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Direct observations of the physical structures of the seismogenic zones of active faults are rare, due to the dif-
ficulty in reaching the fault zone at depth. Current geological evidences, mostly from the surface, suggest that
principal slip zone (PSZ) accommodated most shear displacement and was the place where physico-chemical
processes occurred during an individual coseismic event and the thickness of PSZ is a few millimeter to tens
of centimeter wide. However, the actual thickness of PSZ of a large earthquake, a key parameter of seismology
in understanding energy dissipation and rupture processes, remains largely unknown. The Chelungpu fault
that ruptured during the 1999 Mw 7.6 Chi-Chi earthquake (Taiwan) was drilled to a depth of 2003 m provid-
ing a unique opportunity to sample an active fault that slipped in a recent large earthquake. The PSZ, corre-
sponding to the 1999 Chi-Chi earthquake, was well characterized within cores at a borehole depth of 1111 m
from the Taiwan Chelungpu fault Drilling Project-A (TCDP-A). Here we determine the interval of clay anom-
aly that resulted from frictional melting/thermal decomposition process by state-of-art in-situ synchrotron
XRD analysis providing very high spatial resolution for mineralogy. Combined with the interval of the pres-
ence of vesicles frommicrostructural observation, the thickness of Chi-Chi PSZ is estimated to be 1 mm. Thus,
the correlated contribution of surface fracture energy to earthquake breakdown work, at least in this locality,
is quantified to be 1.9%. The huge remaining part of the breakdown work seems to be turned into heat asso-
ciated with fault dynamic processes during the 1999 Chi-Chi earthquake.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

A brittle fault zone commonly shows three major internal
components: fault core, damage zone, and host rock (Chester et al.,
1993). The host rock or protolith remains basically undamaged during
coseismic events. The damage zone is characterized by an increased den-
sity of subsidiary faults, fractures, veins, foliation, and folding relative to
thehost rock. The fault core, such as fault gouge, is typically characterized
by geochemically altered and comminuted rocks produced during
coseismic events and/or aseismic periods. Principal slip zone (PSZ:
Sibson, 2003) within the fault core accommodatedmost shear displace-
ment and/or high strain andwas the place where physico-chemical pro-
cesses were driven during an individual coseismic event. To aim at the
fault zone geology (e.g., fault behavior such as weakening and involved
mechanism, energy budget such as energy dissipation), a critical and
challenging prospect, the identification of PSZ and its associated struc-
tures and reactions in an individual fault, is arising (Boullier, 2011).

Several scientific continental fault-zone drilling projects were
conducted and these include the Nojima fault project following the

1995 Kobe earthquake in Japan (Boullier et al., 2001); the Taiwan
Chelungpu fault Drilling Project (TCDP) following the 1999 Chi-Chi
earthquake in Taiwan (Ma et al., 2006); the San Andreas Fault Obser-
vatory at Depth (SAFOD) in the U.S.A., (Zoback et al., 2010); and the
Wenchuan earthquake Fault Scientific Drilling (WFSD) following the
2008 Wenchuan earthquake in China, (Li et al., 2013). The main
goals of these drilling projects are to measure in-situ stress, strain,
pore pressure, and other physical properties within active fault zones
(e.g., porosity and permeability) (e.g., Zoback et al., 2010). Whereas,
weathering (and exhumation) might erase and/or transform the sig-
nature, recorded in the fault rocks, of the physico-chemical process
(e.g., melting, dehydration, etc.) occurring at depth during seismic
slips (e.g., Kuo et al., 2012). To diminish the effects resulted from
postseismic alteration on fault rocks, these continental fault-zone dril-
ling projects could also provide fresh fault rocks to be directly investi-
gated the physico-chemical processes within active fault zones (PSZ)
during coseismic events. In this study, the recognition of PSZ corre-
sponding to the 1999 Chi-Chi earthquake in Taiwan was based on the
current literature from the TCDP and the details will be described later.

