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SUMMARY

Observed coseismic data as well as 97 days of post-seismic GPS data for the Chi-Chi earthquake
are used as constraints in the modelling of crustal evolution using the 3-D finite-element
method. First, the coseismic GPS data are used to justify the use of the elastic earth model
and the source rupture model. Subsequently, the most likely rheological model is determined
by analysing several modelled time-dependent displacements for various viscosity structures.
The range of viscosities of the lower crust in central Taiwan is determined in advance from
laboratory measurements and the long-term strain rate. The estimated viscosity of 5.0 x
10'7 Pa s seems to be very low and a relaxation time of 116 days seems very short, but the
latter approximates the GPS measurement of 86 days. Since earlier studies have indicated
that both the viscoelastic response model and the afterslip model may affect post-seismic
deformation, we compare theoretical surface displacements for each of the two models that
we evaluate. The results reveal that there is little doubt that while neither of these models
alone is able to predict the GPS measurements well in a 97-day period, the combination of
the two models improves the predictions considerably. We conclude that the afterslip mainly
dominated Chi-Chi post-seismic deformation in the rupture area while the viscoelastic model
did so elsewhere.

Key words: afterslip, Chi-Chi earthquake, crustal evolution, post-seismic deformation, vis-
coelastic response, viscosity.
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1 INTRODUCTION

The M, 7.6, 1999 Chi-Chi earthquake in central Taiwan which
ruptured the north—south trending ChelungPu Fault (Fig. 1), was the
most devastating in Taiwan in the twentieth century. The maximum
horizontal displacement reached 10.1 m (Yu ef al. 2001), while
the total length of the surface rupture extended for about 100 km,
mostly along the former fault scarp. Immediately after this major
event, many additional GPS stations were installed in the source
region and significant post-seismic deformation was observed for
97 days (Yu et al. 2001). This provided an invaluable data set with
which to study the mechanism of early post-seismic deformation.
Two mechanisms have been postulated to explain early post-
seismic deformation. The first is viscoelastic relaxation (Wahr &
Wyss 1980), which produces large post-seismic displacements, and
the other is afterslip (Marone ef al. 1991) which produces aseismic
creep in the epicentre area. The fundamental assumption behind the
former mechanism is that a weak viscoelastic layer lies beneath a
seismogenic zone which reloads the crust as it responds to coseis-
mic stresses (Nur & Mavko 1974; Thatcher & Rundle 1984; Deng
et al. 1998). Afterslip, on the other hand, assumes aseismic creep
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on the original fault plane, or the updip or downdip extension of
the coseismic rupture plane, with the slip rate decreasing over time
(Tse & Rice 1986; Marone et al. 1991). In this research, extensive
modelling is conducted to identify the most realistic mechanisms
involved in the early post-seismic deformation that occurred in
Taiwan at the time of the Chi-Chi earthquake.

GPS measurements have clearly revealed broad-scale post-
seismic deformation, especially on the hangingwall of the
ChelungPu Fault. These data may indeed fit the transient state with
a decaying relaxation time function of 86 days, as determined by Yu
et al. (2001), and possibly they reflect a viscoelastic response (Shen
et al. 1994; Ergintav et al. 2002). Since low Q values are generally
associated with low viscosity (Wahr & Wyss 1980), the low Q val-
ues in western Taiwan (Wang 1993) have long led us to expect low
viscosity there; this in turn corresponds to a short relaxation time.
However, previous research has demonstrated that similar deforma-
tion is caused by either viscoelastic creep or afterslip (Rundle &
Jackson 1977; Thatcher 1983; Savage 1990). Simply put, no single
mechanism has ever been clearly distinguished. More recently Hsu
et al. (2002) have reported that the early post-seismic deformation
of the Chi-Chi event was caused mainly by afterslip. Nevertheless,
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Figure 1. Map of central Taiwan showing the fault surface traces of the multiplane ChelungPu Fault (three heavy lines) and the surface projection of the
fault planes (dashed rectangles) (Ji et al. 2001). The solid triangles and squares represent, respectively, the sites of the GPS stations set up before and after the
Chi-Chi event. The epicentre of the Chi-Chi earthquake is marked with a star. The thin lines represent other active faults.

given the very short 86-day relaxation time (Yu ef al. 2001), it begs
the question of whether viscoelastic response is actually negligible
ornot. Itis for these reasons that we decided that further investigation
was required to identify and quantify the possible mechanisms that
were involved in the post-seismic deformation of the 1999 Chi-Chi
earthquake.

