: Results of the ZJG Transect

3.1.

[12] The ZJG exposure is located 3 km southwest of
Beichuan City (Figure 1). The fault zone exposure at this site
was ~8 m wide and the coseismic slip offset was ~6.5 m
thrust motion [Xu et al., 2009]. The fault here strikes at an
azimuth of 45° and dips 64-78° to the NW (Figure 2). The
hanging wall protoliths consist of fine sandstones and
carbonates, whereas the footwall is sandstone. The principal

Character of the Exposure
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Table 1. Average Bulk and Trace Element Composition Along With Grain Densities of the HR and the Rocks From the HDZ and the

MSZ of the ZJG and PX Exposures®

73G PX
Exposure ~ HR(5) RSD  HDZ@4) RSD  MSZ2) RSD  HR@)  RSD  HDZ@)  RSD MSZ(4) RSD
Na,O 0.03 028 0.14 0.34 0.14 0.01 006 023 0.04 026 0.05 0.17
MgO 0.56  0.16 5.18 0.82 3.65 0.29 17.58  0.09 420 031 3.16 0.18
AlLO; 078  0.17 7.25 0.22 16.24 0.09 080 0.9 6.02  0.16 11.03 0.23
Si0, 190 023 2436 0.20 53.80 0.08 11.83 031 4492 0.07 62.01 0.02
P,0s5 0.03  0.00 0.10 0.37 0.16 0.14 0.14 042 030 023 0.47 0.42
K>0 021 024 1.86 0.25 3.37 0.05 018 113 1.64  0.18 2.96 0.37
Ca0 5344 0.0l 28.73 0.25 5.56 0.44 2747 0.16 18.55 021 2.98 045
TiO, 004 032 0.32 0.22 0.62 0.05 005 021 030  0.14 0.54 0.20
MnO 0.01 0.00 0.05 0.29 0.04 0.00 020 037 087 023 1.64 1.05
Fe,O3 013 0.10 1.80 0.32 375 0.12 044 119 262 0.1 541 0.14
Fe,Ol 024 024 272 0.24 6.03 0.08 052 1.00 264 0.11 5.46 0.15
H,0 041  0.10 2.09 0.20 4.15 0.04 060  0.38 1.96  0.16 3.66 0.06
Co, 4215 0.00 26.94 0.14 6.12 0.46 40.08  0.12 17.61 0.12 2.88 0.51
LOI 4263 001 29.25 0.11 10.27 0.29 40.97 0.1 2034 0.09 778 0.16
Trace” 007  0.10 0.16 0.26 0.26 0.07 0.19 037 087 024 2.27 0.51
Be 007 036 1.25 0.27 2.61 0.10 030 046 1.69  0.08 3.16 0.20
Sc 110 0.62 7.07 0.23 13.65 0.01 295 048 572 0.10 10.82 0.10
Cr 074 036 31.69 0.27 72.37 0.08 88.58  0.48 4578 037 120.1 0.37
Co 142 0.06 7.85 0.25 14.58 0.03 322 043 1620 043 47.38 0.56
Ni 1613 0.07 22.68 0.14 39.99 0.10 4634 052 198.2 0.54 261.7 0.88
Cu 251 0.14 20.62 0.68 26.71 0.08 2320 0.23 4410 031 93.50 0.53
Zn 482 040 32.99 0.21 81.35 0.09 851 025 268.9 0.21 3512 0.67
Rb 1387 036 108.58 0.30 204.5 0.13 840 035 7102 0.08 1312 0.36
Pb 219 039 10.97 0.39 14.74 0.06 1345 030 2657 024 40.00 0.12
Th 123 042 8.68 0.24 16.04 0.02 211 0.32 799 0.09 13.72 0.25
U 045  0.18 1.94 0.33 3.19 0.05 1278 029 2692 027 16.66 0.24
Sr 25673 026 148.45 0.42 61.61 018 2587 0.09 225.0 0.24 129.6 0.60
% 6.03  0.13 44.82 0.24 103.0 009 3159 0.33 2712 0.26 5432 0.67
Zr 1555 031 75.92 0.17 138.9 0.10 3179 035 6555  0.17 117.80 0.03
Nb 142 012 6.73 0.35 12.87 0.05 156  0.26 6.16  0.10 11.41 0.13
Ba 188.10  0.10 3347 0.25 836.7 018 6995 112 6160 0.29 1.87E4  0.57
Hf 0.55  0.18 2.39 0.16 433 0.13 080 032 185 0.1 3.57 0.07
F 15640  0.10 661.6 0.39 8522 003  465.6 0.45 1172 0.02 1849 0.11
B 473 029 56.61 0.50 127.1 0.01 1227 054 5438 0.05 132.9 0.40
Sn 043 049 1.39 0.27 3.36 0.06 031 015 134 005 3.30 0.64
Density 273 2.67 2.60 2.72 2.67 2.62

*Major element data are in wt.%, trace element data are in ppm, and density is in g/cm’. The figures in brackets are the number of samples for averaging.

RSD is relative % of standard deviation (normalized by average value).

slip surface cuts through the carbonate layers. Different types
of fault rocks occur across fault zone. From west to east, they
are (1) fractured limestone, (2) weakly cemented coarse
breccias, (3) coarse breccias, (4) weakly foliated fine breccias,
(5) gray and dark black gouge, (6) weakly foliated fine
breccias, (7) coarse breccias, and (8) fractured sandstone.

[13] The internal structure of the fault zone is relatively
simple. Only one principal slip zone can be found and no
branches exist. The width of the fault core is extremely
narrow (~20 cm), consisting of ~2-cm-thick gray gouge in
the center and weakly foliated yellowish crushed breccias
besides (Figure 2b and 2c¢). An even thinner black gouge
layer (~3 mm) is developed adjacent to the gray gouge.
The black gouge was harder and less tacky than the gray
one. The nonclay fault rocks were progressively cemented
toward the fault center. As shown in Figure 2b, 2-5 cm-thick
vein material occurred at the margins of the gouge zone.
Occasionally, the gouges were partially cemented to form
ultracataclasite.

3.2. Mineralogical Results

[14] Mineralogical analyses were performed on 29 samples
across the ZJG exposure. Data on major and trace mineral

composition are presented versus logarithmic distance from
the principal slip surface in Figure 3. The black gouge is
defined as the zero position. XRD analysis identified quartz,
dolomite, calcite, and feldspar as major minerals. The content
of quartz was found to increase and that of carbonates and
feldspar to decrease toward the principal slip surface, and
feldspar fell below detection in the MSZ. Approaching the
principal slip surface, the clay content of bulk samples also
increases remarkably, with a peak value of 34% for the
gray gouge.

[15] Clay minerals in the <2 pm fraction of samples from
the ZJG exposure were identified as mainly illite, mixed
layers of illite-smectite (I/S), and chlorite, with no detectable
smectite (one exception with 2%). As shown in Figure 3, the
reference abundance of illite decreased gradually toward the
principal slip surface (from 100% to 3%), whereas that of I/S
showed the opposite trend (from 33% to 83%).
Chlorite content in the fault core was <10%, whereas the
footwall was characterized by much higher chlorite content
(~50%). The mixlayer ratio (S%, the percentage of smectite
in I/S) also increased notably toward the principal slip sur-
face (from 5% to 38%). Data on the total content of smectite
(denoted by S* = smectite + smectite contained in I/S) and
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LFZ (GPS location is 31°48'22.44"N, 104°25'57.61"E).

illite (denoted by I* = illite + illite contained in I/S) are also
presented in Figure 3, indicating increasing enrichment of
total smectite and depletion of illite within the fault core. It
is worth noting that the gray and black gouges showed
similar mineralogical compositions, except for their clay
mineral content. The gray gouge contained slightly less
quartz and more clay (Figure 3). The black gouge was
characterized by higher illite content and less I/S with
respect to the gray gouge.