On 21st September 1999 the N–S-trending Chelungpu thrust fault
ruptured in a Mw 7.6 earthquake near the town of Chi-Chi, producing
90-km long surface ruptures (Fig. 1a) (Lee et al., 2001). TCDP was ini-
tiated around six years after the mainshock with the intention of
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penetrating the Chelungpu fault at depth (Fig. 1b). The drill site of TCDP
is 2-km east of the recently surface ruptured slip zone in the northern
portion of the Chelungpu fault (Ma et al., 2006). The spatial slip distri-
bution for the earthquake was well constrained from close strong mo-
tion and GPS data and showed a slip of 8.3 m on the fault near the
drill site (Ji et al., 2003; Ma et al., 2001; Yue et al., 2005). TCDP was car-
ried out a continuous coring for depths of 500 m to 2003 m, and 950 m
to 1300 m for hole-A and hole-B, respectively. The fault core identified
from the continuous core images was located at the depth of 1111 m of
hole-A and 1137 mof hole-B, respectively (Fig. 1c for hole-A). The black
gouge within the fault core, containing a band of highly intense
grain-size reduction, was identified as the Chi-Chi PSZ (Ma et al., 2006).

The distinguishing characteristics were discovered within the PSZ:
grain size distribution (Ma et al., 2006), microstructures (Boullier et al.,
2009), clay–clast aggregates (CCAs) (Boutareaud et al., 2008, 2010),mag-
netic anomaly (Chou et al., 2012a, b; Hirono et al., 2006a; Mishima et al.,
2006, 2009), inorganic carbon content (Hirono et al., 2006b), major and
trace elements (Ishikawa et al., 2008), and clay anomaly (Hirono et al.,

2008; Kuo et al., 2009, 2011). On the basis of current literature we pre-
sumably suggest that the formation of PSZ was due to the 1999 Chi-Chi
earthquake.

The thickness of Chi-Chi PSZ from the aspect of microstructures was
estimated to obtain the surface fracture energy and associated seismic
efficiency (Ma et al., 2006). In this study we re-examine the thickness
of PSZ from the aspect ofmineralogy through characterizing the interval
of clay anomaly with the in-situ synchrotron X-ray analysis. Further-
more, we also integrate our results withmicrostructures and the litera-
ture data fromMa et al. (2006) to obtain the correlated contribution of
the fracture energy to the earthquake breakdown work.

2. Sample description and analytical methods

2.1. Petrographic thin section of Chi-Chi PSZ

The fault core of the Chelungpu fault was obtained from 1110.37 m
to 1111.45 m depth in TCDP-A (Fig. 1c) and was made into sixteen
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Fig. 1. Geological setting of the 1999 Mw 7.6 Chi-Chi earthquake and location of the TCDP-A drilling site. (a) Location of the TCDP-A drilling site and the 90-km-long surface ruptures
associated with the Mw 7.6 earthquake at the central part of western Taiwan. The TCDP site is indicated by a red star. The focal mechanism of the Chi-Chi main shock is located at
the hypocenter of the Chi-Chi earthquake. The insert box is the tectonic setting of Taiwan. (b) An E–W cross section of the TCDP-A showing the Chelungpu fault zone and surround-
ing formations encountered in the borehole (after Hung et al., 2007). The rectangle displaying the principal slip zone active during the 1999 mainshock was identified in the bore-
hole at 1111.29 m depth and the images of fault core samples of the TCDP-A was enlarged in the right panel as (c). (C) The image exhibiting major portions of the Chelungpu-fault
along the borehole of TCDP.
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petrographic thin sections. The thin section of black gouge (2.1 × 3.5 cm)
enclosing Chi-Chi PSZ was utilized (Fig. 2a) for microstructural observa-
tion and mineralogical investigation. The direction of slip shown on the
thin section approximately ranged from 20 to 30° dipping leftward
(Fig. 2a, b). The central part of the petrographic thin sectionwas observed
with the direction of parallel to the long sides and perpendicular to the
thin section as shown in Fig. 2b.

2.2. Field emission scanning electron microscope with energy dispersive
spectrometer (FESEM/EDX)

To observe the characteristics and semi-quantify the chemical
composition of PSZ, we utilized FESEM/EDX quantitative analysis with

a FEI QUANTA 200F scanning electronmicroscope coupled to an energy
dispersive spectrometer at 10 KV with the standardized processes at
the National Taiwan University (NTU).