2 COMPUTATION OF
TIME-DEPENDENT DISPLACEMENT

To effectively analyse post-seismic deformation, it is necessary to
have a mathematical method and to define a layered earth model
that contains a viscoelastic layer beneath a seismogenic zone. Al-
though an analytic solution of static stress and displacement for a
finite rectangular fault in an elastic half-space was developed by
Chinnery (1961, 1963) and Okada (1985, 1992), it is not appropri-
ate for a layered or viscoelastic medium. The differences between
using a half-space model and a layered medium were reported by
Cummins et al. (1998). In this present study, for the computation of
deformation, we use both a 3-D finite-element method implemented
in the software package (Deng et al. 1998) that is suitable for pro-
cessing complicated boundary conditions and an inhomogeneous
earth model (Melosh & Raefsky 1981; Yoshioka ez al. 1989; Sato
et al. 1996). The governing rheological equations are based on a
non-Newtonian Maxwell constitutive relation (Melosh & Raefsky
1980).

To calculate displacement from a source rupture model with rea-
sonable precision, central Taiwan (Fig. 1) is divided into a 50 x
41 x 30 finite mesh (using Cartesian coordinates), each mesh rep-
resenting the length of the ChelungPu Fault in the N3°E (strike),
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Table 1. Elastic parameters of the central Taiwan region: Th is the thickness
of the layer, £ is Young’s modulus and v is Poisson’s ratio.

Layer Th(km) V,(kms™") p(gem™3) E(10'! Pa) v

1 0.7 3.50 225 0.23 0.25
2 3.8 3.78 2.40 0.29 0.25
3 5.7 5.04 2.50 0.53 0.25
4 3.8 5.71 2.60 0.71 0.25
5 4.0 6.05 2.75 0.84 0.25
6 4.0 6.44 2.90 1.00 0.25
7 8.3 6.83 3.20 1.24 0.25
8 — 7.28 3.20 1.41 0.25

“Layer numbers correspond to numbers shown in Fig. 3.

E3°S and downward directions with lengths of 180, 140 and 72 km,
respectively. The input earth model parameters are listed in Table 1
(see below for more details). The source model is adopted from Ji
et al. (2001), and is constrained by GPS and strong motion data.
At each artificial boundary of the finite meshes the displacement is
set at zero, while at other nodes it is estimated under the condition
that the system reaches equilibrium when the total potential energy
is minimal (Zienkiewicz 1985). In other words, the top boundary
of the model is a free surface, where displacements are calculated
and compared with the observed GPS measurements. On the other
five boundaries, the displacements are assumed to be zero (fixed
boundary) in both horizontal and vertical directions.

Note that since the effect of gravity can be neglected in a short-
term evolution it will not be included in our computation. The out-
put includes coseismic displacement, W(#;), and time-dependent
displacement, W (t). The post-seismic deformation is then obtained
from AW = W(t) — W(t,) at time ¢. The time-dependent stress
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changes are also included in the output but are not discussed in this
study.

3 REGIONAL RHEOLOGICAL MODELS

Based on many observations, the rheological structure of central
Taiwan consists of an elastic upper crust, a lower crust character-
ized as a Maxwell viscoelastic medium and the upper mantle. The
upper crust behaves elastically (with a very long relaxation time) on
timescales of 250-300 yr (Cohen 1982; Gardi et al. 2002), whereas
the lower crust flows viscously (Freed & Lin 1998; Deng et al.
1999). The Moho discontinuity at a depth of 30.25 km was previ-
ously determined from 3-D velocity inversion (Ma et al. 1996). The
boundary between the lower and upper crusts was determined from
the concentration of 95 per cent of the aftershocks (Deng et al. 1999)
occurring within 1 yr of the Chi-Chi event, as shown in Fig. 2. The
aftershocks selected for the entire central Taiwan area with M >
2.2 were concentrated above the boundary at a depth of 22 km,
which closely approximates the 20 km obtained from the 3-D ve-
locity inversion (Ma et al. 1996). The density value for each layer is
adopted from the gravity modelling results of Yen ez al. (1998), while
Young’s modulus is computed from the P-wave velocity structure
of Ma et al. (1996) using the expression:

E= %(1 +v)pa?, (1)

where E is Young’s modulus, v is Poisson’s ratio with a value of
0.25, p is density and « is P-wave velocity. All parameters for the
layered model are listed in Table 1 for easy reference, and the three
rheological models under investigation are illustrated in Fig. 3.

