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Abstract—We use preseismic, coseismic, and postseismic GPS data of the 1999 Chi-Chi earthquake to infer

spatio-temporal variation of fault slip and frictional behavior on the Chelungpu fault. The geodetic data shows

that coseismic slip during the Chi-Chi earthquake occurred within a patch that was locked in the period

preceding the earthquake, and that afterslip occurred dominantly downdip from the ruptured area. To first-order,

the observed pattern and the temporal evolution of afterslip is consistent with models of the seismic cycle based

on rate-and-state friction. Comparison with the distribution of temperature on the fault derived from thermo-

kinematic modeling shows that aseismic slip becomes dominant where temperature is estimated to exceed 200�
at depth. This inference is consistent with the temperature induced transition from velocity-weakening to

velocity-strengthening friction that is observed in laboratory experiments on quartzo-feldspathic rocks. The time

evolution of afterslip is consistent with afterslip being governed by velocity-strengthening frictional sliding. The

dependency of friction, l, on the sliding velocity, V, is estimated to be ol=o ln V ¼ 8� 10�3: We report an

azimuthal difference of about 10–20� between preseismic and postseismic GPS velocities, which we interpret to

reflect the very low shear stress on the creeping portion of the décollement beneath the Central Range, of the

order of 1–3 MPa, implying a very low friction of about 0.01. This study highlights the importance of

temperature and pore pressure in determining fault frictional sliding.
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1. Introduction

Fault slip occurs as steady aseismic creep or as recurring transient slip, the latter of

which might be seismic or aseismic. This process leads to an alternation between long

periods of slow elastic strain accumulation, the interseismic period, and short periods of

strain release by transient slip events and large earthquakes. An unanswered first-order
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question regarding the ‘seismic cycle’ process is whether asperities, defined loosely here

as zones with large coseismic slip (e.g., larger than a given fraction of the peak slip), that

broke during large earthquakes, coincide with fault patches that remain locked during the

interseismic period. If so, geodetic monitoring of interseismic strain could be used to

assess the location and, possibly either the time of a future earthquake or the amount of

coseismic slip, hence the magnitude (SHIMAZAKI and NAKATA, 1980).

The fault slip accrues with time depending primarily on the fault friction law and its

eventual spatio-temporal variability. Fault friction can be rate-weakening, allowing for

stick-slip motion or rate-strengthening promoting aseismic slip (SCHOLZ, 1990). For

quartz-feldspathic rocks, rate-strengthening seems to be promoted at high temperature

(T > 200–250�C), hence at depths deeper than typically 15 km, or for poorly consolidate

alluvium or fault gouge at shallow depths (BLANPIED et al., 1995; MARONE, 1998).

However, the relation between fault friction and the mode of slip is not trivial. For

example, earthquakes can only nucleate in areas obeying a rate-weakening friction law

but can propagate dynamically in rate-strengthening areas (LAPUSTA et al., 2000; TSE and

RICE, 1986). Furthermore, a fault portion might obey a rate-strengthening friction law but

might seem locked if it lies in the stress shadow of a fully locked zone. In that case, it

might slip by aseismic afterslip when the stress shadow effect is removed as the

shadowing asperities break. For example, it is possible that the shallow portion of

subduction zones would dominantly slip aseismically, but would appear locked in the

interseismic period as it lies in the shadows of deeper locked patches (BURGMANN et al.,

2005). This mechanism might also explain why shallow creep is rarely observed, except

in the case of fault segments which dominantly creep at all depths such as the creeping

segment of the San Andreas fault (BURFORD and HARSH, 1980; LISOWSKI and PRESCOTT,

1981; TITUS et al., 2005) or along the southern portion of the Longitudinal Valley fault in

Taiwan (ANGELIER et al., 1997; LEE et al., 2001b, 2003; LIU and YU, 1990; YU and LIU,

1989; YU and KUO, 2001).

Another issue, which has been a controversial issue for decades, concerns the stress

level under which active faults operate (SCHOLZ, 2000). Deep borehole measurements in a

stable tectonic area (BRUDY et al., 1997; ZOBACK and TOWNEND, 2001) suggest that the

differential stress within the brittle crust is generally high, near the threshold of Coulomb

failure as obtained from laboratory estimates of the coefficient of friction of rocks which

generally range 0.6–0.85 (BYERLEE, 1978). On the other hand, there is evidence that the

shear stress acting on major crustal faults is rather small, typically about 10 times less

than expected from rock friction experiments. This conclusion is reached particularly for

the San Andreas fault zone where frictional heating seems very limited (SHAW, 1995) and

where the principal horizontal stress is nearly perpendicular to the fault plane (HAUKSSON,

1990; JONES, 1988; MOUNT and SUPPE, 1987; ZOBACK et al., 1987). A low stress level on

fault zones has also been deduced from the influence of coseismic stress change due to

the Landers earthquake (HARDEBECK and HAUKSSON, 2001) as well as 2002 Denali

earthquake (WESSON and BOYD, 2007) on the stress orientations derived from earthquake

focal mechanisms. There is more consensus that thrust faults and detachments below
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orogenic wedges, including Taiwan, need to be weak as required from their generally low

taper angle (e.g., DAVIS et al., 1983; SUPPE, 2007).

We discuss these questions based on the analysis of geodetic strain across the western

foothills of Taiwan where a Mw 7.6 earthquake occurred in 1999 (Figs. 1 and 2). We take

advantage of the wealth of geodetic, seismological and geological data available from

this area to investigate the contribution of interseismic slip, afterslip and coseismic slip to

the long-term fault slip and the resulting stress transfer.

Figure 1

GPS velocities across the western foothills of central Taiwan and coseismic slip distribution of the 1999, Mw

7.6, Chi-Chi earthquake. Black arrows show interseismic GPS velocities (1993–1999), with 95% confidence

ellipses, relative to the permanent GPS stations on Penghu Island before the Chi-Chi earthquake (YU et al.,

2001). Blue arrows indicate postseismic displacement over 15 months following the Chi-Chi earthquake (YU

et al., 2003). Distribution of coseismic slip, derived from inversion of GPS displacements is shown in color. The

pink star denotes the epicenter of the Chi-Chi earthquake. Isotherms on the fault (purple dash lines) are derived

from the thermo-kinematic model (SIMOES et al., 2007a). Major active faults are indicated as black lines and the

1999 Chi-Chi rupture is shown as a thick black line. CHF: Changhua fault, CLPF: Chelungpu fault, STF:

Shuantung fault.
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In the following, we first give an overview of the seismotectonic context of the study

area. Next, we analyze the pre-, co-, and postseismic data in a self-consistent manner to

assess how fault patches with interseismic, coseismic and postseismic slip pave the fault

to contribute to a quasi-uniform slip distribution in the long term and the significance of

the difference of azimuth between pre- and postseismic GPS velocities.