3.3. Geochemical Results

[16] Bulk sample chemical compositions exhibited
continuous variation across the exposure, especially in the
fault core (Figure 4). The content of SiO,, Al,O3, K5O,
TiO,, Fe,01, H,0, and Trace® (weight percentage of all
trace elements) were found to be increasingly enriched
toward the principal slip surface, with the highest values
for the gray gouge, whereas CaO, MgO, CO,, and LOI
behaved opposite. Nearly all trace elements showed enrich-
ment in the fault core compared with the surrounding HRs
(Figure 5). Within the fault core, all trace elements exhibited
progressive enrichment toward the principal slip surface,
with Sr as the only exception. This trend was consistent with
that displayed by major elements such as Al,O3 and TiO,
(Figure 4), and also by the bulk clay content (Figure 3).
Among the trace elements, Ba and F showed relatively high
abundance, with maximum values of 920 and 1050 ppm,
respectively. The gray gouge and black gouge had almost
the same trace element compositions. However, for major

elements, the black gouge showed slightly lower content of
Al,O3, K50, and TiO, and higher content of MgO.

[17] At the ZJG exposure, nearly all elements showed
positive correlation coefficients with the content of
TiO,, except for CaO (r = —0.94), MgO (r = —0.36),
and CO, (r = —0.97) among the major elements and
Sr (r = —0.66) among the trace elements. The samples se-
lected for isocon analysis are denoted in the subplot of
TiO, of Figure 4 and the average elemental abundances of
the HR, the HDZ, and the MSZ are listed in Table 1.
Grant-type plots (Figure 6) showed the following results:

[18] 1. The fault rocks within the HDZ (Figure 6a) and MSZ
(Figure 6b) showed obvious enrichment in nearly all elements
analyzed compared with the HR, except for CaO, CO,, and Sr.
Data points for SiO,, MgO, Al,O3, K,0, Fe,O1, and even
H,O for major elements and Co, Th, Be, Zr, Zn, V, Nb,
Pb, Se, Cu, K, Rb, and U for trace elements, as covered by
the shading in Figures 6a and 6b, fall fairly close to the isocon
line of TiO,, exhibiting a consistent enrichment signature and
also suggesting a high confidence level of our analysis.

[19] 2. A few elements (i.e., Ba, Ni, Na,O, P,Os, F, and
Cr) deviate from the isocon line.

[20] 3. As shown in Figures 6a and 6b, the HDZ is 8.3
times enriched in content of TiO, and the estimated volume
loss was 87% relative to the HR. The MSZ is 15.8 times
enriched and the volume loss was 93%.

[21] 4. The inclination of the isocon line for the MSZ was
1.9 times greater than that for the HDZ (Figure 6¢), indicating
increasing volume loss toward the principal slip center.
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34.

[22] Stable isotopic compositions (3'*C and §'*0) of
breccia fragments, matrix and vein material from the fault
core, as well as the country rocks (protoliths) were investi-
gated. As shown in Figure 7, the isotopic compositions of
the breccia fragments are distinct from that of the matrix
and vein material by a 6'°C value of —4%o. Overall, the
8"3C values decreased progressively for breccia fragments,
matrix, and vein material collected from the same specimen
(an example of this trend is denoted by the solid line in
Figure 7). The lowest 6'°C and 6'®0 signature of the fault
rocks was shown by vein material (6"°C = —8.0%0 and
0'%0 = 19%o) located directly adjacent to the fault gouge
(Figure 2). The values of 6'°0 of the breccia fragments
(19.7-27.8%o0) are generally greater than that of the matrix
and vein material (19-21%o). The 6'°C and 6'*0 values
for the breccia fragments displayed a range that is consistent
with those plotted in Figure 7 for the protolith in the hanging
wall (limestone). The sandstone data (protolith of the
footwall) plot far away from both the limestone and fault
rock data.

Isotopic Characteristics

4. Characterization of the Longmenshan Fault
Rocks: Results of the PX Transect

4.1. Character of the Exposure

[23] The PX exposure is located near the northeast terminus
of the surface rupture trace (Figure 1). The exposure at this
site was ~9 m wide (Figure 8a). The fault plane exhibited
slightly reversed inclination, dipping ~71° toward the
footwall instead of toward the hanging wall. The coseismic
thrust and right-lateral shear displacements were ~2.0 and
3.0 m, respectively [Li et al., 2010]. The rocks surrounding
the fault core are fine sandstone. However, field and hand
specimen analysis coupled with petrography indicated that
the principal slip of the Wenchuan Earthquake must have
cut through the carbonate-rich layers. This was further
confirmed by the finding that the fault core is enriched in
carbonate minerals. Recognizable fragments of limestone
are present in the fault breccias in the damaged zone, mixed
with sandstone fragments. Tracking along-strike indicated
spatial continuity of the internal structure and lithology of
the fault zone. From west to east, different types of fault
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rocks occurred within the fault zone: (1) coarse breccias
(>2.5 m), (2) brownish gouge (15-25 cm), (3) gray or dark
black gouge (0.5-3.5 cm), (4) yellowish gouge (~15 cm),
(5) black breccias (~30 cm), (6) coarse breccias (1.5-2.5
m), and (7) fractured sandstone (>4.0 m).

[24] The width of the fault core (Layers 2—4) is ~40 cm.
As shown in Figure 8b and 8c, the principal slip of the
Wenchuan Earthquake occurred in Layer 3, which
contrasted highly with the surrounding rocks. This was
confirmed by continuous slicing analysis. Layer 3 occasionally
cut through the brownish gouge (Layer 2) and yellowish
gouge (Layer 4), which may record deformation inherited
from past fault motion, presumably reflecting repeated
earthquakes [Caine et al., 1996]. It is interesting that the
color of the principal slip gouge varied with thickness. It
exhibited a gray color when thick (~2.5 cm) and turned
black when thinner than 7 mm. As at the ZJG exposure,
the gray gouge was wetter, softer, and much tackier than
the black gouge.

[25] Fragments of vein material were found widespread
along the fault core boundaries (Figure 8c). On the hanging

wall, a manganese-rich layer occurs ~3 m away from the slip
surface (local people have exploited this as manganese ore
for many years). This was totally black and 15-20 cm wide
in this exposure. However, its width varies laterally. Its
occurrence follows the fault rupture trace for at least ~3 km.
Mineralogical and geochemical data showed that it is
composed of kutnohorite, fluorapatite, and quartz and that the
average content of MnO is ~21 wt.%.

4.2. Mineralogical Results

[26] At the PX exposure, 40 samples were collected for
mineralogical analysis. XRD analysis identified quartz,
dolomite, and calcite as major minerals and K-feldspar,
fluorapatite, goethite, and gypsum as trace minerals (Figure 9).
Samples from the fault core contain more carbonate minerals
than other portion of the fault zone, demonstrating a carbonate
protolith for the fault core. Within the fault core, the content of
carbonates decreases, whereas quartz content increases
approaching the principal slip surface. Barite was abnormally
concentrated in the fault zone with a maximum value of
6.0%. The profile showed one barite peak at the fault core
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Figure 5. Concentration profiles of the trace elements across the ZJG exposure. Other detailed content as

in Figure 3.

boundary and another in the MSZ. Other trace minerals such as
gypsum and fluorapatite were also enriched at the fault core
boundary.

[27] The clay content of bulk samples increased notably
toward the principal slip surface (Figure 9), with a peak
value of 25% for the gray gouge. Detailed semiquantitative
analysis showed that the clay minerals at the PX exposure
were mainly smectite and illite with minor halloysite
(Halloysite is often found near carbonate rocks and it is
usually taken as a typical product of hydrothermal alteration

[Kerr, 1952].) As shown in Figure 9, the profile for smectite
resembled that of barite. Despite a sharp peak at the hanging
wall, smectite showed clear enrichment toward the principal
slip surface, whereas illite exhibited the opposite trend.
Halloysite occurred near the margins of the fault core and
disappeared below detection in the MSZ. As at the ZJG
exposure, the gray gouge and black gouge showed rather
different clay composition, although their bulk mineral
compositions were similar to each other. The gray gouge
contained slightly less quartz and more clay with respect to
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the black gouge. The reference abundances of smectite were
32.0% for the gray gouge, whereas the black gouge was
characterized by the disappearance of smectite. The data of
smectite content for the gray gouge seems to match well the
trend seen across the entire PX exposure, whereas the black
gouge was far away from that trend.