For the sake of simplification, the viscosity structure of the lower
crustis usually assumed to be a flat layer, as shown in Fig. 3(a); in this
study it is referred to as model A. Due to the complicated geological
structure of Taiwan, which is located in an active mountain-building
belt, the viscosity structure may not be as simple as that depicted
in Fig. 3(a). Models B and C, shown in Figs 3(b) and (c), respec-
tively, are two plausible alternative models. These are based on the
lithosphere plate collision model of Taiwan (Wu et al. 1997), and
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Figure 2. Distribution of the aftershocks in central Taiwan as a function of
depth. The boundary between the lower and upper crusts is determined from
the concentration of 95 per cent of the aftershocks of the Chi-Chi earthquake
within 1 yr after the event. Most aftershocks (95 per cent) occurred above
22 km.

both models assume that the central mountain range of Taiwan (see
Fig. 3) is the product of crustal thickening due to the collision of
the Philippine Sea and the Eurasian Continental plates. Model B
assumes that the central mountains were formed by the uplifting of
the crust in the absence of a mountain root, thus resulting in the flat
Moho discontinuity. Model C assumes that a mountain root exists.
The GPS data are compared with the modelling results for the three
models (A, B and C) to help us identify which model is the most
feasible.

4 COSEISMIC DISPLACEMENTS

The horizontal coseismic displacements calculated for the Chi-Chi
event, and model A (Fig. 3a) are illustrated in Fig. 4(a) (left) together
with the GPS displacements. Note that the computed displacement at
each finite-element node is bilinearly interpolated (Press ez al. 1992)
back to the location of each GPS station for clear visualization and
easy comparison. For the most part, the patterns of the observed
and calculated horizontal coseismic displacements are very similar,
except for those in the northern part of the ChelungPu Fault where
uncertainty in the rupture slip model is high (Ji ez al. 2001). To
estimate the consistency between the observed and calculated hori-
zontal displacements, the correlation coefficient » is used to evaluate
the statistical significance of the correlation, and is expressed as:

NY xyi 2— DRI
[vxw - (2] VT - (2]

where x; and y; represent the observed and calculated values, re-
spectively, and N is the number of data sets.

The correlations between the observed and predicted horizon-
tal displacements in the east—west and north—south components are
analysed separately in the scattergram shown in Fig. 4(a) (right). The
correlation coefficient for the east—west component is 0.868, while
that for the north—south component is similar at 0.894. The meaning
of  (eq. 2) can be explained by the coefficient of determination, 72,
which indicates the percentage of data y; that in turn can be ex-
plained by data x; (Chase 1997). According to statistical decision
theory, 72> > 70 per cent (+ = 0.837) is an acceptable test or pre-
diction (Mulargia & Gasperini 1995; Papazachos & Papadimitriou
1997). We found that 7> = 0.80 for the north-south component, or
that 80 per cent of the observed GPS measurements are predicted
by the calculated values. Similarly, for the east-west component we
obtain a value of 7> = 0.753 (75.3 per cent of the observed GPS
measurements are predicted). Thus, the model fits the data in a sta-
tistically significant way. Coseismic uplift is the major feature in a
thrust fault; however, surface subsidence can be observed near the
surface projection of the down-dip edge of the fault (Cohen 1994).
These phenomena are shown in Fig. 4(b) for our calculation. The
coseismic uplift of the hangingwall decreases rapidly from west to
east and becomes subsidence at PuLi town (solid triangle in Fig. 4b),
which is confirmed by GPS measurement (Yu et al. 2001). Vertical
components are not compared in this study on account of the high
uncertainty in the GPS measurements (Yu et al. 2001). As coseis-
mic displacement is an elastic response of the crust, the predicted
displacements do not differ for the three models in Fig. 3, and it is
therefore considered not necessary to show them.

r =

12> 2

5 ESTIMATION OF VISCOSITIES

The viscosity in the lower crust controls the time-dependent stress
changes. One way to estimate the viscosity in the lower crust and
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Figure 3. Model and cross-section of the 3-D finite-element meshes illustrating the viscosity volumes of lower crust (dotted areas) and upper mantle (grey
areas) of the different models tested in this study. The numbers in the layers correspond to the material properties listed in Table 1. The 30° dipping line beneath
the Western Foothills denotes the ChelungPu thrust fault. (a) A typical simplified viscosity layer in the lower crust. (b), (¢) Alternative models based on the

tectonics of central Taiwan (Wu et al. 1997).