2.3. In-situ synchrotron X-ray diffraction analysis

The in-situ X-ray diffractionwas performed at the beamline BL01C2of
National Synchrotron Radiation Research Center (NSRRC) Taiwan. The
synchrotron X-ray radiation was generated from the superconducting
wavelength shifted magnet of 5.0 T with ring energy of 1.5 GeV
typical ring current of 200 to 120 mA. The X-ray wavelength was
0.5166 Å which delivered by a double crystal monochromator with
two Si(111) crystals. The PSZ was continuously analyzed with the
beam size of 500 μm diameter during the X-ray measurement.
Two dimensional powder X-ray diffraction patterns were recorded
by using Mar345 imaging plate detector with the pixel size of
100 μm and the typical exposure time of 60 s. The one dimensional
XRD profile was converted using the FIT2D program of a cake type
integration.

3. Results

3.1. Microstructural observation of black gouge

A 1-cm thick layer characterized by an ultrafine grain matrix with
suspended clasts was found in the black gouge (Fig. 2b). The 1-cm thick
gouge layer did not contain any fracture, cleavage, vein, banding, or
shearing structure and was defined as the isotropic layer (following
by Boullier et al., 2009). The isotropic layer was surrounded by foliated
layers which contain deformed veins, oriented clay-rich layers, frag-
ments of old gouges and quartz, and cracks.

The clastic cores mantled by concentric fine-grained aggregated
materials called clay–clast aggregates (CCAs) (Boutareaud et al., 2008)
were found in 4-mm thick layer within the isotropic layer (Fig. 2c).
The inner cores (central clasts hereafter) of the CCAs were fragments
of quartz and feldspar, and the diameter of the central clasts was be-
tween 1 and 130 μm. The CCAs were marked with yellow rectangular
boxes in Fig. 2c and were not found in the surrounding black gouges
or elsewhere in the fault zone. FESEM/EDX elementmapping conducted
on a typical monomineralic CCAs displays a higher relative atomic den-
sity of Al, Na, K, Fe and Mg in the cortex which highlights clays concen-
trically coating the central clastwhich the atomic density is dominant in
Si (Fig. 3). In addition, the vesicles presumably resulted from thermal
decomposition/dehydroxylation processes (Kuo et al., 2009, 2011) were
indicated by red arrows (Fig. 2c). The presence of vesicles was estimated
as 1-mm thick within the isotropic layer.

3.2. Characteristics of mineralogy in PSZ

Twenty analyses of the in-situ synchrotron XRD, from top to bot-
tom of the isotropic layer on thin section, were conducted to obtain
the mineral assemblage (Fig. 2b). The average value of twenty XRD
curves was plotted as the black line and the mineral phases of the
isotropic layer were identified as quartz, feldspar, calcite, illite and
very few smectite (Fig. 4a). The bump from 15 to 40 of two thetas
in all synchrotron analyses resulted from the signal of thin section
made by glass. The tiny signal of smectite was captured and was en-
larged in Fig. 4b. Two degrees of relatively high abundances of smec-
tite were observed and were drawn in red lines and blue lines,
respectively. The in-situ XRD data shows that the relatively high
abundance of smectite (the point 7 and the point 8) was located in
the interval of the presence of vesicles (Fig. 2c, see also Kuo et al.,
2009).
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Fig. 2.Microstructural observation of black gouge hosting the Chi-Chi PSZ. (a) The scan
of the thin section of black gouge indicating the fracturing zone and the isotropic layer.
(b) Microstructures in the isotropic layer showing the matrix-support clasts which are
quartz fragments and ultrafine grained clays defined as the isotropic layer by Boullier
et al. (2009). Twenty analyzed points by in-situ synchrotron XRD were shown in the
right side of the image. (c) Backscattered electron SEM images of the isotropic layer
contains large quartz clasts, very fine grains of clays, vesicles indicated by red arrows,
and CCAs marked with yellow rectangular boxes. One representative CCA was shown
in Fig. 3.
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4. Discussion

