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SUMMARY

The active Chihshang fault at the boundary between the Eurasian and the Philippine Sea plates
along the Longitudinal Valley in eastern Taiwan is creeping near the surface but has also
produced large earthquakes at mid-crustal depth such as the 2003, M, 6.5, Chengkung earth-
quake. The creep rate measured at the surface shows strong seasonal fluctuations before the
Chengkung earthquake, correlated with groundwater pressure variations measured at nearby
wells. The Chengkung earthquake did not rupture the fault near the surface but induced a
sudden increase of creep rate that decayed with time during the postseismic period. These
observations suggest that the near surface fault obeys a rate-strengthening friction law. We
conduct numerical simulations based upon the observed variations of creep rate with regard to
a velocity-strengthening friction law and 1-D groundwater diffusion model to investigate the
fault rheology behind this phenomenon. The model, which assumes a creeping fault segment
extending from the surface to a depth of 5 km, yields a good fit to the creep data when the
friction parameters are assumed to vary with depth or to have changed at the time of the
Chengkung earthquake. Our best model suggests that the creeping zone is characterized by
a rate parameter a = 9 /dlog (V) of 1.3 x 1072 and a friction coefficient of 0.84, and a
long-term slip rate of 25.9 mm yr~! at depths less than 87 m. By contrast, the lower segment of
the creeping zone exhibits a much lower friction coefficient of 0.19, a smaller a of 6.6 x 1073
and a higher long-term slip rate of 38.1 mm yr~! at depths between 0.087 and 5.0 km. This
change in rate parameters implies that the lithologies or physical properties of the fault rocks
may vary with depth. Alternatively, a model assuming a dramatic increase in rate parameter
from 5.6 x 107 to 6.2 x 1073 by the strong ground shaking of the Chengkung earthquake
can also yield a fair agreement with the observed data. The lack of a notable deceleration in
fault creep rate during the dry period from 2002 to mid-2003 suggests that the real recharging
system for the fault zone may be more complicated than what we assumed in this study.

GJI Seismology
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In this paper, we apply this later approach to examine the
Chihshang fault, a 35-km-long reverse fault within the Longitudinal
Valley of eastern Taiwan (Fig. 1). The 150-km-long, NNE-trending

1 INTRODUCTION

Aseismic creep is an intriguing phenomenon observed in many fault

zones and is usually associated with poorly consolidated material,
high pore pressure or elevated temperature (Scholz 2002). Fault
creep is often observed following stress perturbations. For exam-
ple, postseismic creep is believed to be a consequence of stress
transfer from the rupture of asperities onto surrounding velocity-
strengthening fault patches (Marone et al. 1991; Hearn et al. 2002;
Miyazaki et al. 2004; Perfettini & Avouac 2004; Pollitz 2005; Hsu
et al. 2006). This implies that a measure of fault creep can serve
as a gauge of stress if the frictional parameters are known, or con-
versely, if both creep rates and stress perturbations are known, then
frictional parameters can be derived.
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Longitudinal Valley marks the suture zone between the Eurasian
and the Philippine Sea plates. Geodetic measurements from the last
two decades indicate that the Chihshang fault has been undergoing
rapid creep at an average rate of about 20-30 mm yr~! (Yu & Liu
1989; Lee et al. 2003). It appears that aseismic creep dominates at
depths shallower than 5 km because seismicity dramatically drops
above that depth and the rupture of the 2003 M, = 6.5 Chengkung
earthquake also terminated at this shallow level (Wu et al. 2006).
In addition, the fault creep rate exhibits annual variations proba-
bly due to seasonal fluctuations in precipitation (Lee et al. 2003),
analogous to what was observed at Parkfield, California and on the

601



602  S.-H. Chang, W-H. Wang and J.-C. Lee

23112

23700

Latitude (N)

22°48'

| —Chihshang Fault

_——well A
— _—~wellB

121°00'

120°48'

121°12

121724 121°36' 121°48'

Longitude (E)

Figure 1. Geological setting of the Chihshang fault which separates the Philippine Sea plate to the east and the Eurasian plate to the west. Two monitoring
water wells, indicated as solid triangles, have been recording water levels on a monthly basis since 1980. Rainfall records are collected at station A about 4 km
away from the Chihshang fault. A set of creep meters operated by the Institute of Earth Sciences, Academia Sinica records horizontal creep motions of the
fault daily. The 2003 Chengkung, Taiwan earthquake (M, = 6.8) caused a major slip along the Chihshang fault with a thrust focal mechanism, as determined
by the Broadband Array in Taiwan for Seismology (BATS). The areas marked with Faults 1 and 2 are the vertical projections of the two fault patches ruptured
during 2003 Chengkung earthquake (Wu et al. 2006); Fault 3 is the map view of the creep zone of the Chihshang fault suggested in this study.

Hayward fault (Lienkaemper et al. 2001; Roelofts 2001). Also,
following the Chengkung earthquake, the creep rate dramatically
increased up to about five times that in its preseismic period (Lee
et al. 2005, 2006).

In this study, we test whether the creeping zone of the Chihshang
fault obeys a velocity-strengthening friction law and to what extent
the changes in water level are responsible for the episodic motion.
We also attempt to explore whether the creeping zone is friction-
ally homogeneous. Answering these questions would shed light on
the mechanics of creep along the Chihshang fault and earthquake
hazards in this area.