4.3. Geochemical Results

[28] Thirty-eight samples from the PX exposure were
selected for geochemical analysis. As shown in Figure 10,
the variation profiles of SiO,, CaO, MgO, and CO, across
the fault zone well match the interpreted carbonate protolith
(Figure 9), with higher content of CaO, MgO, and less SiO,
in the fault core. This interpretation is consistent with hand-
specimen study and petrography as well as the mineralogical
results. As for the variation profile obtained for barite content

(Figure 9), those for MnO, Fe,01, and P,Os showed two
peaks. With the exception of CaO, MgO, CO,, and MnO,
the profiles for ALOs, K,0, TiO,, P,Os, Fe,03, H,0, and,
to a lesser extent, Na,O and SiO, showed gradual enrichment
toward the principal slip surface. Moreover, within the fault
core, trace elements such as Be, Sc, Rb, Th, Zr, Nb, Hf, F,
and B exhibited increasing enrichment toward the principal
slip surface. In contrast, some elements (Cr, V, U, Sn, and
Sr) showed gradual depletion toward the principal slip surface
(Figure 11). The gouge samples displayed anomalous values
deviating from the general trends of the fault core, being
enriched in Cr, V, U, and Sr but depleted in Be, B, Sc, Rb,
and Th (Figure 11). Among the trace elements, Ba and F
showed anomalously high abundance (with maximum values
of 54 x 10% and 2.1 x 10*> ppm) in accordance with the
profiles obtained for barite and fluorapatite content.
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[20] At the PX exposure, the concentration of TiO, showed
positive correlation coefficients with that for AL,O5 (r = 1.00),
K50 (r=0.90), and P,Os (r = 0.42) among the major elements
and for trace elements B (r = 0.86), Be (r = 0.89), F (r = 0.78),
Sc (r = 0.97), Rb (r = 0.87), Th (r = 0.95), Zr (r = 0.85),
Nb (r = 0.91), and Hf (r = 0.94). Negative correlations
were obtained for MgO (r = —0.28), MnO (r = —0.14),
CaO (r = —0.4), CO, (r = —4.3), and Sr (r = —0.02). The
samples selected for isocon analysis are denoted in the sub-
plot forTiO, in Figure 10. Grant-type plots (Figure 12)
showed the following features:

[30] 1. As for the ZJG exposure, most elements showed
enrichment and the data points fall fairly close to the isocon
line, except for major elements MgO, CaO, CO,, and trace
element Sr (Figure 12a and b).

[31] 2. The data points for Zn and Ba fall well above the
isocon line.

[32] 3. The HDZ was 6.0 times enriched and the calculated
corresponding volume loss was 83% with respect to the HR
(shaded area in Figure 12a). The MSZ showed 5.1-10.7
times enrichment and a corresponding volume loss of
90% was obtained (Figure 12b).

[33] 4. The inclination of the isocon line of the MSZ
was 1.8 times greater than that of the HDZ, indicating a
progressive enrichment toward the principal slip surface
(Figure 12c¢).

5. Discussion

5.1. Mineralogical Trends Within the LFZ

5.1.1. Bulk Mineralogical Composition
[34] Combining the petrographic and mineralogical results
(Figures 3 and 9), carbonate-rich protoliths are inferred for

both the ZJG and the PX exposures, at least for the fault core
portions. At both locations, the inferred coseismic slip
surface has cut through carbonate-bearing layers. Within
the fault core, the content of carbonate minerals decreased
notably toward the MSZ, whereas the content of quartz
and clay increased. The feldspar content was relatively low
(<3% for PX and <12% for ZJG exposure), showing a
slight decrease toward the principal slip surface. The system-
atic decrease of carbonate mineral content toward the
principal slip surface was the most distinctive characteristic
of the transects studied. The corresponding reduction in
carbonate mineral content normalized to the content at the
margin of the fault core was ~76% and ~75% for the ZJG
and PX exposures, respectively.

[35] At the PX exposure, fluid-derived minerals, such as
gypsum, fluorapatite, and barite, were concentrated in the
fault rock matrix at the fault core boundary (Figure 9),
where white vein material also occurred, seemingly having
been fractured after formation in situ by precipitation from
the fault zone fluid. If this was the case, the vein material
(consisting 0f 94% of dolomite and 5.2% of barite; Figure 9)
should record information about the fluid composition. The
matrix mineral assemblages of gypsum, fluorapatite, and
barite suggest a typical low-temperature hydrothermal fluid
[Jacobsen et al., 1998]. By contrast, the vein material at the
ZJG exposure is composed of 38% dolomite, 50% calcite,
and 5% quartz (Figure 3) and is exceptionally rich in illite
(ref. 30%) compared with nearby material (ref. ~9%). The
widespread precipitation of dolomite suggests a fluid
charged with high concentrations of Mg”" at both
exposures, whereas the enrichment in illite at ZJG can be
interpreted as the product of hydrothermal alteration.
This is also consistent with the observed enrichment in
smectite content toward the slip surface in the fault core
(Figures 3 and 9).

5.1.2. Clay Assemblage

[36] As shown by the XRD data for the gray and black
gouges at both locations (Figure 13), these had quite
different clay composition, although their bulk compositions
were similar. Distinct characteristics of transformation from
smectite to illite (PX exposure) or from I/S to illite (ZJG
exposure) have been presented. Coseismic frictional heating
has been previously proposed as a mechanism capable of
producing these mineralogical changes toward illite. The
following arguments support this illitization hypothesis (here,
illitization is taken as a general concept involving reactions in-
cluding dehydration, dehydroxylation of hydrated smectite,
and the smectite-illite transformation): (1) the black gouge
was identified associated the localized slip zone by field and
microscopic analysis [Han et al., 2010]. The color and very
fine grain size suggested that it accommodated large displace-
ment during the earthquake, just like the black gouge observed
in the drilling core of the Chelungpu Fault [Hirono et al.,
2008]. (2) The black gouge was always thin (<7 mm in thick-
ness). This implies high internal strain rate, favoring the
frictional heating mechanism. (3) Except for slightly more
quartz and less clay, the black gouge had similar mineralogical
and chemical compositions to the gray gouge. Based on the
reaction equation for illitization, smectite + (K, A*") = illite
+ (Ca*, Mg2+) + quartz + water [Roland and Ola, 1996],
the products contain quartz. This reaction could therefore be
responsible for the higher quartz content in the black gouge.
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exposure on the LFZ (GPS location is 32°17'14.63”N, 104°56'48.54"E).

(4) High-velocity frictional experiments on the PX fault
gouge [Yao et al., 2011] and on other smectite-rich gouge
[Ferri et al., 2010] have demonstrated that seismic slip
can cause reduction in bulk clay content and in relative
abundance of smectite. (5) Halloysite disappeared
approaching the principal slip surface (Figure 9). Again,
this is consistent with frictional heating, as discussed in Sec-
tion 5.3. (6) A few additional measurements of magnetic
susceptibility following Yang et al. [2012] showed that the
magnetic susceptibility of the black gouge was 2.8—4 times
higher than that of the gray gouge. The magnetic suscepti-
bility values obtained are 13.13 x 10~® m® kg™' (black
gouge) versus 4.68 x 10 m? kg™ (gray gouge) for the
ZJG exposure and 17.56 x 10 *m” kg~ (black gouge) ver-
sus 4.42 x 10~* m® kg ' (gray gouge) for the PX exposure,
respectively. This may reflect the formation of ferrimagnetic
minerals by thermal decomposition [ Tanikawa et al., 2007].
(7) The clay content data for the black gouges depart consis-
tently from the overall profiles for the two transects studied
(Figure 14). This suggests formation by a highly localized
mechanism.