2. Seismotectonic Setting of the Western Foothills of Taiwan

Three major active faults are recognized along the western foothills of central

Taiwan. Seismic profiles and bedding dip angles measured at the surface suggest that they

all sole into a single décollement at a depth of about 6 km (YUE et al., 2005) (Fig. 2). The

most frontal fault is the Changhua fault which is a blind thrust fault responsible for the

Figure 2

A schematic of interseismic velocity profile parallel to the plate convergence direction and a simplified

geological cross section across the western foothills of Taiwan. Studies on the deformed strata terrace inferred

slip rates of 16.3 ± 4.1 mm/yr on the Changhua fault (CHF) and 15.8 ± 5.1 mm/yr on the Chelungpu fault

(CLPF) (SIMOES et al., 2007b). The geological cross section is constrained from numerous seismic profiles in that

the faults merge at depth into a single major décollement (YUE et al., 2005). The geodetic data show that the

active faults are locked at the surface but some aseismic deformation must occur at depth below the Central

Range, probably along the downdip continuation of the décollement (CARENA et al. 2002). The shortening rates

across the Changhua and the Chelungpu faults are approximately equal to the geodetic shortening rate across the

western foothills, suggesting that little deformation occurs elsewhere, other than on these two major faults.
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formation of Pakuashan anticline at its tip. The shortening rate across Pakuashan is

estimated to be 16.3 ± 4.1 mm/yr from the study of dated growth strata deposited over

the last 300 ka (SIMOES et al., 2007b). The most internal fault is the Shuangtung fault. The

Shuangtung fault also deforms recent terraces, but based on its geomorphic expression, it

seems to be a second-order feature compared to the two other faults. The Chelungpu fault

lies between the Changhua fault and the Shuangtung fault. The shortening rate across the

Chelungpu fault is estimated to be 15.8 ± 5.1 mm/yr from the deformation of dated

Holocene terraces (SIMOES et al., 2007b).

GPS data acquired over the years preceding the Chi-Chi earthquake (YU et al., 2001)

indicate a shortening rate across the western foothills approximately equal to the sum of

the long-term shortening rates across Pakuashan anticline and Chelungpu fault (Fig. 2). It

follows that the *30 mm/yr shortening rate across the western foothills has to be taken

up by either aseismic or seismic slip on the Chelungpu and Changhua faults and their

downdip continuation as a décollement (or as a shear zone with finite thickness).

The Mw 7.6, 1999 Chi-Chi earthquake ruptured the Chelungpu thrust fault along the

western foothills of Taiwan extending approximately 100-km-long with up to 10–15 m

of coseismic slip (JI et al., 2001; JOHNSON et al., 2001; SHIN and TENG, 2001). GPS data

acquired over the years preceding the Chi-Chi earthquake (YU et al., 2001) indicate that

the area with significant coseismic slip is primarily locked before the main shock

(DOMINGUEZ et al., 2003; HSU et al., 2003; LOEVENBRUCK et al., 2001). GPS data

acquired after the main shock shows postseismic deformation reflecting dominantly

afterslip downdip from the coseismic rupture area (HSU et al., 2002, 2007; YU et al.,

2003).

GPS measurements also reveal a systematic counter-clockwise rotation of postseismic

surface displacements relative to interseismic velocities at the sites within the Central

Range (Fig. 1). The azimuthal differences between preseismic and postseismic GPS

velocities are only marginally significant at each single site where both pre- and post-

Chi-Chi measurements are available. The fact that the postseismic azimuth is systematically

rotated counter-clockwise at all GPS sites located within the range is an indication that this

rotation is probably not fortuitous, however. The possibility that the difference of azimuth can

be a reference frame issue can be excluded since the interseismic and postseismic GPS data

were processed using identical procedures and the same reference frames (International

Terrestrial Reference Frame 1997, ITRF97) (YU et al., 2001, 2003). We analyze below the

significance of this observation.

3. Modeling of Geodetic Strain

3.1. Method and Data

The geodetic data used in this study include coseismic displacements (YU et al.,

2001), the postseismic GPS displacements recorded over 15 months after the mainshock
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(YU et al., 2003), and GPS site velocities collected before the Chi-Chi earthquake that

consists of 12 campaign-mode sites and two permanent sites (YU et al., 2001).

For the purpose of this study, we model the interseismic GPS velocities (1993–1999)

and the postseismic GPS displacements (over the 15 months following the Chi-Chi

earthquake) in a self-consistent manner, i.e, assuming the same geometry for the

décollement and using the same modeling technique.

We first utilized the 3-D fault geometry constrained by surface geology, seismic

profiles, well data and geological balanced cross sections proposed by YUE et al. (2005)

(black dashed line in Fig. 3b). The fault geometry is well constrained beneath the western

foothills from reliable seismic data and surface structural constraints. It is assumed that

the fault extends eastward beneath the Central Range as a décollement at a relatively

shallow depth as suggested from relocated seismicity (CARENA et al., 2002). Because the

geometry of the fault beneath the Central Range is not that well constrained, we also

searched for the geometry that best fits the geodetic data (black solid line in Fig. 3b). It

should be pointed out that the model assumes that deformation at depth can be

represented by fault slip on a localized décollement. In reality, it is probable that

deformation is more distributed than we assume and that some amount of pure shear must

be taking place to allow shortening and thickening of the crust beneath the range. The

décollement is therefore a convenient representation of deformation at depth although not

necessarily a very realistic representation.

Figure 3

Geometries of the Chelungpu fault, and of the simplified planar fault used to model interseismic strain from a

forward slip modeling approach. (a) The green circles denote aftershocks within a 60-km wide swath in the first

15 months after the Chi-Chi main shock. A-A’ and blue rectangle indicate a NW-SE trending transect of the

modeled Chelungpu fault and the simplified planar fault. Blue dash lines denote iso-depth contours of the

simplified planar fault. The depth in kilometer is shown as a blue number. (b) The depth profiles along A-A’

indicated in (a). The black solid and dash lines indicate the fault geometries determined by inversions and YUE

et al. (2005), respectively. The blue line denotes the fault geometry of the simplified planar fault used to model

interseismic strain. Color scale indicates the earthquake density (number of event/ km2). The beach ball shows

the focal mechanism of the Chi-Chi main shock.
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The fault is subdivided into *150 small rectangular patches with sizes ranging from

5 km 9 5 km to 8 km 9 8 km. This representation of the fault was found to be a

reasonable compromise so that the fault model follows reasonably well the sinuous fault

trace as observed in the field, and its spatial extent is large enough to allow modeling

coseismic, postseismic, and interseismic slip. The Green functions, i.e., the surface

displacements at the sites of observations related to unit slip vectors with either pure dip-

slip or pure strike-slip components, are computed from the theory of elastic dislocation in

an elastic half space (OKADA, 1985). The rigidity modulus is fixed to a standard value of

30 GPa. Because the preseismic and postseismic displacements show relatively stable

azimuths (HSU et al., 2007; YU et al., 2001), we ignore temporal variations of rake during

interseismic or postseismic deformation. Furthermore, we ascertained that the interse-

ismic data can be fitted reasonably well without introducing spatial variations in rake.

The data are inverted using a weighted least-squares approach by minimizing the

following functional:

Fðs; a; b;mÞ ¼
X�1=2

ðGðmÞs� dÞ
�����

�����

2

þa�2 r2s
�� ��2þb�2 sk k2; ð1Þ

where R�1=2 is the inverse square-root of the data covariance matrix; G(m) are Green’s

functions which depend on the fault geometry parameters m; s is slip; d is the observed

displacements and r2 is the finite-difference approximation of the Laplacian smoothing

operator. To regularize the inversions, we use two damping parameters which

characterizes the weights put on the model smoothness, a, and on minimizing the

geodetic moments, b, and they are determined by cross validation (MATTHEWS and

SEGALL, 1993). The fit to the data is quantified from the mean of the normalized square

residuals defined as:

v2
r ¼

1

N

X�1=2

ðGðmÞs� dÞ
�����

�����

2

¼ 1

N

XN

i¼1

dobs
i � dpred

i

ri

 !2

; ð2Þ

where N is the number of data points; ri is the 67% uncertainty on the i-th data point;

dobs
i ; dpred

i are the observed and predicted values on the i-th data point. A value of 1 of v2
r

means that the model fits the data within uncertainties on average. Note that although this

quantity, v2
r ; resembles the reduced chi-square, it does not have the same statistical

significance since the number of model parameters is not considered.