4.1. Thickness of Chi-Chi PSZ

The Chi-Chi PSZ accommodated a coseismic displacement of 8.3 m
with a maximum slip velocity of 3 m/s (Ma et al., 2006), and the
evidences of thermal perturbations (Chou et al., 2012a, b; Hirono
et al., 2006b, 2008; Ishikawa et al., 2008; Kuo et al., 2009, 2011;
Mishima et al., 2006, 2009) and fluid infiltrations (Chou et al.,
2012a, b; Ishikawa et al., 2008) within the PSZ were obtained from
borehole core samples. It suggests that several physico-chemical pro-
cesses were triggered during past coseismic events and one speculat-
ed reaction was proposed as thermal decomposition/dehydroxylation
of clay minerals in TCDP-A (Kuo et al., 2009). The relative weight per-
centage of individual clay mineral shows that the content of smectite
in core samples was rare to nonexistent from 500 to 2003 m depth,
instead of the one of PSZ (Kuo et al., 2011). The abundance of smectite
(80%) within the PSZ was proposed as the product resulted from
the alteration of amorphous materials. Amorphous materials can be
produced by melting during frictional seismic sliding (0.1–3 m/s)
(e.g., Di Toro et al., 2006), and also at subseismic slip rates
(≪0.1 m/s) (Pec et al., 2012; Yund et al., 1990). In TCDP case, the
stresses, ambient temperature and displacement at TCDP borehole
depth are of the order of tens of MPa, less than 50 °C, and 6–9 m,
respectively (Ji et al., 2003; Tanaka et al., 2007). It seems that amor-
phous materials within the PSZ were neither at high stresses (up to
1.5 GPa) and large ambient temperature (300 to 500 °C) suggested
by Pec et al. (2012), nor with the short displacement (less than
40 cm) conducted by Yund et al. (1990). The amorphous materials in
the PSZ that were presumably the product of solidification of melts
(pseudotachylyte) resulted from frictional seismic slips. The glass–
smectite reaction was well documented in many natural environments
and laboratories (e.g., Bauluz et al., 2004), and the experimental evi-
dence suggested that the advance of glass–smectite reaction only took
3 days at 90 °C with 1–10 M NaOH solution (Tomita et al., 1993). On
the basis of the observation of thermal perturbations and fluid infiltra-
tions in the Chi-Chi slip zone (Chou et al., 2012a, b; Ishikawa et al.,
2008; Mishima et al., 2006), it is reasonable to conclude that the trans-
formation of smectite from glass occurred in less than a few days to

years post the Chi-Chi earthquake. In addition, the similar transforma-
tion of glass–smectite within the active fault zone of the Nojima fault
was determined by TEM analysis and the presence of smectite also in-
ferred the alteration of pseudotachylyte (Janssen et al., 2013). In sum-
mary, the presence of smectite within PSZ was derived from the
alteration of pseudotachylyte and/or amorphous materials resulted
from frictional heating during the 1999 Chi-Chi earthquake (Kuo et al.,
2009). The thickness of smectite-rich layer considered as the thickness
of the PSZ was estimated as 2 cm due to the limitation of 2-cm interval
of sampling for XRD powder analysis (Kuo et al., 2009).

On the basis of the characteristics of clays within PSZ, high spatial
resolution synchrotron XRD analysis was conducted to determine the
interval of smectite-rich layer. Although the traditional identification of
swelling clays following the process of air-drying and ethylene-glycol
solvation was not performed in this study, the distinct wide peak
from 4 to 6 of two thetas (Fig. 4b) presumably resulted fromnew formed
smectite suggested by Kuo et al. (2009). The relatively high abundance of
smectite within the isotropic layer was detected in point 7 and point 8,
and relatively moderate abundance of smectite was detected in point 9
andpoint 10 (Fig. 4b). Combinedwith the occurrence of vesicles that like-
ly resulted from frictional heat (Fig. 2c) (Kuo et al., 2011), the interval of
the thermal perturbation where the process of thermal decomposition/
dehydroxylation occurred was estimated as 1 mm.

