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[1] Estimation of the dynamic shear stress on a fault
during an earthquake is important for understanding the
earthquake itself. Using a chemical kinetic approach, we
examined the thermal decomposition of carbonate minerals
to estimate the shear stress on the Taiwan Chelungpu fault,
which slipped during the 1999 Chi-Chi earthquake. The
reaction rate of the decomposition was related to
temperature by using the Arrhenius equation, and the
chemical kinetics, taking into account the temperature
change over time caused by frictional heating and heat
conduction, was solved by the finite difference method.
The dynamic shear stress during the Chi-Chi earthquake
was deduced to be 1.31 MPa, and the frictional coefficient
to be 0.04–0.05. This estimated value agrees with the
hypothesis that friction along the Chelungpu fault was low.
Citation: Hirono, T., et al. (2007), A chemical kinetic approach

to estimate dynamic shear stress during the 1999 Taiwan Chi-Chi

earthquake, Geophys. Res. Lett., 34, L19308, doi:10.1029/

2007GL030743.

1. Introduction

[2] Dynamic shear stress during an earthquake is the
most important parameter for understanding seismic radia-
tion, the rupture process, the faulting mechanism, friction on
the fault, and so on [e.g., Scholz, 2002]. Frictional heating is
thought to occur during an earthquake [e.g., Brune et al.,
1969; Lachenbruch and Sass, 1980; Scholz, 2002], and the
shear stress can be estimated from the temperature recorded
in the fault. Temperatures in the faults have been measured
in boreholes of active-fault drilling projects such as SAFOD
(San Andreas Fault Observatory at Depth) [Williams et al.,
2004] and TCDP (Taiwan Chelungpu-fault Drilling Project)
[Kano et al., 2006], and numerous rock sample observations
and analyses have been also performed not only in natural

fault but also in experimented fault [e.g., Otsuki et al., 2003;
O’Hara, 2004; Fukuchi et al., 2005].
[3] Some chemical reactions occur because of frictional

heating during earthquake events. Hirono et al. [2006a,
2006b, 2007] reported high magnetic susceptibility and low
inorganic carbon content from the fault gouge of the Taiwan
Chelungpu fault that might have resulted from the formation
of magnetic minerals from paramagnetic minerals [Mishima
et al., 2006], and thermal decomposition of carbonate
minerals, respectively. Kuo et al. [2005] reported relatively
low contents of clay minerals within the Chelungpu fault,
and suggested that frictional heating during an earthquake
had induced dewatering of clay mineral. The relationship
between the amount of matter affected by a reaction and the
reaction time can be expressed in terms of chemical kinet-
ics, and the reaction rate can be related to temperature by
using the Arrhenius equation. However, the temperature in
the fault zone during an earthquake is not constant, but
changes with time as a result of frictional heating and heat
conduction. In this paper, we used a chemical kinetic
approach, taking into account the change in temperature
with time associated with frictional heating and heat con-
duction, to examine the thermal decomposition of carbonate
minerals to estimate the dynamic shear stress during the
1999 Taiwan Chi-Chi earthquake on the Chelungpu fault,
and then deduced the frictional coefficient of the fault.

2. Low Inorganic Carbon Content in the Taiwan
Chelungpu Fault

[4] The 1999 Taiwan Chi-Chi earthquake (Mw 7.6), with
epicenter at 23.853 N and 120.816 E and a focal depth of
8 km [Ma et al., 1999], occurred on 21 September 1999
(Figure 1). The earthquake initiated on the southern Che-
lungpu fault and ruptured both upward and laterally north-
ward, and the largest ground velocities and displacements,
up to 3 m/s and 8 m, respectively, and a low level of high-
frequency radiation were recorded in the northern end of the
Chelungpu fault [Shin and Teng, 2001]. These seismolog-
ical behaviors may have resulted from a low level of friction
along the fault in this area [e.g.,Ma et al., 2003]. The TCDP
was therefore undertaken to investigate the faulting mech-
anism of the Chi-Chi earthquake. Core samples were
recovered from two holes: Hole A (total depth 2003.00 m)
and Hole B (total depth 1352.60 m). Three dominant fault
zones, FZB1136 (fault zone around 1136 m depth in Hole B),
FZB1194, and FZB1243, were observed within the Chinshui
Shale (Figure 1) and interpreted as segments of the Che-
lungpu fault [Hirono et al., 2006b, 2007].
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[5] Hirono et al. [2006a] reported low inorganic carbon
contents in the black gouge zones and disk-shaped black
materials (BM disks) within FZB1194 and FZB1243, and
identified the latter as pseudotachylytes by a low degree of
melting. Ikehara et al. [2007] reported low inorganic carbon
content in the black gouge zone within FZB1136. The
average inorganic carbon contents of black gouge and BM
disks within each fault zone and those of the surrounding
rocks are summarized in Table 1. Because FZB1136 was
most likely related to the 1999 Chi-Chi earthquake [Kano et
al., 2006; Ma et al., 2006; Wu et al., 2007], the inorganic
carbon contents around the black gouge zone within
FZB1136 were considered to be representative of the
temperatures of that event (Figure 1). Although inorganic
carbon, as measured by coulometric titration [Ikehara et al.,
2007], can be incorporated as the CO3