3.2. Coseismic Slip Model

The coseismic slip model obtained using the 3-D fault geometry proposed by YUE

et al. (2005) yields v2
r of 599 (black dashed line, Fig. 3b). The weighted root-mean-

square misfit (wrms) of the horizontal and vertical displacements are 0.15 m and 0.21 m,

respectively, about 10–20 times the estimated uncertainties. If the fault geometry beneath
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the Central Range is optimized (black solid line, Fig. 3b), the misfit, v2
r ; is reduced to 499

(Fig. 4). Figure 4c shows the residuals between the observed displacements and those

computed from the optimal coseismic model. Although the residuals are larger than the

data uncertainties on average, these residuals manifest no systematic pattern that could

Figure 4

Coseismic slip distribution of the 1999 Mw 7.6 Chi-Chi earthquake. (a) Black and blue arrows indicate observed

coseismic horizontal displacements (YU et al., 2001) and predictions from our best-fitting coseismic slip model.

Color indicates coseismic slip. White star indicates the epicenter of the Chi-Chi earthquake. (b) Vertical

displacements. Major faults are indicated as green lines and the 1999 Chi-Chi rupture is shown as a purple line.

(c) Residuals of horizontal (blue) and vertical (red) displacements.
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inspire improvement of the fit further. Figure 5a shows how the fit to the data evolves as a

function of the weight put on the model smoothness (proportional to 1/a) and on

minimizing the geodetic moment (proportional to 1/b). Figures 5b and 5c show the slip

Figure 5

(a) Plot showing how the value of the v2
r (see equation (2)) evolves as a function of the weight put on the model

smoothness (proportional to 1/a) and on minimizing the geodetic moment (proportional to 1/b). (b) Black and

blue arrows indicate observed coseismic horizontal displacements (YU et al., 2001) and predictions from the

smoother coseismic slip model indicated in (a). (c) Same as (b) but for the rougher slip model indicated in (a).
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distributions obtained for alternative models smoother and rougher, respectively, than the

preferred model of Figure 4. It ensures that even if the slip distribution is allowed to be

rougher than that of the preferred model, the fit to the data does not improve substantially.

There is therefore no obvious way to improve the fit to the data within the framework of

our modeling which assumes that the surface deformation is due to slip on a single fault

embedded in a homogeneous elastic half space. The three models shown in Figures 4 and

5 are only marginally different. We conclude that the preferred model is a robust first-

order representation of the main characteristics of the coseismic slip distribution.

The optimal fault geometry places the décollement at a depth of * 12 km depth,

considerably deeper than the 5–6 km depth proposed by YUE et al. (2005). This value is

more consistent with the hypocentral depth of the Chi-Chi earthquake main shock and the

depth distribution of aftershocks (Chang et al., 2007). Our fault geometry in fact

approaches YUE et al.’s alternative fault model which was proposed to better reconcile the

structural constraints with the main shock hypocenter (Fig. 21, YUE et al., 2005). The fit

to the geodetic data remains, deficient, corresponding to a wrms of 0.15 (Fig. 4c),

however this model does fit the data better than the models in previous studies. For

example, JOHNSON et al. (2001) reported a wrms of 0.19 m obtained from a homogeneous

elastic half-space model and JOHNSON and SEGALL (2004) obtained wrms values between

0.155 m and 0.17 m from layered elastic models, with eventual lateral material contrast

across the fault. Reconciling the geodetic data and the structural constraints on the

Chelungpu fault geometry would probably require allowing for variations of elastics

properties in 3-D and eventual anelastic deformation off the main fault zone. Nonelastic

deformation of the footwall has indeed been documented in the field and is an expected

feature given the nonplanar geometry of the fault (CHEN et al., 2007b). These

sophistications are beyond the scope of this study. Also it is possible that the

uncertainties assigned to the coseismic displacements may be underestimated.

Most of coseismic slip is shallow with a maximum near the surface and a gradual

downdip decrease to negligible slip at about 10 km depth (Fig. 4). The maximum slip in

our best-fitting model is 10 m, located at the northwestern edge of the fault. The slip

potency is 11873 km2-m, corresponding to a moment of 3.6 9 1020 N-m (Table 1),

which is somewhat larger than the value of 2.7 9 1020 N-m estimated from the joint

Table 1

The reduced-chi-squares v2
r

� �
; geodetic moment and the rate of moment deficit in coseismic, postseismic, and

interseismic slip models

Coseismic

model

Postseismic

model

Interseismic model

Model 1 Model 2 Model 3

v2
r 499 8.5 24.5 10.9 2.7

Geodetic moment/

moment rate

3.6 9 1020

(N m)

3.9 9 1019

(N m)

1.2 9 1018

(N m/yr)

2.3 9 1018

(N m/yr)

3.7 9 1018

(N m/yr)
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inversion of geodetic and seismological data (JI et al., 2003), but close to the scalar

moment of 3.4 9 1020 N-m of the Harvard CMT solution.

Our coseismic slip distribution is quite similar to those obtained in the previous

studies that were based on the same GPS data set (JOHNSON et al., 2001; JOHNSON and

SEGALL, 2004) or jointly with remote sensing data (DOMINGUEZ et al., 2003; LOEVENBRUCK

et al., 2004) or seismological data (JI et al., 2003), which all yielded misfits similar to

those obtained with our modeling. In these other models, the fault geometry is similar

with the strike approximately N-S and dip 30� to the east. All these models use a

homogeneous earth model, except in the cases of JI et al. (2003) which assume a layered

earth model and JOHNSON and SEGALL (2004) which explores different layered structures

with lateral contrast. Despite different assumptions and data sets used in these models,

they all show slip distributions similar to the one we have obtained with a maximum

coseismic slip generally between 10 and 15 m on the shallow northern portion of the

Chelungpu fault.

3.3. Afterslip Model

We compute the afterslip model corresponding to cumulative slip over 15 months

using the same procedures as that used to derive the coseismic slip model. Figure 6 shows

the corresponding afterslip distribution. The fit to the surface postseismic displacements

corresponds to a v2
r of 8.5 (Table 1). The less satisfactory fit is likely because our model

accounts only for afterslip while other processes such as poroelastic effect and

postseismic viscous relaxation probably also contribute. However, it is clear that afterslip

is the dominant source of the observed postseismic surface strain (HSU et al., 2007). In

our model, afterslip over the 15 months following the Chi-Chi earthquake released a

cumulative moment of 3.9 9 1019 N-m, constituting about 11% of the coseismic

moment.

3.4. Interseismic Model

The interseismic and postseismic geodetic data show a gradual increase of horizontal

velocities relative to the foreland across the Central Range, consistent with elastic

deformation of the crust driven by aseismic creep along a basal décollement, while

shallow faults remain locked. To first order, the geodetic data can thus be modeled

reasonably well assuming that the shallow portion of the décollement is fully locked

(creep rate is zero) until it reaches some depth that is adjusted to best fit the geodetic

observations (DOMINGUEZ et al., 2003; HSU et al., 2003; LOEVENBRUCK et al., 2001).