The formation of CCAs in fault gouges caused by seismic faulting
is still a debate (Han and Hirose, 2012). Han and Hirose (2012) sys-
tematically conducted rock deformation experiments at a wide
range of slip rates and demonstrated that the presence of CCAs was
not necessarily produced at seismic rates. As we mentioned above,
amorphous materials within the PSZ were generated by frictional
seismic slips during Chi-Chi event (Kuo et al., 2009). The CCAs
were only observed within the isotropic layerwhichwere accompanied
by the PSZ (Fig. 2c). It suggests that the CCAs were plausibly produced
at seismic rates, at least in this locality. In addition, considering the infil-
trations of coseismic fluid mentioned above, the occurrence of CCAs
appears to be a possible indicator for thermal pressurization and/or
gouge fluidization in TCDP case as suggested by Boutareaud et al.
(2010). The interval of the presence of CCAs was estimated as 4 mm
(Fig. 2c) which might illustrate the affected area of the mechanism of
thermal pressurization.
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Fig. 3. EDX–SEM element composition mapping of a typical CCA in the isotropic layer. Only Al, Na, K, Fe and Mg elements show a strong signal for the cortex of CCAs.
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The thickness of PSZ from the aspect of microstructural observa-
tion was obtained as (1) 2 cm identified from the fault core of TCDP
(Boullier et al., 2009; Ma et al., 2006), (2) 50–300 μm of fault cores
from surface outcrops (Heermance et al., 2003), and (3) 7 mm of
fault gouge at 330 m depth from shallow hole (Tanaka et al., 2002).
The variation of the thickness of PSZ might be due to the heterogeneity
of the fault at different depths (Gratier et al., 2003) and this issue is not
probed in this study. In summary, 1-mm thickness was obtained from
the interval of thermal decomposition/dehydroxylation of clayminerals
and 4-mm thickness wasmeasured from the interval of the presence of
CCAs within the isotropic layer. Here we utilize 1 mm as the thickness
of Chi-Chi PSZ followed by the definition of PSZ which accommodated
most shear displacement and/or high strain followedwith high frictional
heat generated.

4.2. Surface fracture energy of PSZ and contribution of the breakdown
work

The breakdownwork, considered as an equivalent to seismic fracture
energy, is the energy spent for rupture to advance during earthquakes
(Tinti et al., 2005). The breakdown work is composed of surface fracture
energy and plastic deformation of grains associated with the creation

of small grains within the slipping zones, and frictional heat driving
physico-chemical processes along the fault slip surface. The breakdown
work could be obtained by calculating the integral of the shear traction
versus slip, from zero slip to the point that the traction drops to a mini-
mum (Tinti et al., 2005):

Wb ¼ ∫
0
tb τ tð Þ−τminð Þ•v tð Þdt ð1Þ

where v(t) is the slip velocity, τ(t) is the shear traction, and tb is the time
at which minimum traction τmin is reached. In TCDP case, a grid size
(fault block) of 0.95 km and a time interval of 0.054 s, based on the kine-
matic results of the temporal–spatial slip distribution (Ji et al., 2003),were
used to calculate the breakdown work. The shear traction (stress–slip
curve) was obtained by combining the stress-time history and slip-time
history from kinematic inversion. The integral of Eq. (1) gives a value of
the breakdown work of 11.6 MJ m−2 for a small patch of the subfault
1 km beneath the drill site (Ma et al., 2006). Several assumptions were
made for the calculation as following: 1) the breakdownworkwas homo-
geneously distributed beneath the drill site over the subfault, 2) fault core
thickness, fault geometry, and grain size distribution did not vary in the
subfault. Ben-Zion and Sammis (2003) determined how different aspects
of a fault zone may be alternatively described in different frameworks,
and the clarification of the assumption, either from field geology side or
from the laboratory side, still remains challenging (Niemeijer et al.,
2012). The value of breakdown work obtained in this study might be
risky to stand for the 1999Chi-Chi earthquake, but at least it is convincible
at this locality.

The particle surface area (Smsz) of the major slip zone (MSZ) of
TCDP-A was obtained from the microstructural observation and the
value of Smsz was estimated of 6.46 × 105 m2 per meter squared area
(Ma et al., 2006). Themineral composition ofMSZwhichwas composed
of 70% of quartz, 5% feldspar, and 25% clays gives a specific fracture en-
ergyGc of about 1 J m−2 (McGarr et al., 1979; Scholz, 2002). A corrected
parameter for grain roughness λ of 0.66 was utilized (Wilson et al.,
2005). Thus, the total surface fracture energy (Gmsz) of the 2-cm MSZ
of TCDP-A was obtained by:

Gmsz ¼ SmszλGc: ð2Þ

Ma et al. (2006) provided a value of 4.3 MJ per meter squared area
for the total surface fracture energy from Eq. (2). Since the fault ma-
terials of the 2-cm MSZ defined by Ma et al. (2006) is consistent
with the one of the isotropic layer in this study, the total surface frac-
ture energy can be proportionally utilized for the 1-cm isotropic layer
and the value of total surface fracture energy would be 2.15 MJ per
meter squared area.