upper mantle is to consider the creep parameters of many rock-
forming minerals under both dry and wet conditions that were mea-
sured from laboratory experiments (Kirby & Kronenberg 1987),
along with a long-term strain rate (Freed & Lin 1998) or the stress
changes (Pollitz et al. 2000). Since the approximate range of vis-
cosity can be estimated from surface deformation that has been
observed within timescales of 1 month to 10 years (Sykes et al.
1999), the method that incorporated strain rate is used. Next, ob-
taining a minimum root mean square of intensive modelling results
within the estimated range of viscosities is employed to determine
the viscosities of lower crust and upper mantle. Despite the use
of different parameters (or methods) which may result in different
ranges of viscosities, the final realistic value is determined by grid
search. The following descriptions explain the method.

The temperature as a function of depth within the Earth must
be found in advance from the following expression (Turcotte &

© 2004 RAS, GJI, 159, 1112-1124

Schubert 2002).

nz | (G0 = dm)he

T=T,
ot k

[1 —exp(=z/h)] A3)

where T is surface temperature, ¢, is surface heat flux, ¢,, is the
mantle heat flux, 4, is a length scale for the decrease in crustal
radioactive element concentration with depth, & is the coefficient of
thermal conductivity and z is the depth. In this study, the following
set of parameters are used: T = 25°C, g9 = 95 mW m~2 (Barr &
Dahlen 1989), ¢, =30 mWm™2, i, = 10 km and k = 3.35 Wm™!
K~! (Turcotte & Schubert 2002). For the realistic flow characteristic
of rocks, the deviatoric stress, o, is calculated based on a power law
of the form (Kirby & Kronenberg 1987):
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Figure 4. (a) Comparison of the calculated (black arrows) and observed GPS (white arrows) horizontal coseismic displacements (left). The correlation is
good except at the northern end of the ChelungPu Fault. The scattergram of the calculated coseismic displacements and observed GPS, with the crosses and
circles representing the east—west and north—south components, respectively, is on the right. The respective correlation coefficients of 0.868 and 0.894 are for
the east—west and north—south components. (b) Calculated vertical coseismic displacements. The displacements decrease rapidly from west to east and become
subsidence in some parts of the eastern side, which is confirmed by GPS measurement at PuLi town (solid triangle).

where 4 and n are constants and are determined by laboratory mea-
surements, O, R and 7 represent activation energy, gas constants
and temperature (in K), respectively, and é is strain rate.

With the temperature estimated from eq. (3) and with the rheo-
logical parameters specified in the following, the effective viscosity,
1, is then estimated by

o
S 28 ©)
where the deviatoric stress, o, is given by eq. (4) and the strain rate,
e, is estimated from long-term GPS data. The Maxwell time, 7, then
can be determined by

n

=, (6)
n
where pu is rigidity.
Fig. 5 shows the distribution of the viscosities as a function of
depth in the lower crust for different materials, or for the same

material collected at different locations (Kirby & Kronenberg 1987,
and Table 2) in dry and wet conditions with a strain rate of 1.67 x
107% yr~!. Because the strain rate, as measured from the long-term
GPS triangular network installed in central Taiwan, varies from place
to place with values of (0.03-3.32) x 107 yr~! (Hung ez al. 1999),
we use an average value of 1.67 x 107° yr~! in our calculations.
The lower value of viscosities occurring in the wet rheologies may
reflect the strong influence of the presence of water on rock strength.
Since surface deformation induced by a quake within timescales of 1
month to 10 yr causes observable deformation at the Earth’s surface,
this can be explained by viscous relaxation beneath the elastic crust.
This result may be related to the short timescale involved in the
viscoelastic relaxation process. Ifthis is the case, 10 yris a good least
upper bound of Maxwell time for the observable deformation (Sykes
et al. 1999). The rigidity () of the Earth’s crust is approximately
3 x 10'° Pa (Stein & Wysession 2003). Using eq. (6), the upper
limit of viscosity is approximately 10'* Pa s, and was adopted by
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(a) For different earth models (models A, B and C in Fig. 3), the calcu-
lated displacements that better fit observed data is a suggestion for

00 L Dry 600 determining viscosity structure at the lower crust (1) and the upper
mantle (1,,). The previous determined range of 5. (10'7-10'° Pa s)
. s . < and the ratio (1, /1) of 5.0 x 1072 to 107 are adopted as lower and
E 00 \q:)’ upper bounds, respectively, for grid search, which systematically
= 30 = = varies these two parameters. For a given pair of parameters (1,,/1
a | © and 7.) the calculated and observed horizontal displacements are
8 800 8 compared, and its merit function, x2, which is defined below

40 |- GEJ (Kaufmann & Amelung 2000), is evaluated as:

|_
' 900 Kn) = 10 = Paol[C5] 105 = Py @)
50 I I I I I

where O; and P; (i = 1, N) are the ith observed and predicted
horizontal displacements, respectively, 1, is the two parameters 7,
and 7. and C;} is the covariance matrix of the GPS data.