[37] Taken together, all seven arguments point to the black
gouge’s forming by illitization of the gray gouge. Despite
this evidence, we cannot be certain that a coseismic
smectite-illite transformation is the cause of the higher
abundance of illite observed in the black gouge relative to
the gray gouge. This is not only because the transformation
involves chemical changes and is expected to be slow
[Huang et al., 1993] but also because dehydration or
dehydroxylation can cause an apparent rise of illite content.
In the coseismic decomposition model, the extent of reaction
would be determined by the temperature rise during faulting
and by the reaction kinetics. This information can be used to
further test the model, as discussed in Section 5.3.

[38] Some further, general trends can also be inferred from
the clay mineralogy of the transect samples. The results for
both the PX and the ZJG exposures showed that the smectite
and smectite-rich I/S contents gradually increase toward the
principal slip surface. Illite behaved the opposite way,
increasing in concentration away from the principal slip
surface. The gray gouges showed the largest smectite or I/S
content relative to the nearby samples (Figure 14), and at
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the ZJG exposure, the gray gouge showed the maximum
value of S% (Figure 3). This smectite enrichment is consis-
tent with that seen in gouge samples [Xu and Li, 2010]
collected from ~600 m depth in the Wenchuan Fault
Scientific Drilling project (WFSD; Borehole-1, located at
the southern segment of the Yinxiu-Beichuan Fault,
as shown in Figure 1). Therefore, although illitization
occurred in the black gouge, the remainder of the fault
core showed smectite enrichment. This observation indicates
that the entire fault core underwent a retrograde reaction to
form smectite.

[39] One explanation for this smectite enrichment is
weathering [Solum et al., 2003]. However, if weathering
was responsible, the damage zone should be significantly
affected too [Isaacs et al., 2007]. The damage zone was
heavily fractured and showed higher permeability [Chen
et al., 2011], hence likely provided a conduit for fluid flow.
The brown color (Figure 8) and extensive deposition of
supergenic minerals (Figure 9) consistently indicate surface
leaching within the damage zone. The minerals formed
include kaolinite and goethite, which are typical weathering
products. However, although concentrated in the fine-
grained fault center, little smectite formed in the damage
zone. Moreover, smectite formation requires an interstitial
fluid environment rich in Mg”" [Huang et al., 1993]. This
cannot be supplied by the surface water. Finally, in prepar-
ing the exposures for sampling, more than enough surface
material was removed to eliminate weathered rocks.
Therefore, surface weathering alone does not seem to
account for the distribution of smectite observed in the fault

rocks. Alteration of pseudotachylite has also been proposed
as a mechanism of forming smectite in an active fault zone
[Kuo et al., 2009]. This is opposed by two arguments. One
is that the enrichment of smectite affects the entire fault zone
and that frictional heating could not produce such extensive
melting. The other is that the fault core is rich in carbonate
minerals (Figures 3 and 9), so that frictional heating would
produce decomposition rather than melting.

[40] We propose that, in addition to limited weathering,
fluid infiltration has played an active role in the transforma-
tion of the clay minerals present in the fault rocks in the
shallow subsurface, especially in the postseismic stage.
Smectite is a Mg-rich mineral that usually forms following
the equation [Roland and Ola, 1996]: Mg-rich fluid +
silicates — Mg-rich phyllosilicate assemblage. In our
interpretation, the LFZ fluid was probably rich in Mg*" as
discussed in Section 5.1.1. Correlation analysis showed that
the smectite content is correlated with an abundance of Ba.
The profiles obtained for smectite and Ba are also similar,
indicating that the formation of smectite may be related to
the infiltration of hydrothermal fluid. Retrograde diagenesis
of illite to smectite in sedimentary rocks induced by
hydrothermal fluids has been well documented [Zhao
et al., 1999]. Similar observations and interpretations have
also been reported for the Chelungpu thrust fault [Isaacs
et al., 2007]. Moreover, detailed geochemical evidence
presented below indicates that the LFZ has experienced
extensive hydrothermal fluid infiltration. We infer that
frictional heating forming illite followed by the action of
postseismic hydrothermal fluids controlled the mutual
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Figure 10. Concentration profiles of the bulk elements across the PX exposure. Detailed content as in

Figure 4.

transformation between smectite and illite within the LFZ
and the final abundances of these minerals.

5.2. Fluid Infiltration and Geochemical Trends Within
the LFZ

5.2.1. General Geochemical Pattern and Volume Loss

[41] According to the transect variation profiles (Figures 4,
5, 10, and 11), the bulk and trace elements investigated can
be classified into two broad types characterized by specific
trends. The first is one of increasing depletion toward the
principal slip surface compared with the HR (hereafter
referred to as D-type). The second is one of systematic
enrichment toward the principal slip surface (hereafter
referred to as R-type). The relatively immobile, R-type
major elements include Al,O;, K,O, TiO,, P,0s, Fe,01,
SiO,, H>0, and, to a lesser extent, Na,O. Relatively mobile
or D-type major elements include CaO, MgO, and CO,,
which are all carbonate-related oxides. MnO is not well
categorized but more or less falls in the D-type category.
Most trace elements showed immobile R-type behavior,
except for Sr. Similar element classifications have been
proposed previously [e.g., Tanaka et al., 2001], but the

R- and D-type elements in our study are quite different
from the classification employed for the granitic [Goddard
and Evans, 1995] or clastic sedimentary fault zones
[Tanaka et al., 2001; Chen et al., 2007], where depletion
or enrichment corresponded the overall mobility of ele-
ments. It is well documented in these previous studies
[O’Hara, 1988; Goddard and Evans, 1995; Tanaka et al.,
2001] that TiO,, P,Os, MnO, and Zr are the most immobile
oxides, followed by MgO, Al,O3, and V, and might there-
fore be expected to become enriched during geochemical
alteration. By contrast, in the carbonate-rich fault zone
investigated here, MgO and MnO fall into the mobile D-
tyge category. Sr belongs to the D-type elements, because
Sr*" has an ionic radius of 112 pm close to that of Ca*"
(99 pm) and can easily replace Ca®" in carbonate minerals.

[42] Summarizing, except for the carbonate-related
outliers, the other elemental trends seen along the present
transects exhibit increasing concentration toward the princi-
pal slip surface. This systematic variation suggests that a
single process systematically controlled geochemical evolu-
tion. Combined with the petrographic and mineralogical trends
(Figures 3 and 9), we propose that the geochemical trends seen
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Figure 5.

in the LFZ (Figures 4, 5, 10, and 11) reflect the loss of
carbonates and that the “mass removal” model may account
for the observed enrichment signature. This idea is supported
by both the correlation analysis and the isocon diagrams of
Figures 6 and 12. The concentration of TiO, showed high
correlation coefficients (typically >0.85) with R-type elements
but negative correlation coefficients with D-type elements. The
R-type elements, such as Al,Os, KO, SiO,, and Fe,O5 for
bulk elements and Be, Sc, K, Rb, Zr, U, Nb, Th, and Hf for
trace elements, fall fairly close to the isocon line of TiO, at
both the PX and the ZJG exposures (Figures 6 and 12).
Conversely, the D-type elements were well below the isocon

distance from the slip surface (cm)

Concentration profiles of the trace elements across the PX exposure. Detailed content as in

line. Some elements exhibited an intermediate state, either
reflecting their relatively high mobility (i.e., Na,O) or perhaps
an external contribution via deep fluid activity (i.e., P,Os, Ba,
and F) or effects of adsorption by clay minerals (i.e., Cr and V).