2� species in carbonate
minerals such as calcite (CaCO3), dolomite (CaMg(CO3)2),
and siderite (FeCO3), X-ray diffraction analysis identified
only calcite, which indicates that calcite was the major
component of the carbonate minerals within the Chelungpu
fault.

3. Chemical Kinetics of the Thermal
Decomposition of Calcite

[6] The chemical reaction for thermal decomposition of
calcite is

CaCO3 sð Þ ! CaO sð Þ þ CO2 gð Þ: ð1Þ

Extensive work has been carried out to determine the
reaction mechanism and to deduce the kinetic parameters of

the decomposition process [e.g., L’vov et al., 2002]. The
kinetics of the reaction are commonly expressed as follows:

da
dt

¼ k f að Þ; ð2Þ

and also

g að Þ ¼
Za

0

da
f að Þ ¼ kt; ð3Þ

where a is the degree of conversion (here, decomposition;
0 � a � 1, a = 1 means totally converted), t is the reaction
time, k is the reaction rate, and f(a) and g(a) are kinetic
functions determined by the reaction mechanism. Possible
mechanisms and their expressions have been summarized in
previous work [e.g., Yue et al., 1999]. Although it has been
reported that the reaction mechanism and kinetics are
affected by many factors, such as heat transfer, CO2

pressure, crystal structure and orientation, and particle size
and shape [e.g., Beruto et al., 2004], we here adopted a
phase boundary controlled reaction; f(a) = (1 � a)2/3 and
also g(a) = 3[1 � (1 � a)1/3] [Criado et al., 1995].
[7] The relationship between reaction rate and tempera-

ture, as expressed by the Arrhenius equation, is

k ¼ A exp
�Ea

RT

� �
; ð4Þ

where A is a constant (pre-exponential term), Ea is the
activation energy necessary for a reaction to occur, R is the
gas constant (8.31447 JK�1mol�1), and T is temperature (K)
without a consideration of CO2 pressure for simplicity.

Figure 1. Geological map of central Taiwan showing the site of the Taiwan Chelungpu-fault Drilling Project (TCDP), an
E-W cross section through the drill hole site, a core photo and interpretive sketch around the black gouge zone in FZB1136,
and results of inorganic carbon content measurements. CF, Chelungpu fault; FZ, fault zone.
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From equations (3) and (4), the relationship between
reaction time and temperature is therefore

t ¼ 3 1� 1� að Þ
1
3

h i
A exp

�Ea

RT

� �� ��1

: ð5Þ

[8] We first calculated the amount of calcite decomposed
by heating in the Chelungpu fault by assuming that the
inorganic carbon content in the fault zone was in calcite,
and that of the surrounding rock represented the initial
inorganic carbon content before the earthquake. We could
then deduce the amount of calcite that had decomposed in
the different parts of each of the three fault zones, and
determine, a, the fraction decomposed (Table 1). Criado et
al. [1995] reported the following values for parameters of
the Arrhenius equation: A and Ea, as 2.68 � 107 s�1 and
187 kJ mol�1, respectively, for calcium carbonate under a
condition of low CO2 pressure (1.3 kPa). Consequently, the
remaining unknown parameters for the kinetics of calcite
decomposition are only reaction time and temperature, and
their relationship on the black gouge and BM disk within
each fault zone can be represented as shown in Figure 2.
[9] If reaction time is known, temperature necessary for

the decomposition reaction to take place can be determined.
However, the temperature in the fault zone during an
earthquake is not constant, but changes with time as a result
of frictional heating and heat conduction.