10'6 10" 108 10" 1020 102' 102 102 10%

T T
—-1600 . . .
Since 86 per cent of the elements of the covariance matrix are zero,
we assume that each GPS station is not correlated, thus the matrix
g 1700 < becomes C ?/ = p?8,;, where p? denotes variance and is estimated
_g \qj from GPS measurement. The root mean square (rms) is defined as
= =)
= = 0.5
2
a o e(m) = [xX*)/N] . (®)
[} —-1800 8
a £ which is taken as a misfit function for the determination of 7.
IE If the error in the Gaussian distribution and model parameters is

900 complete, then the expectation value of x2 is N (Squires 2001) and
¢ (nr) = 1. However, this is not expected in our calculation because
of the uncertainty in the source rupture model and because many
model parameters are not included. Therefore, ¢ (1) is usually far
larger than 1.

Figs 6(a), (b) and (c) illustrate the distribution of &(n;) for the

| | |
10 107 108 101 102 102! 1022 1023 10%

Effective viscosity(Pa s)

Figure 5. Viscosities of the lower crust for (a) dry and (b) wet rock-

forming minerals. Each marked number corresponds to the rock-forming
minerals tested in the laboratory (Kirby & Kronenberg 1987), and all are
listed in Table 2. The range for the estimated viscosity lies between 10'7 and
10" Pas.

Freed & Lin (1998). The shaded regions in Fig. 5 indicate that the
range of viscosities is 10'7—10'° Pa s for the lower crust, which will
be adopted for the later grid search.

The grid-search procedure is used to determine the viscosity for
different models which correspond to different tectonic structures

range of n,/n. and 5, for the three models displayed in Figs 3(a),
(b) and (c), respectively, where the minimum ¢ (1, ) are marked by a
cross for each model. The searched 7,, and 1. determined from the
minimum & (1) are 5.0 x 10%* and 5.0 x 10'7 Pas, 5.0 x 10** and
5.0 x 10'7 Pas,and 5.0 x 10%* and 5.0 x 10'7 Pa s for models A, B
and C, respectively, and will be used for later computations of each
model. All three models in Fig. 6 reveal that the viscosity of the lower
crust is 5.0 x 10'7 Pa s, which correspond to a very short Maxwell
time of 116 days. As stated earlier, the viscosity and the Maxwell
time seem to be very low and short, but the latter is comparable
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Table 2. Steady-state flow-law parameters of crustal rocks: 4 and n are material constants and Q is activation

energy.
Code” Material A n o Reference?
(MPa™" s~1) (kJ mol~1)
1 Albite rock (dry) 2.50 x 107 3.9 234 1
2 Simpson quartzite (dry) 1.16 x 1077 2.7 134 2
3 Anorthosite (dry) 3.16 x 1074 32 238 1
4 Quartzite (dry) 1.00 x 1073 2.0 167 1
5 Heavitree quartzite (dry) 9.90 x 107¢ 2.4 163 3
6 Simpson quartzite (wet) 5.05 x 107° 2.6 145 2
7 Quartzite (wet) 1.00 x 107* 2.4 160 2
8 Heavitree quartzite (wet) 5.26 x 1073 1.4 146 3
9 Heavitree quartzite (wet) 291 x 1073 1.8 151 4
10 Heavitree quartzite (wet) 4,00 x 10710 4.0 135 5
11 Clinopyroxenite (dry) 15.7 x 100 2.6 335 1
12 Aplite (dry) 3.16 x 1077 3.1 163 1
13 Westerly granite (dry) 2.00 x 1076 33 186 6
14 Westerly granite (wet) 2.00 x 1074 1.9 140 6
15 Diabase (dry) 1.99 x 10~* 3.4 260 1

“Code corresponds to curves in Fig. 5.
bReferences: (1) Shelton & Tullis (1981); (2) Koch et al. (1989); (3) Kronenberg & Tullis (1984); (4) Jaoul et al.
(1984); (5) Paterson & Luan (1990); (6) Hansen & Carter (1982); (7) Schmid et al. (1980).
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Figure 6. The root mean square (rms) of the misfit function calculated
from eq. (8) by using different viscosities for lower crust, ., and mantle,
nm, for three models illustrated in Fig. 3: (a) for model A, (b) for model
B and (c) for model C. The cross at each model denotes the minimum rms
where viscosities are found.

with the result of 86 days as estimated from GPS measurements (Yu
et al. 2001). This confirms that our estimated value of viscosity is
reasonable.