[43] The isocon analysis further revealed that the volume
loss at the ZJG and PX exposures was considerable
(Figures 6 and 12). The values at the ZJG exposure were
87% for the HDZ and 93% for the MSZ. At the PX
exposure, they were 83% for the HDZ and 90% for the
MSZ. Assuming the unaltered fault core to have a homoge-
nous geochemical composition, the carbonated-related
elements (using CO, as the proxy and ignoring organic
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carbon) exhibited an extreme depletion of ~80% for the ZJG
exposure (Figure 4) and ~75% for the PX exposure
(Figure 10), in agreement with the depletion degree in
carbonate minerals of ~76% for the ZJG exposure (Figure 3)
and ~75% for the PX exposure (Figure 9) as obtained in
Section 5.1.1. On this basis, the overall volume loss from
the LFZ portions studied, at least for the carbonate-rich
segment, can be explained by the disappearance of carbonate
minerals. The small discrepancy between the volume loss
obtained by isocon analysis (Figures 6 and 12) and the
depletion degree in carbonate-related elements (or minerals)
may result either from introduction of mass through precip-
itation to form veins and cements or from decomposition of
other minerals such as feldspar (Figure 3). The volume loss
inferred in our study is much larger than that seen in previ-
ous studies of clastic-sedimentary [Chen et al., 2007] or
crystalline fault zone [Tanaka et al., 2001]. In our study,
especially for the fault core portion, the protoliths were
carbonate rich. Carbonate minerals are less resistant to
mechanical damage, and more susceptible to dissolution

and thermal decomposition, so that they can be easily disag-
gregated, dissolved, and transported away during long-term
inter-seismic periods.

[44] Volume gain versus loss implies dilatational or
compactional deformation of the zone affected. Based on
the geochemically inferred volume loss of 80-90%, the
LFZ must have therefore experienced major compaction.
Taking the ZJG exposure for example, the width of the
HDZ is ~18 cm (Figure 3), and the isocon analysis revealed
a volume loss of ~87%, implying an initial zone thickness of
1.38 m (assuming constant density). Similarly, as the present
thickness of the gouge zone is ~2 cm and the volume loss is
~93%, then the initial thickness should have been ~29 cm.
Such large thickness changes are of major importance when
estimation gouge surface energy and thermal pressurization
associated with seismogenic faulting.

5.2.2. Mechanism of Mass Removal: Fluid Infiltration

[45] The bulk and trace element variation recorded along
the PX and ZJG transects clearly indicates significant
volume loss within the LFZ. There are three processes that
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could account for marked reduction in carbonate mineral ferrimagnetic material by thermal decomposition of iron-
content: (1) thermal decomposition by frictional heating, bearing dolomite (e.g., kutnohorite) [Mishima et al., 2006].
(2) chemical dissolution, and (3) pressure solution under In the present study, however, decarbonation is unlikely to
open-system condition. A reduction of inorganic carbon have been the mechanism controlling volume loss, although
content has been reported for the principal slip zone of the it cannot be ruled out. Decarbonation is unlikely because
Chelungpu Fault [Hirono et al., 2006]. This was interpreted  frictional heating should be localized in a zone of finite
as due to thermal decomposition of the carbonate minerals width, rapidly decreasing away from the slip zone, and
through frictional heating at coseismic slip rates [Han therefore failing to cause extensive decomposition. This is
et al., 2007]. The higher magnetic susceptibility measured inconsistent with our stable isotopic data as discussed in
for the black gouge may also suggest formation of Section 5.2.3.
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Figure 13. XRD patterns of the gray and black gouges of the PX and ZJG exposures for identifying the
smectite to illite transition. Black lines are the results from the bulk powder samples. Gray, blue, and red
lines are the results from air-dried, glycolated, and heated clay samples (<2 um), respectively. Q, quartz;
Do, dolomite; Ca, calcite; Ba, barite; K, K-feldspar; S, smectite; I, illite; Cl, chlorite; I/S, mixed layers of
illite-smectite; Cl/S, mixed layers of chlorite-smectite.
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the enrichment of smectite along the entire transect and the illitization in black gouge.
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[46] If fluid infiltration occurred in the LFZ, chemical
dissolution would be an important candidate mechanism
for removal of carbonate minerals. Even though no pH data
are available, on site fluid monitoring at the WFSD-1 and
WEFSD-2 drilling sites (Figure 1) has shown abnormal jumps
in concentrations of CO, degassing from the fault zone
following aftershocks [Luo et al., 2010]. After the main
Wenchuan Earthquake, the soil concentration of CO, also
displayed conspicuous positive anomalies at several fault
scarps along the LFZ [Zhou et al., 2010]. On this basis, we
infer a relatively acid pH for the interstitial fluid of the
fault zone, perhaps facilitating the dissolution of carbonate
minerals as the CO, pressure drops.

[47] Pressure solution is also an important mechanism in
carbonate rocks [Zhang, X., et al., 2010] and could be accel-
erated in the fault zone due to grain size reduction and/or
fluid flow [cf. de Meer and Spiers, 1997]. Although negligi-
ble in the shallow subsurface, pressure solution may be
significant at depth in the long-term interseismic phase. By
examining the Grant-type plots (Figures 6 and 12), the
MSZ displays larger inclinations than the HDZ, further
implying that more mobile elements were lost from the slip
zone than from the surrounding, highly damaged rocks.
Grain size analysis revealed that the particle size of the fault
rocks decreases toward the principal slip surface [Chen
et al., 2011]. The fine-grained signature of the slip gouge
(with average particle diameter ~4 um) suggests extremely
high surface energy. This would increase the chemical
potential hence solublhty of the gouge by ~1— 10 J/mol
[4v€Q/d, where y is 1nterfamal energy (0.05-0.5 Jm?), Q is
molar volume (~2 x 107> m*/mol), and d is gram diameter],
as well as increasing fluid-rock reaction rates, in proportion
to the surface area. Accordingly, fluid-rock reactions (e.g.,
dissolution) within the MSZ should be much faster than in
the HDZ. Moreover, pressure solution compaction and creep
rates are inversely proportional to the particle size cubed
(in the diffusion-controlled case, see Zhang, X., et al.,
2010). On this basis, we interpret the volume strain in
the fault rocks to be associated with cataclasis during
faulting and the subsequent fluid-rock interaction processes,
including mass removal by chemical dissolution and likely
compaction by pressure solution [Gratier et al., 2011],
although no direct evidence of pressure solution could be
observed in these very fine grained materials.

[48] According to previous work [Chen et al., 2011], the
fault rocks of the PX and ZJG exposures dlsPlay moderately
high permeability (order of magnitude 10 107" m?) at
effective pressures below 10 MPa, providing channels for
casy fluid flow, which would further enhance fluid-rock
reactions and mass removal by undersaturated fluids. On
the contrary, the permeability of fault rocks is extremely
sensitive to effective pressure so that it would decrease
rapidly with increasing depth, implying reduced fluid flux
and less mass loss at depth, unless fluid recharge from below
could maintain high fluid pressure.

[49] It is important to note here that the volume changes
that we report apply to portions of the fault zone that slipped
repeatedly in the past. They are not coseismic volume
changes but reflect accumulated mass and associated volume
loss taking place over many previous earthquake cycles
[Zhang, P., et al., 2010]. Coseismic rupture can promote
such mass removal processes by reducing the grain size

and increasing the surface area available for rock-water in-
teraction. The cumulative nature of repeated slip events
means that the material seen at the surface has been
exhumed from deeper levels. Significantly, the present study
area (Western Sichuan, China) is characterized by active
uplift and erosion, an active hydrological system, and an
extremely wet climate. Accordingly, most of the material
that we infer was dissolved from fault zone would be easily
transported away in both surface and groundwater.