One difficulty arises because both the Changhua and the Chelungpu faults might be

considered. In theory, if creep occurs only downdip of where they merge into their

common décollement, the models obtained using one, the other or both faults should be

equivalent. This is because the geometry of any fully locked fault should not matter since

it does not creep and hence does not contribute to interseismic strain. This is
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approximately the case here and we therefore ignore the Changhua fault in the modeling

of the interseismic strain. This is equivalent to assuming that the Changhua fault is fully

locked entirely to where it merges with the Chelungpu fault. Note however that when it

Figure 6

Postseismic slip distribution of the Chi-Chi earthquake (a) Black and blue arrows indicate observed (YU et al.,

2003) and predicted postseismic horizontal displacements. Color indicates cumulative postseismic slip over a

15-month period following the main shock. White star shows the epicenter of the Chi-Chi earthquake. (b)

Vertical displacements. Black boxes indicate the two regions (A: south, B: north) within which the stress tensor

is determined from earthquake focal mechanisms. Purple circles denote the seismicity between 1992 and 1999.7,

before the Chi-Chi main shock. Green circles denote the seismicity between 1999.7 and 2001, after the Chi-Chi

main shock. (Data from the Central Weather Bureau in Taiwan) (c) Azimuths of postseismic (black vectors) and

interseismic (blue vectors) fault slip vectors.
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comes to estimating the rate of accumulation of moment deficit in the interseismic period,

it is important to take into account real fault geometries and how slip rate on the

décollement is partitioned between slip on the Changhua fault and on the Chelungpu

fault.

Either a backslip (SAVAGE, 1983) or a forward slip modeling approach can be adopted

to provide for the interseismic slip rate distribution. In the present context, the main

advantage of the backslip model is that the area that needs to be modeled is small.

However, the backslip model assumes that no elastic strain accumulates over the long

term; an assumption that holds only if the creeping fault is strictly planar. Comparisons

with finite-element modeling of the seismic cycle on a thrust fault in which distributed

inelastic deformation and erosion is allowed, have shown that both the forward slip and

the backslip approaches are reasonable first-order approximations, given that the

geometry of the creeping fault is close enough to planar (VERGNE et al., 2001). The most

important difference between the two approaches lies in their opposite edge effects. With

the backslip model, areas of the fault that are not explicitly modeled (at depths or

laterally) are implicitly assumed to creep at the long-term slip rate; while they are

implicitly assumed to be locked in the forward slip model. Here, we use both approaches

and compare their results. We present in fact three interseismic models. The first two are

obtained from a backslip modeling approach employing a fault geometry consistent with

that used for the modeling of coseismic and postseismic deformation. In these two

models, the long-term slip rate is assumed to be constant (30 mm/yr) and the rake is

uniform, set to an optimum value of 304� obtained from a grid search. Because the

Chelungpu fault is non-planar, the backslip approach is not well justified. The long-term

elastic strain accumulation leads to very large stresses, violating the assumption that

long-term deformation does not lead to strain. We therefore also produce a model from a

forward slip modeling approach. In that case, we additionally optimize the fault geometry

to fit the geodetic data best.

In Model 1, we test the hypothesis that the slip distribution due to the Chi-Chi

earthquake would mirror the interseismic slip rate pattern. To do so, we consider a

backslip model in which the fault moves backward at a rate proportional to the sum of the

coseismic slip and afterslip models. In that case, the only parameter is the ‘long-term’ slip

rate. A long-term slip rate of 30 mm/yr yields the best fit to the data (Fig. 7a) that

corresponds to a v2
r of 24.5 (Table 1). The fit is not very satisfactory, particularly because

the model predicts too much creep along the northern and southern segments of the

Chelungpu fault (Fig. 7a). We conclude that the coseismic plus postseismic slip model is

not exactly proportional to the interseismic slip deficit.

Model 2 (Fig. 7b) was obtained by inverting for the best-fitting backslip distribution.

Here we used a fault geometry slightly different from the one for the coseismic and

postseismic models. To avoid the change of the fault strike on the northern Chelungpu

fault, we connect the Chelungpu fault to the Sanyi fault northward. The optimal slip

model corresponds to a v2
r of 10.9 (Table 1). The slip distribution obtained from this

approach shows strong locking of most of the area that ruptured during the Chi-Chi
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earthquake. The main differences compared with the previous model are that the slip

distribution is less compact and that locking is stronger on the southern part of the

Chelungpu fault where only limited moment was released in 1999. The misfits at the

Figure 7

Interseismic coupling, observed and predicted interseismic horizontal surface velocities. The coupling ratio is

defined as 1 minus the ratio of the interseismic creep rate to the long-term creep rate (30 mm/yr). Purple and

green dots show earthquakes with ML > 3 recorded between 1993 and 1999.7, and between 1999.7 and 2001

(data from the Central Weather Bureau), respectively. The models in (a) and (b) were obtained from a backslip

modeling approach (SAVAGE, 1983) based on the coseismic fault geometry. The model in (a) assumes a backslip

distribution exactly matches the sum of coseismic slip and afterslip distributions on the Chelungpu fault. The

model in (b) was obtained from least-squares adjustment of the backslip distribution. The model in (c) was

obtained from the inversion of fault creep rate on the décollement, using a forward slip modeling approach. The

corresponding creep rate distribution is shown in (d). The reduced chi-square values corresponding to these

models are listed in Table 1. Note that, as noticed in an earlier study (DOMINGUEZ et al., 2003), that seismicity

follows quite closely the downdip edge of the locked fault zone. Isotherms on the fault (purple dash lines) are

derived from the thermo-kinematic model (SIMOES et al., 2007a).
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northernmost sites are probably due to the fact that the fault area beyond the northern

limit of the model is implicitly assumed to be creeping, while it is probably partly locked

in reality.

Model 3 (Fig. 7c) was obtained from the inversion of the surface velocities from a

forward slip modeling approach. The geometry of the décollement and its continuation

beneath the Central Range is approximated using a single planar fault (blue rectangle in

Fig. 3a). We search for the optimal fault geometry where interseismic slip occurred as a

uniform rate of 30 mm/yr in the direction of 3048. The best-fitting model corresponds to a

décollement striking 348, and dipping 178 to the east (Fig. 3). The fault extends

somewhat deeper with a dip more steeply than the décollement inferred from the

modeling of the coseismic deformation, but both meet with the ramp of the Chelungpu

fault at a depth of 14 km (Fig. 3b). We impose a uniform slip rate of 30 mm/yr in the

direction of 3048 on the fault deeper than the locking depth (14 km) and predicted surface

velocities on GPS sites. We then invert for a slip model on the westward continuation of

the décollement using the residual velocity field. The optimal interseismic slip

distribution is the sum of the uniform slip model and residual slip model. The fit to

the data corresponds to a v2
r of 2.7. The spatial distribution is similar to that obtained in

Model 2. The result in Model 3, like Model 2, also requires strong locking at the south,

although the width of the locked zone is significantly narrower than that to the north. The

coupling pattern resembles the distribution of coseismic slip, although it extends

somewhat deeper where most afterslip occurred.