6 POST-SEISMIC DEFORMATION
CAUSED BY VISCOELASTIC RESPONSE

Post-seismic displacements resulting from viscoelastic relaxation
in the 97-day period following the Chi-Chi event are calculated for
the three models in Fig. 3, and are displayed in Fig. 7. Fig. 7(a)
shows the calculated results (black arrows) for model A with 1, =
5.0 x 10 Pasand . = 5.0 x 10'7 Pas. The predicted values are
generally very small, with a maximum value of 3 cm, and they are
not at all comparable to the GPS measurements which have a maxi-
mum value of 14 cm. The corresponding scattergram also reveals a
very low coefficient of determination, 7> = 22.9 per cent (see also
Table 3) for the east-west component, which definitively rules out
the acceptability of model A. It should be pointed out, however,
that the low predicted values using model A are not unexpected,
since the base of the ChelungPu Fault does not reach the lower crust
(see Fig. 3a) (Rundle & Jackson 1977).

Geological evidence supports the claim that the central mountain
range was formed by the collision of the Philippine Sea Plate and the
Eurasian Continental Plate, and therefore, the thickness of the lower
crust beneath the range is not only greater than in western Taiwan
(Wu et al. 1997) but also extends upwards. Model B in Fig. 3b is
constructed to reflect this geological feature. The post-seismic de-
formation calculated from this model with n,, = 5.0 x 10** Pa s
and 7, = 5.0 x 107 Pa s and the corresponding scattergram are
illustrated in Fig. 7(b). Although the coefficient of determination,
46.0 per cent, for the east—west component is improved, it is less than
70 per cent; thus, it is not acceptable. The inconsistencies in the ob-
served and predicted data lie mainly in the source region between the
epicentre (dashed line in Fig. 7b) and the fault trace. When the data
for this region are excluded from our comparison, the coefficients
of determination reach 70.73 and 44.09 per cent for the east—west
and north—south components, respectively. In other words, model B
can be used to predict the observed data in most areas but not in the
source region. Notably, the values for model B are much larger than
those for model A, which supports the interpretation of Nostro et al.
(2001) that post-seismic displacement is more significantly affected
by a shallow viscoelastic layer than by a deep layer.

Fig. 7(c) shows the modelling results with n,, = 5.0 x 10* Pa s
and 1, = 5.0 x 10'7 Pa s for model C, with the lower crust extending
downward to 50 km. These results differ very little from those of
model B (Fig. 7b) (see Table 3), which also indicates that the effect
of the thickness of the viscoelastic layer is less significant in such
a short time period. Although rms analysis in Fig. 6(c) for model
C is slightly better than that in Fig. 6(b) for model B, the 97-day
period of observed crustal evolution is too short to distinguish the
viscosity structures of models B or C.

Fig. 6 indicates that the mantle viscosity can’t be resolved very
well from short-term GPS measurements. One may suspect that the
mantle may be weaker than the lower crust. To show that it is not
the case for central Taiwan, a weaker mantle with viscosity 10'7 Pa
s, which is less than the lower crust, 5.0 x 10'7 Pa s, is tested for
model C. The lower correlation coefficients in Fig. 8 for this model
show that the calculated surface displacements do not fit the GPS
measurements, especially on the western side where the predicted
displacements are too large. Thus, although mantle viscosity is not
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Figure 7. Comparison of the calculated (black arrows) and observed GPS (white arrows) post-seismic deformation (left) and the corresponding scattergrams
(right; crosses for the east—west and circles for the north—south components) after the 97-day period following the Chi-Chi earthquake for the three different
viscosity models in Figs 3 and 6. The coefficient of determination using model A (a) is very low (22.9 per cent for east-west), while those using models B (b),
46.0 per cent, and C (c), 45 per cent, are improved (see Table 3), which indicates that models B and C are more realistic than model A. However, any differences
arising from using model B or C are indistinguishable in the 97-day period.
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Table 3. Correlation coefficients of calculated and GPS data for different
rheology models.