On the basis of the determination of the PSZ, 1-mm thick gouge
was formed for the specific event of the 1999 Chi-Chi earthquake.
The 1-cm thick isotropic layer seems to be the accumulation of PSZ
since it was not produced by only one coseismic event. The maximum
number of repeated earthquakes in the 1-cm isotropic layer is rough-
ly estimated as 10 if we assume similar displacement of repeating
earthquakes in the isotropic layer. Several assumptions were made
as following: 1) all the earthquakes accommodated similar slips, 2) each
earthquake should occur in the slipping zones next to the one where
the previous earthquake ruptured and none of the slipping zones was
exploited twice, and 3) there was no postseismic slip within the isotropic
layer.We could not strictly constrain the coseismic slip of each individual
earthquake, but the trenching in the southern part of the Chelungpu fault
suggests that the magnitude of coseismic events similar to the one of
Chi-Chi earthquake took place for several times (Chen et al., 2004). It im-
plies that similar slips along the Chelungpu fault were produced in the
coseismic events. We could not promise that coseismic slips always oc-
curred within the isotropic layer, but smectite is one of the weakest
knownminerals and itmayhave controlleddynamic fault strengthwithin
the PSZ during coseismic events (Moore and Lockner, 2004). It seems that

(a)

(b)

Fig. 4. (a) All apparent peaks are identified by the in-situ synchrotron XRD analyses and
signedwithmineral names. The bump caused by the peak of glasswas drawnwith dashed
lines. The insert box is the signal of smectite and was enlarged in (b). (b) All results were
drawn in light gray lines, and the average value of all experiments was drawn in black
lines except relatively high abundance of smectite. The highest abundance of smectite
was drawn in red lines and the moderate one was drawn in blue lines.
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the location of the PSZ or close to this zone could be the candidate for the
following seismic slips and then thickens the isotropic layer. In addition,
postseismic slips were determined as 200–300 mm for 10 years in the
northern segment of the Chelungpu fault (Rousset et al., 2012), but the
short postseismic slips might not generate efficient energy to pulverize
grains and/or rocks and may not make great influence on the calculation
of the surface fracture energy. Thus, theminimum surface fracture energy
associated to a single large earthquake on average (e.g., 1999 Chi-Chi
earthquake) was 0.22 MJ per meter squared area.

Given the breakdownwork of 11.6 MJ m−2, the correlated contribu-
tion of the surface fracture energy corresponding to the 1999 Chi-Chi
earthquake is estimated to be 1.9%. We consider the estimate to be the
minimum for the assumption that the surface fracture energy generated
within the Chelungpu fault zone 1 km beneath the drill site was negligi-
ble during the earthquake. The similar estimates which the surface
fracture energy 0.10–0.85 MJ m−2were compared to thework absorbed
in frictional heating were obtained for pseudotachylyte-bearing faults
and it also suggests that the almost totalmechanicalworkwas dissipated
as frictional heat during coseismic events (Di Toro et al., 2005; Pittarello
et al., 2008). It is notable that in the case of seismic ruptures propagating
at shallow depths (b2 km) the amount of surface energy could be larger
(e.g., Dor et al., 2006; Reches and Dewers, 2005). Since the surface
fracture energy is much less in this study, it suggests that the huge
remaining part of the breakdown work would be turned into chemi-
cal work (mineral transformations, fluid–rock interaction) (Chou et al.,
2012a,b; Hirono et al., 2008; Kuo et al., 2009), and mechanic work
which was associated with several processes suggested to result in
coseismic fault lubrication such as thermal pressurization (Boullier
et al., 2009; Hirono and Tanikawa, 2011), elastohydrodynamic lubrica-
tion (Brodsky and Kanamori, 2001), and frictional melting lubrication
(Di Toro et al., 2006).

5. Conclusion

The interval of clay anomaly corresponding to the 1999 Chi-Chi
earthquake has been determined with high spatial resolution in-situ
synchrotron XRD analysis. Combinedwith themicrostructural observa-
tion within the isotropic layer, the interval of clay anomaly was consid-
ered as the thickness of the Chi-Chi PSZ and was estimated to be 1 mm.
The surface fracture energy of 0.22 MJ per meter squared area was
obtained with the identification of the 1-mm PSZ. Following the earth-
quake breakdown work given by Ma et al. (2006), the contribution of
the surface fracture energy to the earthquake breakdown work is esti-
mated to be 1.9%. The extremely low contribution of fracturing in TCDP
case suggests that most breakdown work was turned into heat associat-
ed with physico-chemical processes to result in fault lubrication during
the 1999 Chi-Chi earthquake.
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