Seismicity in the interseismic and postseismic periods appears to be clustered along

the downdip edge of the locked fault zone (Fig. 7). That is, the seismicity clearly follows

the boundary between the locked fault zone and the creeping décollement. This was

noticed first by DOMINGUEZ et al. (2003) who suggested that, as observed in the Himalaya

(BOLLINGER et al., 2004; CATTIN and AVOUAC, 2000), seismicity would be triggered by

stress build up near the up-dip edge of the creeping zone.

4. Estimation of the Stress Level Associated to the Décollement beneath the Central

Range

The interseismic model predicts slip on the décollement striking 3048, approximately

parallel to the convergence between the Philippine Sea Plate and South China, while the

postseismic model yields slip striking about 2758, if assumed uniform (Fig. 8). Slip on

the basal décollement (or equivalently a shear zone with a finite width) should be colinear

with the shear stress acting on it. Following a reasoning similar to that of HARDEBECK and

HAUKSSON (2001), who analyzed the stress change due to the Landers earthquake using

earthquake focal mechanisms, the difference of azimuth between interseismic velocities

and postseismic displacements, if significant, suggests a coseismic stress change of the

order of magnitude of the preseismic stress on the décollement.
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4.1. Significance of the Difference between Preseismic and Postseismic Azimuths

In order to test the significance of the difference of rakes between preseismic and

postseismic models, we have run inversions of the interseismic GPS data and of the

postseismic data assuming a uniform rake that was varied between 2508 and 3208 (Fig. 8).

Using the t-test, we estimate the probability of rejection of any particular value of the slip

azimuth in view of the fit obtained to either the interseismic or postseismic data. The

uniform rake that best fit the interseismic data is 3048 and the one that best fit the

postseismic data is 2758. The t-test shows that the probability that the post- and

the interseismic data reflect a slip distribution with the same rake, assumed uniform, is less

than 5%. This shows that the rakes required to fit the postseismic and the interseismic data

do differ significantly. If we believe that the assumption of uniform rake is valid and that

formal uncertainties on the GPS data are reasonably well estimated, the difference of slip

rakes in the interseismic and postseismic periods is found to be significant from 0 at the 95%

confidence level. However, it should be realized that the rake might not be uniform and that

interseismic and postseismic slip is not occurring at the same location. It is difficult to

demonstrate rigorously that interseismic and postseismic rakes differ significantly when

considered at the same location on the fault, due to the lack of spatial resolution in the

interseismic model. Now, if we consider the afterslip model in which the rake is allowed to

be nonuniform (Fig. 6c), it shows a rake of about 2858 in the area with maximum afterslip

(area A in Fig. 6b). It is meaningful to compare the interseismic and postseismic rake there

because this area beneath the Central Range is with significant slip in the interseismic period

as well as in the postseismic period. We therefore conclude that in area A the coseismic

Figure 8

Azimuth of slip on the décollement inferred from the inversion of the interseismic and of the postseismic data.

These inversions are conducted assuming a uniform rake. The t-test is used to estimate the probability

distribution.
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stress change seems to have induced a notable change of slip azimuth. By contrast,

Figure 6c shows no significant difference of slip azimuth in area B (as defined in Fig. 6b);

while this is the area where the difference between interseismic and postseismic azimuths of

displacements at the GPS sites is most significant. One reason might be that the assumption

of a uniform slip azimuth does not allow to fit favourable of the observed azimuths of

interseismic displacements in area B as seen in Figure 7. It suggests that the interseismic

fault slip azimuth might trend more northerly in this area than predicted by the uniform rake

model. If so, the azimuth of slip on the décollement would also have rotated counter-

clockwise in area B due to the Chi-Chi earthquake. However, we are unable to estimate well

that rotation based on the modeling presented here.

4.2. Comparison of Fault-Slip and Shear Stress Azimuths

We now test the hypothesis that slip on the décollement is parallel to the shear stress

acting on it. To do so, we have analyzed earthquake focal mechanisms determined from

first motion data by the Central Weather Bureau (CWB) (http://www.cwb.gov.tw/) and

from the modeling of broadband waveforms recorded by the Broadband Array in Taiwan

for Seismology (BATS, http://www.earth.sinica.edu.tw/). Because of the scarcity of

earthquakes in the Chi-Chi rupture area prior to 1999, we could only carry this analysis

for the postseismic period. We used the algorithm based on minimizing the misfit of the

rake angle between the assumed and inverted stress tensors for both fault plane solutions

to determine the orientation of the principal stress (MICHAEL, 1984; 1987). The result of

the stress inversion is given in Table 2. We consider two areas (labels A and B in Fig. 9).

The focal mechanisms within area A are consistent with a relatively homogeneous stress

Table 2

The stress tensors obtained in area A and area B (Fig. 9) are characterized by strikes and plunges of the three

principal stress axes, r1, r2 and r3, in degrees

Number

of events

r1 r2 r3 ua Azib
stress Azicslip

strike plunge strike plunge strike plunge r2�r3

r1�r3

South1(A) 59 287� 19� 196� 2� 100� 71� 0.48 286� – 6� 285�
North1 (B) 33 134� 3� 296� 87� 44� 1� 0.56 206� – 61� 300�
South2(A) 40 288� 24� 28� 22� 155� 57� 0.66 298� ± 10� 285�
North2 (B) 41 129� 4� 5� 82� 219� 7� 0.27 275� ± 66� 300�
South3 (A) 42 287� 27� 21� 10� 129� 61� 0.68 291� ± 4� 285�
North3(B) 70 129� 6� 343� 83� 220� 4� 0.40 252� ± 38� 300�
a The parameter, u, is the ratio of the principal stress difference.
b The azimuth of the shear stress computed on a horizontal décollement with 95% confidence interval based on

the bootstrap result of 1000 resampling focal mechanism data sets.
c The azimuth of postseismic slip on a horizontal décollement.
1 Data from CWB and BATS with magnitude larger than 4 and focal depth less than 35 km.
2 Data from WU et al. (2008) with magnitude larger than 4 and focal depth less than 20 km.
3 Data from WU et al. (2008) with magnitude larger than 4 and focal depth less than 35 km.
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field. To test the sensibility of the result to the assumed depth range and to the focal

mechanism data sets, we have varied the depth range and considered another data set

obtained from first motions analysis determined from seismic and accelerometric records

(WU et al., 2008). The stress tensor in area A only varies slightly (Table 2), with the

azimuth of shear stress on the décollement always close to N285�. The focal mechanisms

within area B are more diverse and the results are more sensitive to the data set used in

the inversion. It could result from a depth variation or a stronger heterogeneity of the

stress tensor in area B than in area A. In any case, the focal mechanisms are generally

consistent with the vertical axis being close to a principal stress direction.

Next, we compare the azimuth of the shear stress computed from the stress tensors

with the azimuth of slip on the décollement (Table 2). Our analysis demonstrates that the

shear stress and shear strain azimuths on the décollement are coherent. For area A, the

result indicates that the azimuth of slip on the décollement inferred from the geodetic data

is reasonably consistent with the stress tensor obtained from earthquakes with focal

depths less than 35 km, which occurred within 15 months after the Chi-Chi earthquake

(the same period as the time span covered by the postseismic GPS displacements

analyzed here). In addition, if we constrain the postseismic slip azimuth on the

Figure 9

Focal mechanisms of aftershocks with Mw > 4, over the first 15 months following the Chi-Chi main shock. The

color code indicates focal depths. Major faults are shown in black and the 1999 Chi-Chi rupture is shown in a

thicker black line. Red boxes indicate the two regions (A: south, B: north) within which the stress tensors are

determined from earthquake focal mechanisms. The resulting stress tensors are shown in the bottom left inset.