[s0] Generally speaking, fracturing, fluid infiltration,
dissolution, and mass removal would result in a reduction
of rock strength [Sibson, 1973] until (a) precipitation of
strong mineral phases occurs, expanding the failure envelop
[Sibson et al., 1988; Tenthorey et al., 2003; Hausegger
et al., 2010], or (b) compaction by pressure solution leads
to gouge strengthening [e.g., Yasuhara et al., 2005]. In this
study, cementation and vein precipitation were well
evidenced at both exposures. The fluid-related mineral
phases dolomite, barite, gypsum, and fluorapatite were
widely formed in the fault rocks. Microscopic examination
showed different healing textures such as cross-cutting
veins, aperture filling, and fragment cementation. Like
dissolution, cementation and pressure solution are also
interfacial processes that are accelerated in fine-grained
materials with high surface area. This may explain why
cemented ultracataclasite occurs adjacent to the MSZ at the
ZJG exposure gF igure 2b).

5.2.3. 6"3C-6"%0 Distribution and Related Modeling

[51] Stable isotope geochemistry provides hints on the
origin of the fluid, the water-rock ratio, and fluid-rock
interaction along fault zones [Molli et al., 2010]. The distinct
differences in 6'°C values observed between the fragments,
matrix, and veins material in our study (Figure 7) suggests
that the source of the inorganic carbon cannot be attributed
just to remobilization of normal marine sedimentary carbon-
ate (i.e., protolith) whose 6'°C values are approximately
—2% (Flgure 7). With respect to the limestone country rock,
matrix and vein material within the fault core studied were
depleted in heavy isotopes such as '*C. This is expected to
result principally from interaction with external fluids
depleted in '°C and '*0 [Wang et al., 2010] or from
other processes such as thermal decomposition [Shieh
and Taylor, 1969].

[52] According to high-velocity frictional experiments,
thermal decomposition of carbonate minerals by frictional
heating may be a common phenomenon in natural faulting
[Hirono et al., 2006], which could produce significant
dynamic weakemng [Han et al., 2007]. Decomli)osition leads
to the production of CO, enr1ched in heavy '*C and '®O,
thus lowering the heavy isotope content of the residual
carbonate minerals [e.g., De Paola et al., 2011]. Because
most samples subjected to isotopic analysis in this study
were collected from the fault core, they may have experi-
enced high temperatures, hence decomposition and related
isotopic fractionation effects. Using large breccia fragments
(>5 mm, 6"°C = —1.9%0 and 9'®0 = 26.2%o) as an approx-
imation of initial protolith material, isotopic fractionation by
thermal decomposition was calculated following the
fractionation equation for a closed system, written as
0¢ = 0; + 1000(F - 1)In(x), where i and f denote the initial
and final composition, F is the residual component, and «
is the fractionation factor [Sheppard and Schwarcz, 1970].
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The results for 400°C and 600°C (Figure 15) indicate that
the fractionation trend for pure decarbonation cannot fully
explain the observed evolutional trends, so that alterna-
tives should be explored.

[53] If fluid entering the fault zone is assumed to have had
constant isotopic composition [Hausegger et al., 2010; Molli
etal., 2010;], the relative position of individual data points in
the 6'*C—6"%0 diagram (Figure 7) may relate to variations in
the amount of fluid interacting with the sample [Kirschner
and Kennedy, 2001; Pili et al., 2002, 2011]. Large breccia
fragments with isotopic values near the protolith interacted
with small quantities of fluid. Matrix and vein material with
more depleted isotopic values either interacted with larger
quantities of fluid or precipitated from a fluid that had partly
retained its original isotopic values. Overall, the isotopic
discrepancy between fragments, matrix, and vein material
may be explained by a model in which (1) external fluids
were involved in the vein precipitation and matrix cementa-
tion, and the most '*C-depleted values shown by sparry
dolomite adjacent to the principal slip surface reflect their
proximity to the hydrocarbon source (5'°C = —8.0%o and
0'0 = —11.5%0), and (2) the precipitating fluid interacted
with the breccia fragments modifying its original isotopic
composition. There are several candidate origins of fluid
depleted in '*C. The first is related to organic complexes,
which could evolve to yield strongly negative 8'°C values
[e.g., —27.6%o in Hellings et al., 1999]. However, there is
no evidence for organic fluid activity near the ZJG exposure.
The second is the contribution of mantle-derived carbon

8"0 (V-SMOW)
12 16 20 24 28
0 | | | | L | | |

breccia fragments

A3"C=2.1%0, A5" 0= 4.5%0
A8°C=2.1%0, AS" 0= 6.0%0

Figure 15. Modeling of 6'*C versus 6'%0 values obtained
from isotopic analyses of the ZJG exposure. The red lines
are predicted by theoretical fractionation for decarbonation
at 400°C and 600°C. The black lines are the calculated
results assuming the vein and partially the matrix material
were crystallized from the fluid after exchange equilibrium
with the breccia fragments. Other detailed content as in text.

dioxide with 6'°C ~ —5%o [e.g., Ballentine and O’Nions,
1994]. This seems unlikely as no mantle-derived features
were recognized, and the 6'°C values measured were more
negative. The third and most likely possibility is fluid of
meteoric origin.

[54] Assuming the veins crystallized from meteoric fluid
after reacting exchange equilibrium with the surrounding
breccia fragments, mass balance modeling of the isotopic
composition of the matrix and vein material can be carried
out. At the fluid-fragment interface, cation exchange may
take place providing calcium to the solution and promoting
equilibrium with respect to the vein material. This means
that the '>C and '®O content of veins precipitated from the
fluid would be principally determined by differences
between the isotopic composition of fluid and that of breccia
fragments. Following the mass balance approach by Zheng
and Hoefs [1993], the governing equations for calculating
the '*C and '®0O content of vein material precipitated from
a fluid after interaction with the fragments, assuming
bicarbonate (HCOj3) as the dominant carrier of carbon in
the fluid, are

5" ¢

B — 8P Clico, + 1000Inegsie, +77" (5]3 t frag) (1

vein~ frag

8" 0ln= 60, + 10000 4771 (6140}, 00, ) @)

[s5s] Here, i and f denote the initial and final composition,
o is the fractionation factor, and 7 is the water-to-rock ratio.
In these calculations, we assumed a typical meteoric water
composition with 6'*C;, of —12%o0 and 6'°0}; , of —7%o.
We also assumed a fluid temg)erature of 70°C. The fraction-
ation factors are 1.4%o for 6'°C of HCO;-CaCO; [Ohomoto
and Rye, 1979] and 20.7%o for 6'*0 of H0-CaCO; [O’Neil
et al, 1969]. The ranges in isotopic composition in

exchanged fragments were 2.1%o for (3'>C%__—8"3C.._ ) and

frag frag
4.5-6.0%o for (8'80},,—0'%0],) (Figure 7). As shown in

the calculation results presented in Figure 15, the model for
interaction between breccia and meteoric water can account
for the isotopic data characterizing the matrix and vein mate-
rial. The modeling also indicates water-to-rock ratio in the
range of 0.15-0.20 (Figure 7), corresponding to 75-100 g wa-
ter/kg breccia.

[s6] We infer that the '*C-depleted carbonate veins and
cements, as well as other fluid-related minerals such as bar-
ite found in the two sections of fault zone studied, were
probably formed at the postseismic stage, when deep fluid
with excess pressure rose up and interacted with the fault
rocks along the fault plane. During this period, healing
processes, and the resulting impermeable barrier formed
from cemented fault gouge and HR [Chen et al., 2011],
caused a gradual pressure increase in pore fluid entrapped
in the damage zone at depth. This led to subsequent
frictional failure and the development of a temporarily open
system accessible for fluid flow. This alteration between
brittle failure and cementation implies a cyclic change
between an open and a closed fault zone system, that is,
fault valve behavior [c.f., Sibson, 1990].
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5.3. Clay Mineral Transitions in the Fault Gouge and
Their Dynamic Effects

[57] The gradual enrichment of smectite (or smectite-rich
I/S) toward the principal slip surface, along with the illitiza-
tion in the black gouge seen in both study exposures, implies
that we should be able to obtain useful information about the
faulting mechanism from the in situ clay mineralogy.
Although the smectite-bearing upper portion of the LFZ
was passively displaced and did not radiate seismic energy,
it provides a good illustration of the transition from illite
(or illite-rich I/S) to smectite (or smectite-rich I/S) in an
active fault zone. This is important for discussing the slip
stability of a fault zone containing clayey-gouge [Brace
and Byerlee, 1966]. Smectite is a mineral with one of the
lowest coefficients of friction and is usually regarded as an
important contributor to coseismic slip weakening [e.g.,
Lockner et al., 2011]. In addition, the frictional resistance
could be further lowered by the introduction of water
produced locally by coseismic dehydration of smectite as
discussed below.