Models East—west North—south
Model A 0.479 (0.229)¢ 0.185(0.034)
Model B 0.678 (0.460) 0.383(0.147)
Model C 0.672 (0.452) 0.422 (0.178)
Model D 0.740 (0.548) 0.456 (0.208)
Model C + D 0.791 (0.626) 0.596 (0.355)

“The numbers in parentheses are the squares of the correlation coefficients
(r%). Model D, that assumes a further slip on the fault, uses an additional
2 per cent of the coseismic slip.

well resolved a weaker mantle is excluded for the areas of central
Taiwan.

The results from models B and C partially support earlier reports
that post-seismic deformation is due to a viscoelastic response in the
lower crust. However, the fact that there are high inconsistencies in
the source region (Figs 7b and c) implies that a viscoelastic response
alone cannot explain the early post-seismic deformation. Conse-
quently, we will now explore the possibility that aseismic creep may
explain the remaining misfit.

7 AFTERSLIP MODEL

Although afterslip is composed of a series of discrete creep events,
it can be treated as a single slip event (Marone et al. 1991) since
most of the events occur within a short time period. Based on ob-
servations, Heki & Tamura (1997) suggested that the afterslip is
differently distributed from the high-speed rupture, and the post-
seismic deformation generally continues in the same direction as
the initial deformation. Therefore they assume that the distribution
of the short-term afterslip in the fault plane is similar to that of
the coseismic slip. In considering the afterslip model, 2 per cent
of the coseismic slip motion (Ji ef al. 2001) on the fault plane is
added to model C (Freed & Lin 1998), but without the viscoelastic
responses, and this model is then referred to as model D. This op-
eration is performed by calculating the coseismic displacements of
2 per cent added to the coseismic slip motion, and then the original

one (Fig. 4a) is subtracted. An alternative method that includes the
viscoelastic responses is to calculate the 97-day time-dependent dis-
placements of the new model and to subtract the results in Fig. 7(c).
The results using these two methods are almost identical because
the viscoelastic responses resulting from that extra 2 per cent are
negligible. The value of 2 per cent of coseismic slip motion is con-
strained by extensive modelling tests. The results calculated from
the afterslip model D are displayed in Fig. 9(a). Although its coeffi-
cient of determination is better and closer to that from model C (see
Table 3), the displacement patterns are quite different. The afterslip
model is clearly a better predictor in the rupture areas between the
epicentre and the fault trace (dashed line in Fig. 7b) but very poor
for the eastern sides.

We then combine the results of the viscoelastic (Fig. 7c) and after-
slip (Fig. 9a) models in Fig. 9(b). The coefficient of determination
for the combined results is increased to 62.6 per cent for the east—
west component and to 35.5 per cent for the north—south component
(see Table 3). Even though these values fall short of the acceptable
level of 70 per cent, the improvement strongly suggests that both
the viscoelastic and afterslip mechanisms may concurrently have
affected early post-seismic deformation in central Taiwan.

8 DISCUSSION

Our modelling of the viscoelastic response suggests that the depth
of the viscosity layer has an important effect on post-seismic defor-
mation. A model with a viscoelastic layer that does not reach the
bottom of a rupture produces smaller deformations, especially in
regions outside the source areas, whereas a model with a shallower
viscoelastic layer produces greater deformations. The effect of the
thickness of a viscoelastic layer is not significant within a 97-day
period. To further investigate a possible viscoelastic response from
an even shallower model, the viscoelastic layer in model C is raised
5 km closer to the surface, but its thickness is kept the same. The
modelled results are shown in Fig. 10(a), where the misfits in dis-
placements lie in the source and in the western regions, and the
coefficients of determination are no better than those in Fig. 9(b).
We find that viscoelastic relaxation alone is not able to predict the
GPS data at an acceptable level. The combination of the viscoelastic
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Figure 8. Results of a weaker mantle with smaller viscosity, 10!7 Pa s, for model C. The correlation coefficients of 0.467 and 0.265 for the east-west and
north—south components, respectively, are much less than that of Fig. 7(c). In addition, the predicted displacements (black arrows) are not comparable with the
GPS measurements (white arrows), especially on the western side. This result indicates that a weaker mantle is not realistic in central Taiwan.
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Figure 9. (a) Results from the afterslip model when 2 per cent of the source rupture slip motion of the Chi-Chi event on the fault plane is added to model C
(left), and the related scattergram (right). The coefficient of determination, 54.8 per cent, for the east—west component is better than that obtained using the
viscoelastic model (Figs 7b or ¢), but the displacement patterns are different. (b) Results from combining the viscoelastic response (Fig. 7¢) and the afterslip
model (left), and its scattergram (right). The improved coefficient of determination, 62.6 per cent, for the east—west component strongly suggests that both

mechanisms are important.

response in Fig. 10(a) and the afterslip in Fig. 9(a) (note that it is not
affected by viscosity structure) is illustrated in Fig. 10(b), where the
coefficients of determination are improved but are not better than
those in model C plus model D (Fig. 9b) in Table 3. Besides this,
the misfits in the western regions remain. This is also an indication
that too shallow a viscosity structure is unreasonable for western
Taiwan.