Different symbols representing three principal axes plotted in equal-area projection of the lower hemisphere.

The dots show the distributions of stress axes within 95% confidence region. Magenta and green vectors are

azimuths of postseismic slip and of the shear stress computed on the flat décollement at a depth of about 12 km.
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décollement to be equal to the azimuth of shear stress, it yields a value of v2
r about 8.7,

which approaches the value of 8.5 obtained for the best-fitting slip azimuth. For area B,

the hypothesis is contradicted. One possible explanation would be that the stress field, as

revealed by the focal mechanisms, is quite heterogeneous and not representative of the

shear stress on the décollement. In addition, because the intermediate principal stress

component is nearly vertical, the azimuth of the shear stress on the décollement is very

sensitive to the assumed attitude of the décollement (taken horizontal here). Alterna-

tively, our estimate of the azimuth of postseismic slip on the décollement might be

erroneous due to the scarcity of pre-Chi-Chi GPS data in this area. Therefore, we only

focus on area A in the following section.

4.3. Implications for Shear Stress Level

Here, we assume that the difference between interseismic and postseismic rakes

reflects a change of the stress acting on the décollement, due to the fact that the

postseismic stress, rpost; is the sum of the preseismic stress, rpre; and the coseismic stress

change, Dr: In theory, if Dr is known, it is then possible to place constraints on the pre-

and postseismic stress acting on the décollement, based on the assumption that the

rotation of the shear stress is equal to the rotation of the slip azimuth. It might be assumed

that the normal stress, i.e. the vertical stress, is only slightly affected by the coseismic

stress change. In that case, a simple vector diagram can be constructed to estimate the

magnitude of the pre- and postseismic shear stresses on the décollement. We estimate the

coseismic stress change beneath the Central Range using the coseismic slip model

(Fig. 4). The coseismic stress change in the box A (Fig. 9) is estimated by taking the

average stress change of 1000 points within a 1000 km3 cube centered at the grid point to

avoid biased results from short-wavelength variations of the stress field. The averaged

coseismic shear stress at 12 km depth on the décollement is of the order of 1 MPa in the

direction of 330� within area A. The azimuths of preseismic and postseismic shear stress

are 304� and 285�, respectively. Based on the vector diagram, we estimate that the

preseismic and postseismic shear stress in area A are 2.2 ± 2.2 MPa and 1.3 ± 1.4 MPa,

respectively. The uncertainties given here were estimated assuming that the uncertainties

on the azimuths of preseismic, coseismic, and postseismic shear stresses are 5�, 5�, and

10�, respectively, and that the uncertainty on the amplitude of coseismic stress is 1 MPa.

Another approach consists in considering that the postseismic stress tensor acting on

the décollement is correctly represented by the stress tensor determined from focal

mechanisms. In that case, the normal stress change is also taken into account in the

computation. If Dr is known and if the orientation of the principal postseismic stress and

the stress ratio / ¼ r2 � r3=r1 � r3ð Þ are constrained from the focal mechanisms of the

aftershocks, the postseismic differential stress, r1 - r3, can then be determined from

the condition that preseismic shear stress be colinear with the preseismic slip on the

décollement. We assume a postseismic stress tensor with principal stress orientations and

ratio / constrained from the Chi-Chi aftershocks (bold text in Table 2) and a differential
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stress between 1 and 8 MPa. We then solve for the value of the postseismic differential

stress that yields the smallest magnitude azimuthal difference between the preseismic

shear stress and the preseismic slip on the décollement. Note that the colinearity is not

guaranteed. The result shows that the azimuthal difference between the preseismic shear

stress and the preseismic slip on the décollement is the minimum for the postseismic

differential stress of 2 MPa in area A (Fig. 10). According to this reasoning, the low shear

stress acting on the décollement would result from both a geometric effect, one principal

stress component being near vertical, and from a low deviatoric stress within the wedge.

5. Discussion

5.1. Comparison of Interseismic, Coseismic and Postseismic Slip Models

Figures 4, 6, and 7d allow comparison of the distributions of coseismic slip,

afterslip and interseismic slip rates. The three distributions complement each other

and the following points can be made:

1. The area that ruptured in 1999 was strongly locked before the main shock. There is no

evidence that the rupture propagated into the area that was creeping before the

earthquake.

2. Not all of the area that was strongly locked before 1999 ruptured during the Chi-Chi

earthquake. The interseismic model shows strong locking at shallow depths on the

Figure 10

Difference between the azimuths of preseismic shear stress and interseismic slip as a function of differential

postseismic stress for area A.
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southern segment of the Chelungpu fault where the earthquake did not produce much

slip in 1999, was not creeping before 1999, and did not experience much afterslip.

3. Afterslip occurred dominantly downdip from the rupture area of the Chi-Chi

earthquake in a transition zone that was creeping before 1999, so it was probably

characterized by a rate-strengthening friction. On this creeping zone, the coseismic

deformation has induced a significant increase of Coulomb stress of about 1 MPa at

15 km depth based on a fault geometry with N-S trending, 10� east dipping as

illustrated in Figure 11. The area with the increase of Coulomb stress is consistent

with the aftershock distribution at 10–20 km depth.

To first-order, this simple picture compares well to theoretical models of the seismic

cycle based on the depth variation of frictional properties of faults (LAPUSTA et al., 2000;

SCHOLZ, 1998; TSE and RICE, 1986) (Fig. 12). Steady aseismic slip occurs at deep depths

in the interseismic period until the instability results in a coseismic rupture at shallow

depths. The relaxation of the coseismic stress causes afterslip downdip from the

coseismic rupture in the postseismic period. However, afterslip does not completely fill

the gap between coseismic and interseismic slip distributions. Given the relatively rapid

decay of afterslip rate, the misfit is not due to the short period of afterslip considered here.

Figure 11

Comparison of afterslip distribution and coseismic Coulomb stress change on the décollement. The Coulomb

stress changes (color) were computed assuming an average fault strike of 0�, dip angle of 10�, and a rake of 90�
at 15 km depth. Black contours with interval of 0.1 m indicate postseismic slip. White star denotes the epicenter.

Yellow dots indicate aftershocks occur at depths ranging from 10 and 20 km over a 15-month period after the

main shock.
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The Chi-Chi earthquake has the unusual property of having released most of its

moment at relatively shallow depths. Indeed, in examples where coseismic slip could be

constrained from geodetic and remote-sensing data, the maximum slip is generally found

at a depth of about 5–10 km. (e.g., AVOUAC et al., 2006; FIALKO et al., 2005; KONCA et al.,

2007; SIMONS et al., 2002). In addition, the Chi-Chi earthquake only released slight

moment on the southern segment. Other earthquakes rupturing the western foothills

might release a larger proportion of moment at depths or on the southern segment.