4. Temperature Profile Changes Over Time
Caused by Frictional Heating and Conduction

[10] We reconstructed a thermal history, including fric-
tional heating and heat conduction on the basis of Cardwell
et al. [1978]. A temperature rise, DT, caused by friction
along a fault with no heat loss is expressed as

DT ¼ tntr
wCpr

; ð6Þ

where t is the shear stress, n is the slip velocity, tr is the slip
time (seismological risetime), w is the thickness of the slip
zone, and Cp and r are the specific heat and density,
respectively, of the fault gouge. On the other hand, heat
conduction from frictional heat generation with finite
thickness is expressed

T x; tð Þ ¼ T0 þ
DT

2tr

Ztr:

0

	 erf
xþ w

2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D t � t0ð Þ

p � erf
x� w

2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D t � t0ð Þ

p
8<
:

9=
;dt0; ð7Þ

where x is the distance from the center of heat generation, t
is the time for heat conduction including slip time (heating
duration), T0 is the initial temperature, and D is the thermal
diffusivity. tr equals to t at heating stage, and tr is a constant
(equals to slip time) after the stage. From equations (6) and
(7), the thermal history of a fault zone during earthquake
can be expressed

T x; tð Þ ¼ T0 þ
tn

2wCpr

Ztr:

0

	 erf
xþ w

2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D t � t0ð Þ

p � erf
x� w

2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D t � t0ð Þ

p
8<
:

9=
;dt0: ð8Þ

5. Temperature Profile Constrained by Chemical
Kinetics

[11] Because the temperature was not constant but
changed with time, determination of the chemical kinetics
of the decomposition reaction requires realistic consider-
ation of the temperature profile during an earthquake. From
equations (5) and (8), a in the center of the fault zone
(x = 0) is expressed as

a ¼
Zts:

0

1� 1� A

3
exp

�Ea

R T0 þ tn
wCpr

Rtr
0

erf w
4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
D t�t0ð Þ

p dt0

� �
0
BBB@

1
CCCAt

8>>><
>>>:

9>>>=
>>>;

32
6664

3
7775dt;

ð9Þ

where ts is the time between the earthquake and sample
recovery. We again adopt a phase boundary controlled
reaction. The value of a is determined on the basis of
inorganic carbon content (Table 1, fraction of decomposi-
tion), and among the other parameters, only the value of t is
unknown. We first calculated the value of a for various
values of t by the finite difference method, and then
obtained a value of t consistent with the observed value of
a. We performed this calculation not only for the black
gouge zone within FZB1136, probably including the slip
zone of the Chi-Chi earthquake, but also for the other fault
zones. We adopted the following values for the other
parameters: A = 2.68 � 107 s�1 and Ea = 187 kJ mol�1

[Criado et al., 1995]; T0 = 46.5�C [Kano et al., 2006]; n =
1.38 m s�1 calculated from the total displacement of 8.3 m

Table 1. Calculation of the Fraction of Decomposed Calcite Within the Black Gouge Zones and Disk-Shaped

Black Materials of the Chelungpu Fault Systema

Type of Zone

Inorganic
Carbon Content in
the Zone, wt%

Inorganic
Carbon Content in
Host Rocks, wt%

Decomposed
Amount, wt%

Fraction of
Decomposition

BGZ in FZB1136 0.05 0.63 0.58 0.92
BGZ in FZB1194 0.24 0.43 0.19 0.44
BM disk in FZB1194 0.05 0.43 0.38 0.88
BGZ in FZB1243 0.22 0.51 0.29 0.57
BM disk in FZB1243 0.04 0.51 0.47 0.92

aBGZ, black gouge zones; BM disk, disk-shaped black materials. Original data from Ikehara et al. [2007].
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[Ma et al., 2006] and slip time of 6 s [Ma et al., 2003]; Cp =
300 Jkg�1K�1 [Tanaka et al., 2007]; r = 2200 kg m�3

[Hirono et al., 2006b]; D = 1.0 � 10�6 m2s�1 [Tanaka et
al., 2007]; and tr = t at t � 6 s, and tr = 6 s (constant) at
t > 6 s. Because Ma et al. [2006] suggested a major-slip-
zone thickness of 2 cm for the Chi-Chi earthquake, we
assumed w = 2 cm for a single earthquake event in the black
gouge zone in each fault zone. For the BM disks, we used
the disk thickness for w: 2 cm for the BM disk in FZB1194
and 3 cm for that in FZB1243 (from Hirono et al. [2006a]).
Because the period between the Chi-Chi earthquake and
sample recovery from Hole B was approximately 5 years,
ts = 1.58 � 108 s.
[12] The values of t obtained for the black gouge and

BM disk within each fault zone were as follows: black
gouge zone in FZB1136, 1.31 MPa; black gouge zone in
FZB1194, 1.25 MPa; BM disk in FZB1194, 1.31 MPa;
black gouge zone in FZB1243, 1.27 MPa; and BM disk in

FZB1243, 1.85 MPa. The temperature–time profile of each
zone was also reconstructed from the solution (Figure 3).