[s8] Coseismic decomposition reactions, such as dehydra-
tion of serpentine, kaolinite, and smectite, have been
previously demonstrated in both experiments [Hirose and
Bystricky, 2007; Brantut et al., 2008; Ferri et al., 2010]
and fieldwork [Hirono et al., 2007, 2008; Hamada et al.,
2009]. For example, Hirono et al. [2008] analyzed the clay
composition of the Chi-chi earthquake cores and found that
the kaolinite and smectite contents were lower in the black
gouge than in the surrounding rocks. The dewatering
process might have significantly affected the faulting
mechanism, because these clay minerals can release water,
lowering the fault strength rapidly. In our study, although
to a limited extent, illitization has occurred in the black
gouges even at the surface. At low pressure condition,
smectite begins to lose interlayer water at 110°C and illite
starts to form at temperatures above ~150°C [Saffer and
Marone, 2003]. A simple order of magnitude calculation
shows that, at or just below the ground surface, normal
stresses are too low to produce enough frictional heat to
transform smectite into illite. A first possibility we offer to
explain the observed illitization is that irregularities in the
slip surface caused high local normal stress and thus
irregular, increased heat production along the slip surface.
This is consistent with the discontinuous nature of the black
illitized gouge. The second possibility is that coseismic slip
was highly localized. This is probably the reason why
illitization only occurred to the thin black layers. An
additional possibility is that drastic grain size reduction or
comminution within the fault rocks promoted illitization by
means of water expulsion and chemical exchange, the
reaction kinetics of which are poorly known for nanoparti-
cles. We speculate that illitization may become increasingly
important at depth because of increased frictional heating, if
other factors remain unchanged [Huang et al., 1993].
According to the chemical formula of typical smectite
([Cal/z,Na]ms[Al,Mg]ZSi4010[OH]2 . nH20, where n is the
number of moles of water in 1 mole smectite) and illite
(IK,H30]ALSi3Al0,4[OH],), the reaction products of
smectite-illite transformation are aqueous silica, Mg®" and
water, via the following reaction [Roland and Ola, 1996],
smectite + feldspar (or pore water) = illite + quartz

(or chlorite) + water + cations. The released silica and Mg2
* charged pore fluids might migrate along the fault zone
during coseismic dilatation [Goddard and Evans, 1995]
and/or via fault-valve action [Sibson, 1990], flushing the fault
zone near the surface, promoting new smectite formation at
higher levels. Therefore, a self-enhancing feedback mecha-
nism is proposed to explain the features demonstrated above,
namely, the Mg-rich fluid and the enrichment in smectite.

[59] According to the reaction equation, illitization of smec-
tite involves liberation of a large quantity of water either
interlayer water or structural sites. However, a solid volume
reduction of 33—47% is also involved because the lattice
structure collapses from 150-190 to 100 nm [Vrolijk and
van der Pluijm, 1999]. These two aspects counteract each
other in terms of pore pressure change. Synchrotron studies
showed that the temperature for smectite dehydration
increases with increasing pore pressure [Huang et al., 1994].
The positive Clausius-Clapeyron coefficient indicates that
the total volume of reaction products was larger than that of
the reactants. In addition, the interlayer water is denser than
that of the pore fluid [Hawkins and Egelstaff, 1980]. Taken
together, most available evidence favors pore pressure
increase during the smectite-illite transformation. Based on
this idea, we now carry out calculations to estimate the influ-
ence of this dewatering process, induced by frictional heating,
on the faulting behavior of the Wenchuan Earthquake.

[60] With increasing depth, the higher normal stress
should produce more frictional heating. Modeling work on
heat production during the Wenchuan Earthquake predicts
a peak temperature of 600°C, with an average temperature
of 400°C lasting for >150 s at 600 m depth [Yang et al.,
2012]. In terms of reaction kinetics, dehydration of smectite
is very fast, occurring on a timescale of minutes [Huang
et al., 1994; Hirono et al., 2008]. Assuming the same clay
composition as analyzed on the surface, we can estimate
the amount of water expelled from the gouge and the possi-
ble effect on generating excess pore pressure at 3 km depth
during the Wenchuan Earthquake. Assuming 1 mol hydrated
smectite converts to 1 mol dehydrated material, losing y mol
water and producing a volume reduction of the solid phase
of AV, the potential pore pressure increment induced by
the reaction can be expressed as follows:

Mo p.
Ap = A1 — ¢) (%%—AV) /S, 3)

where A is mass percentage of hydrated smectite in the
gouge, ¢ and S, denote porosity and specific storage (Pa~ ')
of the fault gouge, y is the number of moles of water
released from 1 mole smectite, My, and M, are the molar
masses of water (18 g/mol) and smectite (366 + n X
18 g/mol), and p, and p, are densities of fluid (1.0 x
10° kg/m®) and solid phases (2.61 x 10° kg/m?). This
formula is similar to Equation (15) given by Brantut
et al. [2010]. The term T’ = %%—AV, defined as
specific expelled water, is a general }éxpfression. For a given
dehydration reaction, I' is a constant, representing the
amount of water (vol.%) released. If AV is large enough,
I' would be zero. This corresponds to the case in which
the overpressure induced by fluid production is compen-

sated by the porosity increase induced by lattice collapse.
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[61] In the following, a fully hydrated smectite with three
interlayers of water are initially assumed. The cases of losing
one, two, and three interlayers of water are then explored.
The number of moles of water contained in per mole of
smectite with one, two, and three interlayers of water are
1.9, 4.5, and 7.16, respectively [Liu and Lin, 2005]. These
figures imply that the y values associated with losing one,
two, and three interlayers of water are 2.66, 5.26, and 7.16,
respectively. AV can be estimated by considering change
of basal spacing (dgg;) for smectite transferring from one
hydration state to another. Smectite has four discrete doo;
corresponding to its four states, that is, 100 nm for the fully
dehydrated state versus 124, 156, and 188 nm for the
hydrated states with one, two, and three interlayers of water
[Huang et al., 1994 and references therein]. This yields AV
values of 17.0%, 34.0%, and 46.8% associated with releas-
ing one, two, and three interlayers of water. Substituting
the appropriate values of y and AV into the expression above
for T' gives specific expelled water as 8.2%, 15.9%, and
21.2%, respectively. The mass content of smectite (1) can
be calculated from the mineralogical results (Table 2). In situ
porosity (¢) and specific storage (S;) measured on core
samples in laboratory were also applied (Table 2).

[62] The calculation showed that losing one interlayer of
water in smectite generates ~6.5 MPa excess pore pressure
over the hydrostatic head at 3 km depth (Table 2). This value
can increase to 17.5 MPa if the smectite interlayers are fully
dehydrated. Such behavior will cause a reduction in
effective normal stress acting on the fault plane from 45 to
~27.5 MPa. Indeed, our calculation should underestimate
the dynamic weakening effect that actually occurred in the
Wenchuan Earthquake because thermal pressurization is
not taken into consideration. On the contrary, the dehydra-
tion of smectite is an endothermic reaction [Hirono et al.,
2008]. Hence, there is a temperature decrease effect during
the reaction. Hence, there is consumption of thermal energy
during the reaction, which in turn limits the temperature
and pore pressure increase. Alongside thermal pressuriza-
tion, however, this effect is expected to relatively small
compared with that of the released of interlayer water. To
explore the coseismic thermal-mechanical-chemical process
in more detail, numerical modeling coupling the kinetic
process of chemical reaction with frictional heating and fluid
transportation is needed in the future [Sulem and Famin,
2009; Brantut et al., 2010].