Consequently it is possible that the area of the Chelungpu fault that remains locked in the

interseismic period produces a variety of coseismic ruptures. Each earthquake would

have a different coseismic slip distribution however the various types of earthquakes

would collectively add to aseismic slip (interseismic or postseismic) and even out the

cumulative slip distribution. Another possibility is that aseismic transients, not observed

during the period covered by our geodetic data, might occur in the transition zone. In any

case, the Chelungpu fault must produce earthquakes with different slip distributions than

the Chi-Chi event since there is no indication that the slip rate on the fault decreases

southwards as does the coseismic slip.

Figure 12

Average slip as a function of distance and temperature over the seismic cycle of the Chelungpu fault. The plot

was obtained from determining the average coseismic slip, afterslip and interseismic slip within a 5-km wide

swath along a profile parallel to 340� (close to AA’ in Fig. 3). Interseismic slip is from Model 3 in Figure 7d.
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Figure 3b shows that many aftershocks occurred at depth deeper than the brittle-ductile

transition inferred from the geodetic data. These deep aftershocks may reflect heterogeneities

of crustal rheology or a transient deepening of the brittle-ductile transition depth due to

the large strain rates generated by the main shock rupture below the décollement. Transient

deepening of the brittle-ductile transition has been simulated in numerical experiment

(BEN-ZION and LYAKHOVSKY, 2006), and advocated for in some observational studies

(ROLANDONE et al., 2004; SCHAFF et al., 2002).

Interestingly, the Chi-Chi earthquake nucleated near the downdip edge of the locked

fault zone (see epicenter location in Fig. 7d), as is also observed in numerical experiments

(LAPUSTA et al., 2000). It should be noticed that, in these models, temperature is thought to

be the key parameter controlling the transition from rate-weakening at shallow depths to

rate-strengthening at greater depths. We assess this possibility in the following section.

5.2. Effect of Temperature on Fault Friction

Temperature is thought to be a controlling parameter determining the mode of slip on

subduction megathrust (HYNDMAN et al., 1997; OLESKEVICH et al., 1999; PEACOCK and

HYNDMAN, 1999) as well as on intracontinental faults (BLANPIED et al., 1995). To assess

the temperature on the Chelungpu fault and its downdip continuation as a décollement,

we use the thermal model (SIMOES et al., 2007a) that has been derived from the modeling

of thermochronological and thermometric data along three sections across Taiwan. We

find that aseismic slip in the interseismic and postseismic periods is dominant where

temperature exceeds approximately 200�C (Figs. 7 and 12), a similar feature as also

reported in the Nepal Himalaya based on the same approach (AVOUAC, 2003). This

temperature is consistent with laboratory experiments on granite at hydrothermal

conditions indicating the transition from velocity-weakening friction to velocity-

strengthening friction occurred around 250 * 350�C, probably due to the onset of

crystal plasticity of quartz (BLANPIED et al., 1995; SCHOLZ, 1998). Temperature is thus

likely a controlling parameter of downdip variations of frictional properties along the

Chelungpu fault. Other parameters such as the lithology or fluid must also play a role, in

particular to explain lateral variations, or shallow creep, but they are not quantified here.

5.3. No Evidence for Shallow Creep

At shallow depths, continental faults can sometimes exhibit a rate-strengthening

frictional behavior as suggested from experimental results and the observation of shallow

aseismic slip in some cases (MARONE et al., 1990; MARONE, 1998). It is then possible that

fault patches with rate-strengthening friction might not creep in the interseismic period if

they lie in the stress shadow of deeper locked asperities (BURGMANN et al., 2005). In that

case, they would be expected to slip aseismically as a result of afterslip following the

rupture of the shadowing asperities, or to eventually produce spontaneous aseismic

transients (PERFETTINI and AMPUERO, 2008). The observation of a few centimeters of

Vol. 166, 2009 Spatio-temporal Slip, and Stress Level on Faults 1875



aseismic slip on Changhua fault triggered by the Chi-Chi earthquake (PATHIER et al., 2003)

suggest that this is a plausible mechanism in the context of the western foothills of Taiwan.

However, in the case of the Chi-Chi earthquake, there is no shallow deficit of slip that may

diagnostic a shallow rate-strengthening zone (FIALKO et al., 2005). We observe no shallow

afterslip following the main shock. Therefore we exclude that there would be a significant

proportion of the shallow Chelungpu fault that would be rate-strengthening but would

appear locked in the interseismic period. On the other hand, some afterslip seems to

overlap with the area that is locked in the interseismic period (Fig. 7c). Coseismic slip and

afterslip near the hypocentral region in the southern CLPF may be an indication of a

mosaic of fault patches with rate-weakening and rate-strengthening friction.

5.4. Implications for Fault Rheology

Our analysis reveals that the coseismic stress change related to the Chi-Chi earthquake

has induced a difference in azimuth of geodetic displacements within the Central Range

measured before and after the Chi-Chi earthquake. We infer that the shear-stress acting on

the décollement is of the same order of magnitude as the coseismic stress change beneath

the Central Range, estimated to about 1 MPa (Fig. 11). The modeling of that effect,

assuming that deformation across the Central Range is governed by aseismic creep along a

horizontal décollement, requires a very low shear stress on the décollement, of the order of

only 2 MPa. The low shear stress is consistent with the fact that the focal mechanisms

require one principal stress component to be near vertical. Given the * 10 km depth of that

décollement and assuming a crustal density of * 2.9, this low shear stress implies a very

low effective friction of * 0.01. This estimate is consistent with the inference of the low

taper angle between the topographic slope and the décollement, which constitutes about 8�,

requiring an effective basal friction lower than 0.08 (CARENA et al., 2002; SUPPE, 2007).

Deformation at 10–20 km depth beneath the Central Range, where temperature is

estimated to be between 200 and 300�C (SIMOES et al., 2007a), might occur either in the

brittle or ductile regime. In any case, the exceptionally low shear stress suggests that fluid

is probably playing a key role. The presence of fluids is suggested by the high

conductivity measured from magnetotelluric sounding (CHEN and CHEN, 2002) and a

localized zone with high Vp/Vs ratio at * 10 km depth beneath the Central Range (WU

et al., 2007). In addition, microstructures and abundant quartz veins within the Central

Range slates are evidence of fluid-assisted deformation (CHAN et al., 2005). Finally, fluids

must be released as the Chinese continental margin underthrusts the western foothills and

experiences dehydration and metamorphism. In the brittle regime, fluids can contribute to

a low effective friction if the pore pressure is high and enhances stable frictional sliding.

Through chemical effects, fluids would also enhance pressure solution deformation

(CHESTER, 1995), as well as diffusion and dislocation creep (KOHLSTEDT, 1995)

As reported, frictional afterslip can explain the temporal evolution of geodetic

deformation following the Chi-Chi earthquake (HSU et al., 2007; PERFETTINI and AVOUAC,

2004) and we shall therefore start by considering this mechanism. Rock friction

1876 Y.-J. Hsu et al. Pure appl. geophys.,



experiments have shown that that the relationship between stress and sliding velocity

during rate-strengthening friction can generally be written

sss ¼ rnl
� þ ða� bÞrn lnðV=V�Þ; ð3Þ

where sss is the driving shear stress, rn is the normal stress, (a-b) > 0 is a rheological

parameter, V is the sliding velocity, and l*and V* are the reference values. This

phenomenological law seems to hold for temperatures reaching about 300�C for quartzo-

feldspathic rocks, even when deformation is assisted by fluid or distributed within some

gouge zone with finite thickness (BLANPIED et al., 1995; CHESTER, 1995; MARONE, 1998).