A model that includes both a viscoelastic response and afterslip
definitively results in improved predictions. Marone et al. (1991)
pointed out that an afterslip model and the absence of seismic-
ity above some shallow depths are related to the characteristics of
velocity-strengthening and the thickness of sedimentary rocks. The
aftershocks that were located on and/or within 1 km of the fault plane
in the source rupture areas (not in the entire central Taiwan area)
during the 97-day time period after the Chi-Chi event are plotted and
shown in Fig. 11. Most early aftershocks occurred at depths below

© 2004 RAS, GJI, 159, 1112-1124

7 km, and thus seismicity cut-off (without earthquakes) above 7 km
(about the thickness of the sedimentary rocks) is clearly observed
in the Chi-Chi aftershock sequence (only in the source rupture ar-
eas); in accordance with the afterslip model, this implies that the
major creeping on the fault plane would have occurred at depths of
less than 7 km (Marone ef al. 1991). Based on field observations,
Marone et al. (1991) reported that a certain amount of post-seismic
creeping should normally occur on the fault plane where coseismic
displacements are small and that the extent of post-seismic defor-
mation can be used to determine the relative thickness of sediments
(thicker for large post-seismic deformations and thinner for small
deformations). The distribution of the source rupture model (Ji ez al.
2001) demonstrated that at shallow depths (<8 km), the average slip
motion on the northern fault plane was about 2.1 times that on the
southern plane. Accordingly, the amount of post-seismic deforma-
tion should have been larger in the southern compared with that in
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Figure 10. (a) Results from the viscoelastic response for raising the viscosity layer (model C) 5 km toward the surface, but with the same thickness (left), and
its scattergram (right). The misfits in the displacements lie in the source regions and in the western regions. (b) Results from combining afterslip (Fig. 9a) (left),
and its scattergram (right). The coefficients of determination for both results are no better than those in Fig. 9(b) for the east-west component. The misfits in

the western regions suggest that too shallow a viscosity layer is unreasonable.

the northern parts. The results from Hsu ez al. (2002) also show this
pattern. To further identify this in the modelling, an unequal 1 per
cent and 6 per cent (unlike the 2 per cent in all of the above) of the
shallow coseismic slip motion above 7 km are, respectively, adjusted
to the modelling of the northern and southern fault planes, and the
results are illustrated in Figs 12(a) and (b) (note that the viscoelastic
response is combined as well) for the horizontal and vertical com-
ponent, respectively. By comparing Figs 12(a) and 9(b), it is evident
that the coefficient of determination is improved from 62.6 to 72.3
per cent (r = 0.850) and 35.5 to 55.5 per cent (r = 0.745) for the
east—west and north—south components, respectively. Although the
true percentages of coseismic slip motion for each segment of the
fault plane are not known, this improvement may support the above
interpretation.

9 CONCLUSIONS

This study compares GPS data (97 days) with the results from
modelling coseismic and early post-seismic deformations from the

Chi-Chi earthquake. The comparisons are imperfect, but they do
help us to identify plausible mechanisms of the deformations. The
results firmly suggest that the afterslip dominated the post-seismic
deformation in the source region, while the viscoelastic response
dominated elsewhere. The combination of these two mechanisms
can effectively predict data with the coefficients of determination
of 72.3 and 55.5 per cent for the east-west and north—south compo-
nents, respectively (Fig. 12a). The imperfect fit might be attributed
to a number of factors. Among these are uncertainty in the source
rupture model, an overly-simplified 2-D viscosity structure and the
effect of 13 larger aftershocks (see white circles in Fig. 12a) that are
not considered in the calculations.

We considered a viscoelastic response when modelling the defor-
mations after a 97-day period because of the very short relaxation
time that we estimate for central Taiwan. Since the viscoelastic re-
sponse dominates long-term stress evolution, distinguishing the true
model from several other possible ones to explain the 97-day GPS
data may be possible when data from a larger time span become
available.
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