[63] A similar treatment to the above can be applied for
halloysite, which is concentrated at the margins of the fault

core (with maximum content of 3.1 wt.%) while being ab-
sent from the slip zone (Figure 9). Halloysite has nearly
the same chemical composition (Al4[Si4O1][OH]g - nH,0)
as kaolinite but contains water interlayers. In terms of lattice
structure, kaolinite consists of layers of Si-O tetrahedra and
Al-(OH) plates linked by hydrogen bonds, whereas, in
halloysite, the existence of interlayer water destroys the
hydrogen bond, so that the Si-O tetrahedra and Al-(OH)
plates must bend to accommodate the change in unit cell
dimensions, thus developing a curled or tubular shape.
Halloysite therefore forms a natural nanoparticulate material,
and at 50-90°C, it dehydrates to kaolinite [Brindley, 1952].
Considering it is too unstable to survive at depth, we did
not take its dehydration into account in our calculation. At
shallow depths, however, its dynamic effect on faulting
would be considerable as it decomposes at low temperature
and the reaction rate is expected to be fast because of the
nanoparticle size. Furthermore, other reactions such as the
dehydration of gypsum could also occur but are not included
here considering the low content of such phases (Figure 9).
Finally, we should point out that whether these dewatering
reactions occurs or not depends on whether the fault system
is drained or undrained. Under drained conditions, although
dehydration can easily occur, the system is relatively open
so that excess pore pressure is unlikely to be generated
during faulting. By contrast, under undrained or partially
drained conditions, dehydration reactions may be prohibited
and the effect of dewatering will depend strongly on the
transport properties (i.e., permeability and specific storage)
of the gouge samples.

5.4.

[64] We will now apply our interpretations of the
processes that operated at the two surface exposures studied
to construct an integrated, conceptual model synthesizing
the coupling between fault activity, fluid migration, mass
transport, and geochemical evolution that can occur under
near-surface conditions in active carbonate fault zones. We
assume that the processes inferred at the surface will also
occur in the subsurface and reason to what depth they may
extend. Our model is represented in Figure 16. It assumes
cumulative carbonate removal as a key process so is
limited to carbonate-bearing systems. It incorporates the
following feathers.

[6s] First, the efficiency of carbonate removal is
determined by dissolution and advective transport, probably
enhanced by pressure solution, especially in compressional

Implications for Subsurface Processes

Table 2. Estimation of the Amount of Water Expelled by Dehydration of Interlayer Water in Smectite” and the Dynamic Effect on

Generating Excess Pore Pressure®

Principal slip gouge

ZJG gray gouge PX gray gouge

Clay content of bulk sample (wt.%)
Reference content of smectite (%)
Smectite content (wt.%)

Porosity (%) at 3 km

Specific storage (Pa ') at 3 km

AP, (MPa) by losing 1 layer of H,O
APy (MPa) by losing 2 layers of H,O
AP (MPa) by losing 3 layers of H>O

34 25
315 32
10.7 8.0
12.8 10.7
12 x 107 8.1 x 1071
6.3 72
12.4 14.0
16.5 18.7

“Smectite here includes pure smectite and smectite contain in I/S. The reference content of smectite in I/S is equal to the reference content of I/S multiplied

by S%.

®Calculations were conducted at 3 km depth under an effective pressure of 45 MPa.
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Figure 16.

Integrated conceptual model illustrating the complete set of mechanochemical processes

inferred to affect the geochemical evolution of the carbonate-rich fault zones studied here and perhaps
more generally. Note the five key features of the model.

tectonic settings. Although the solubility and dissolution rate
of carbonate are relatively insensitive to temperature [Zhang,
X, et al., 2010], at depths greater than 2.5-5 km, porosity
and permeability of both fault core and surrounding rock
will become strongly reduced due to elevated effective stress
[Wibberley and Shimamoto, 2003] and thermally activated
compaction/healing processes [Zenthorey et al., 2003]. This
will limit the advective mass removal process. The implica-
tion is that the cumulative volume/mass removal phenome-
non reported here, and schematically illustrated in Figure 16,
will only be important in the upper few kilometers of the
crust, where groundwater movement can affect the fault
zone. The second feature of our model is cyclic upwelling
of hydrothermal fluids originating at depth, notably in
postseismic periods when the fault valve is temporarily
opened [Sibson, 1990]. This results in extensive deposition
of characteristic minerals such as barite and fluorapatite.
Third, hydrothermal fluid probably of recirculated meteoric
origin leads to precipitation of carbonate veins and cements,
resulting in the observed depletion of '*C in the carbonate-
hosted fragments. Fourth, the various cycles of the hydro-
thermal alteration cause increasing enrichment of smectite
toward the principal slip surface. Last, the inferred process
of smectite illitization and release of interlayer water by
coseismic frictional heating, modified by thermal pressur-
ization and endothermic dehydration reaction, cyclically
modifies the principal slip gouges. This process will of
course be limited to the upper 2—3 km of the crust where
temperatures are low enough for smectite to form in the
first place. With increasing depth, the coseismic tempera-
ture rise driving the illitization reaction; hence, the extent
of illitization can be expected to increase also, because
the higher normal stress should produce more frictional
heating. The released fluid may be capable of increasing
fluid pressure sufficiently to significantly enhance dy-
namic rupture propagation.

[66] One key point about this model should be emphasized
further. Ongoing activity of the hydrothermal processes in-
volved (items 2—4 in Figure 16) should be limited by
reactant supply on the one hand and by the healing and
sealing of fault permeability on the other. However,
paleoseismic studies [Zhang, P., et al., 2010] have revealed
that many previous earthquakes have occurred along the
LFZ. The active uplift and erosion going on in this area ac-
cordingly implies that the material seen at the surface now
has been exhumed from the subsurface. It is the
cumulative nature of repeated seismic events that explains
the large volume loss observed at the sites that we studied.
Our model predicts that similar effects should occur in other
active, carbonate-bearing fault zones too.

6. Conclusions

[67] The main conclusions of this study of the ZJG and PX
sites on the LFZ are summarized below.

[68] 1. Mineralogical and geochemical profiles along with
the isocon diagrams, as well as isotopic results, consistently
demonstrate that pervasive fluid infiltration occurred and
altered the chemical architecture of the carbonate-dominated
fault zones. Enrichment/depletion patterns, elements parti-
tioning, and the large volume loss characterizing the
carbonate-rich fault zones investigated are quite different
from those characterizing granitic and clastic sedimentary
fault zones. A mass removal model, involving dissolution
and transportation, likely enhanced by pressure solution
creep, is accordingly proposed and can account for the
signatures observed in the carbonate-rich fault zone studied.

[69] 2. The increasing enrichment in smectite toward the
slip surface, the high abundance of fluid-related minerals
and elements, as well as the depletion in heavy isotopes
("*C) recognized in the fault zones studied consistently
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suggest activity of fluids of hydrothermal origin. Faulting
and cementation by deep fluids played a fundamental role
in the evolution of the fault zone, with a cyclic change be-
tween an open and a closed permeability system during fault
evolution. Stable isotope compositions (6'°C and §'*0) in-
dicate continuous equilibration between protolith-derived
breccia fragments and vein material (or cements) precipi-
tated from fluids.

[70] 3. The black gouge found in the studied exposures on
the LFZ is inferred to be the material having accommodated
most of the displacement during the Wenchuan Earthquake.
[llitization caused by frictional heating has occurred within
it. We propose that frictional heating effects along with the
action of postseismic hydrothermal fluids controlled the
transformation and distribution of smectite and illite within
the fault core of the LFZ. The dehydration of smectite by
frictional heating is expected to have been most extensive
at depth. Numerical modeling indicates that excess pore
pressures of as much as 17.5 MPa can be generated at 3
km depth by this process, perhaps assisting dynamic slip
weakening during the Wenchuan Earthquake.
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