In the steady-state approximation and assuming that the creeping velocity just before

the coseismic stress change applied is equal to the asymptotic creeping velocity, Vo,

afterslip rate should decay according to PERFETTINI and AVOUAC (2004)

VðtÞ ¼ V0

d expðt=trÞ
1þ dðexpðt=trÞ � 1Þ ; ð4Þ

where d is the velocity jump due to coseismic stress change; tr is the relaxation time

associated with frictional afterslip and t is time after the main shock.

We have extracted the slip history (HSU et al., 2007) in two areas (A and B in Fig. 9)

to test the model predictions. In both cases, the temporal decay (Fig. 13) is consistent

Figure 13

Temporal evolution of slip (black curves) due to afterslip computed at two locations A and B as indicated in

Figure 6b, based on the afterslip model of HSU et al., 2007. They are compared to the predictions of afterslip

(grey curves) from a 1-D rate-strengthening frictional model (PERFETTINI and AVOUAC, 2004) (equation (4)).
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with that predicted from equation (4). The two parameters, the relaxation time (tr) and the

velocity jump (d), are solved by grid search. The value of (a - b) � rn can then be

estimated from ða� bÞ � rn ¼ DCFS=logðdÞ ¼ tr=TinterDCFS (PERFETTINI and AVOUAC,

2004). The coseismic Coulomb stress change (DCFS) is estimated to *10 MPa, and the

average time interval between two earthquakes (Tinter) similar to the Chi-Chi event is

estimated to *200 years. We infer (a - b) � rn to 0.3–2.4 MPa and 0.2–3.3 MPa in area

A and B, respectively. Altogether, we estimate (a - b) � rn to about 0.2–3.3 MPa.

Assuming a hydrostatic pore pressure, a crustal density of 2.9, and a décollement depth of

10 km, it would imply a value of (a - b) of about 8 9 10-3. This value is in agreement

with estimates derived from laboratory experiments which range from 5 9 10-3

to 3.0 9 10-2 (MARONE, 1998), or from postseismic observations, which fall in the range

10-2–10-4 (HEARN et al., 2002; HSU et al., 2006; JOHNSON et al., 2006; MIYAZAKI et al.,

2004; PERFETTINI and AVOUAC, 2004; PERFETTINI et al., 2005)

5.5. Return Period of Seismic Ruptures across the Western Foothills of Central

Taiwan

Interseismic strain implies a rate of accumulation of moment deficit which can be

computed from integrating the slip-rate deficit over the locked fault zones. This rate is

estimated to between 1.2 9 1018 and 3.7 9 1018 N-m/yr (Table 1). If a large earthquake

like the Chi-Chi earthquake were the only type of event releasing the slip deficit on the

fault portion that is locked in the interseismic period, it would take about

100 * 300 years to accumulate enough deficit to produce an earthquake as large as

the Chi-Chi earthquake. A similar estimate, although less well-constrained by the

geodetic data, was obtained by SIMOES et al. (2007b). However, as mentioned above, it is

clear that the real behavior is not the simple regular repetition of the Chi-Chi type

earthquakes. First, the slip distributions during successive ruptures of the Chelungpu fault

cannot be similar to that observed in 1999 since they must add to an approximately

uniform cumulative slip distribution. If coseismic slip at one point on the fault is

relatively constant from one event to another as is often observed (SIEH, 2000), seismic

ruptures should be more frequent on the southern segment than on the northern segment

of the Chelungpu fault. Second, the earthquakes should be about equally distributed on

the Chelungpu and Changhua faults given their similar long-term slip rates.

No earthquake as large as the Chi-Chi earthquake is known to have occurred in the area

over the last few centuries. Paleoseismic investigations have revealed prehistorical ruptures

with slip similar to those observed in 1999 at a few sites, however, it seems clear that these

paleoseismic events occurred at different times and at different places (CHEN et al., 2004,

2007a; LEE et al., 2001a; STREIG et al., 2007). Clearly, the Chelungpu fault does not act with

the repetition of a characteristic earthquake similar to the Chi-Chi event. The longest record

of paleoseismic investigations, which was carried at Chushan on the southern segment of the

Chelungpu fault, has revealed five different events with slip similar to that observed in 1999

over the last 2000 years. Similarly, at Shi-Jia site, three events occurred over the last
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1200 years (STREIG et al., 2007). Thus the return period of large events on the Chelungpu

fault seems to conflict with estimates derived from the long term slip rate and the pattern of

interseismic locking. There is possibility that the paleoseismic data do not cover a long

enough period to be representative of the long-term behavior of the Chelungpu fault.

Another possibility is that we would underestimate grossly the fraction of aseismic slip

taken up by transient aseismic slip events, and that no such aseismic transients have

occurred during the period covered by the geodetic data prior to the Chi-Chi earthquake.

6. Conclusion

The study of coseismic, postseismic and interseismic slip distributions and the

comparison with the thermal structure across the western foothills of Taiwan shed light

on the parameters determining the mode of slip on crustal faults and fault rheology. We

find that slip on the Chelungpu fault is dominantly aseismic at depths exceeding about

10 km, where the temperature increases beyond about 200�C, and is dominantly seismic

at shallower depths. The downdip transition from rate-strengthening to rate-weakening

friction is likely governed by temperature as it corresponds to the same range of

temperature as that observed in laboratory experiments on quartzo-feldspathic rocks.

Afterslip following the Chi-Chi earthquake occurred along the edge of the zone that is

creeping in the interseismic period and evolved as predicted from rate-strengthening

friction with the frictional parameter dsss/d ln V estimated to be about 1.5 MPa.

Furthermore, the absence of any significant shallow afterslip on the Chelungpu fault

indicates that the shallow portion of the fault, which was locked before the Chi-Chi

earthquakes, primarily obeys a rate-weakening friction law.

We explore the possibility of assessing fault-stress level by comparing fault-slip rakes

in the pre- and postseismic period. Indeed, the azimuth of frictional sliding in the

creeping area downdip of the seismogenic zone seems to have changed due to the

coseismic stress change induced by the Chi-Chi earthquake. It is difficult to demonstrate

that the data really require a significant change of fault-slip rake, however, if accepted,

the observation would suggest an extremely low shear stress level on this creeping basal

décollement of the order of 2 MPa. This low shear stress level is consistent with the low

taper angle of the orogenic wedge and the inference that the orogenic wedge does not

seem to suffer significant internal deformation as it is thrust up the basal décollement. It

implies that the wedge would be overcritical, the topographic slope being steeper than

that which is required for the wedge to be at the verge of brittle ‘passive’ failure, i.e. by

thrust faulting (DAHLEN, 1990). The low basal shear stress might reflect a high pore

pressure and/or a shear zone deforming by pressure-solution creep.

The rupture area of the Chi-Chi earthquake lies mainly within the area of the

Chelungpu fault that was locked in the interseismic period but coseismic, interseismic

and postseismic slip do not add to a uniform fault slip, if only the Chi-Chi-like rupture is

assumed. The pattern of locking is probably relatively stationary, as would be expected if
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it were to relate primarily to temperature or lithology along the fault. By contrast, the

seismic release process is probably quite variable with the irregular occurrences of

seismic ruptures with different slip distributions. This is not unexpected, given that such a

complexity can arise even on a simple fault system with geometric fault irregularities or

strength heterogeneities (BEN-ZION, 2001).
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