6. Discussion and Conclusions

[13] Because Ma et al. [2003] suggested low friction
during the 1999 Chi-Chi earthquake, and because
FZB1136 most likely slipped during the earthquake [Kano
et al., 2006: Ma et al., 2006; Wu et al., 2007], we here
calculate the frictional coefficient from the shear stress
obtained for the black gouge zone within FZB1136. The
effective vertical stress around FZB1136 is 17.8 MPa (rock
density, 2600 kg m�3, from Hirono et al. [2007]), and dip of
the fault plane is 35� [Hirono et al., 2007]. Assuming that
the horizontal stress is equal to the vertical stress, the stress
normal to the fault is totally 24.8 MPa (the vertical stress of
14.6 MPa plus the horizontal stress of 10.2 MPa), resulting
in the frictional coefficient of 0.05. For a thrust fault

Figure 2. Duration of calcite decomposition as a function of temperature in the three fault zones within the Chelungpu
fault system. BGZ, black gouge zone; BM disk, disk-shaped black material. (a) BGZ in FZB1136. (b) BGZ in FZB1194.
(c) BM disk in FZB1194. (d) BGZ in FZB1243. (e) BM disk in FZB1243.
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environment, the maximum horizontal stress is higher than
the vertical stress [Sibson, 1974]. If the horizontal stress is
twice as high as the vertical stress, the frictional coefficient
is 0.04. However, the state and magnitude of stress during
the seismic rupture might not be the same to the static, so
that such a low value of frictional coefficient includes an
uncertainty.
[14] To assess the validity of our results, we here raise

another issue and discuss the counter argument. The ob-
served amount of calcite decomposition might be the
accumulated result of several successive seismic events

rather than of a single earthquake. However, this would
not have a marked effect on the kinetic estimation, as shown
by the similarity of the time–temperature relationships for
the black gouge zone in FZB1136 (a = 0.92) and the black
gouge zone in FZB1194 (a = 0.44) (Figure 2). Accurate
determination of the reaction mechanisms, of their expres-
sion in term of f(a) and g(a), and of the parameters of the
Arrhenius equation (A and Ea) under in situ conditions of
the fault zones are important. Measurements of thermal
properties such as heat capacity and thermal diffusivity in
the fault zone are also indispensable.

Figure 3. Temperature-time profile reconstructed using the shear stress solution.

Table 2. Calculated Amount of CO2 Released by Thermal Decomposition of Calcite From the Black Gouge

Zone and Disk-Shaped Black Materials of the Chelungpu Fault Systema

Type of Zone
Decomposed
Amount, wt%

Released CO2

Amount, g/cm3
Thickness of
Zone, cm

Released CO2

Amount, g/m2

BGZ in FZB1136 0.58 0.56 14 7.85 � 10�4

BGZ in FZB1194 0.19 0.18 12 2.21 � 10�4

BM disk in FZB1194 0.38 0.37 2 7.35 � 10�5

BGZ in FZB1243 0.29 0.28 9 2.52 � 10�4

BM disk in FZB1243 0.47 0.45 3 1.36 � 10�4

aBlack gouge zone, BGZ; disk-shaped black materials, BM disk. A bulk density of 2.2 g/cm3 was used to calculate volumes.
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[15] Chemical reactions induced by frictional heating
may also affect frictional behavior during an earthquake.
For example, thermal decomposition of calcite produces
CO2 (equation (1)): the released CO2 (supercritical phase)
may reduce the effective normal stress, thus decreasing the
friction along the fault. Furthermore, CO2 may be expelled
via a fault during and/or after an earthquake. In this
study, the amount of CO2 released per cm3 was calculated
using the rock density and the amount of calcite decom-
posed; if the thickness of the fault zone was accurately
known, the amount of CO2 released could then be calcu-
lated per m2 (Table 2). Further investigation of these
influences in active faults is needed.
[16] Finally, we emphasize that a kinetic approach using

chemical reaction, such as calcite decomposition, might be
valid and useful to estimate the dynamic shear stress during
an earthquake and subsequently the frictional coefficient on
a fault. Not only the reaction but also the decomposition of
organic matter and pyrite, dewatering of clay minerals, and
dissolution of minerals into interstitial fluid (at supercritical
phase?), can be used as proxies for dynamic shear stress.
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