2 SEISMOTECTONIC SETTING

GPS measurements indicate that the convergence rate between the
Eurasian and the Philippine Sea plates in Taiwan is about 8.2 cm yr™!
on an azimuth of 310°, and that about one-third of it is taken up
across the Longitudinal Valley (Yu et al. 1997). The 35-km-long
Chihshang fault is a southern segment of the Longitudinal Valley
fault zone. It separates the Lichi mélange, composed of exotic ophi-
olite and sedimentary blocks embedded in a sheared scaly argilla-
ceous matrix in the hangingwall and the Quaternary alluvial deposits
in the footwall. The aftershocks outline a well-defined listric fault
geometry (Chen & Rau 2003; Lin 2004; Lee et al. 2006). The dip
of the Chihshang fault is about 60°~80° near the Earth’s surface

and gradually decreases to 20°—-30° at depths of 2025 km. Further-
more, at shallow levels, an anticlinal folding has been developing
in the hangingwall near the fault trace (Lee ef al. 2006).

3 DATA

3.1 Creep meter data

In this study, we use the 1999-2004 creep meter data, recorded on
daily basis and published previously (Lee ez al. 2003, 2005). We use
the sum of the horizontal shortening on three creep meters along
three parallel branches of the Chihshang fault at the Chinyuan site
(Lee et al. 2003, Fig. 2) to derive the net slip on the Chihshang fault
based on its attitude and the rake of fault slip given by Lee et al.
(2003). Combining field observations and local geodetic network
measurements, Lee ef al. (2006) indicated that the three branches,
within a 120-m-wide deformation zone, probably all splay from a
single primary fault plane. Surface horizontal shortening is accom-
modated by these three branches of fractures which implies that the
creep meters data indeed represent most of slip on the primary fault
plane of the Chihshang fault at the surface level. The data show
that (1) before the Chengkung earthquake, the Chihshang fault was
horizontally shortening at a rate of about 15 mm yr~! on average
with strong annual fluctuations; (2) at the surface, the fault did not
slip during the Chengkung earthquake and (3) the creeping rate
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Figure 2. (a) Temporal variations in water levels. The grey line represents the water level above sea level as measured in well A; the dashed line represents the
water level measured in well B and the black line depicts the average water level measured in wells A and B (data from the Water Resource Agency, Ministry
of Economic Affairs, Taiwan). (b) Cumulative horizontal shortening measurements across the Chihshang fault from 1999 to 2004.

increased suddenly at the time of the earthquakes and then decayed
thereafter (Fig. 2).

3.2 Groundwater level and rainfall

We collected groundwater level data measured by the Water Re-
source Agency at two wells located at Chinyuan and Fuhsing near
the creep meters running across the Chihshang fault zone (Fig. 1).
Fig. 2 illustrates the fluctuations of water levels measured in these
two wells and the corresponding horizontal shortening observed by
the creep meters. It is clear that both wells share a similar trend of
temporal variations in water levels but the mean value of the water

© 2008 The Authors, GJI, 176, 601-613
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level measured in well B is few metres higher than that measured in
well A. The well-screen depth for both wells was set up to be about
50 m below Earth’s surface and 30 m below the mean underground
water level. Contemporary precipitation was recorded by the Cen-
tral Weather Bureau at station A, which is about 4 km away from
the Chihshang fault as shown in Fig. 1. Fig. 3 shows the temporal
variations in groundwater levels and the contemporary precipita-
tion as well as the de-trended fault creep data. It clearly shows a
strong correlation among the groundwater, the precipitation and the
fault creep, especially before the 2003 Chengkung earthquake. It
is also noteworthy that the temporal variations in average ground-
water levels of the two wells show an approximately 50-d phase
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Figure 3. (a) Temporal variations in the average underground water level (black line) and the estimated water table (grey line). The dashed and dotted curves
represent the water levels measured at Wells A and B, respectively. (b) De-trended horizontal shortening measurements across the Chihshang fault from 1999
to the day before the Chengkung earthquake (solid curve). The grey shaded areas depict daily rainfall. Note that the times of the monitored rising water table
(the solid time lines) are about 50 d later than the times of the increased rainfall (dashed time lines).

lag compared to the variations in precipitation, estimated from our
cross-correlation analysis.

If infiltration through the vadose zone is much faster than the
baseflow from the water table to the well-screen depth, the phase
lag can be used to estimate near-surface hydraulic diffusivity by
employing an analysis of 1-D half-space diffusion due to periodic
fluctuation of water table (Todd 1959). Theoretically, a given peri-
odic fluctuation of water table, AP ,.x cos wt, would result in the
pore pressure variation in a half-space, such that

AP(y,t) = APpaxexp (—y\/g) cos (wt — y@) , (1)

where y is depth below mean water table; ¢ is time; AP,y 1S
the amplitude of the periodic fluctuation in water pressure; w is

angular frequency and « is hydraulic diffusivity. We thus obtain the
corresponding phase lag Ar at depth y below mean water table

Y

At = .
2kw

2

In the case of the two groundwater wells near the Chihshang fault,
the annual variation of the water table, ® = 1 .99 x 10 =7 rads™!,
the screen depth to mean water table is 30 m, and the phase lag is
50 d. As a consequence, we obtain a hydraulic diffusivity of about
1.2 x 10~*m? s~' near the creep meter sites around the Chihshang
fault. This value is about 3—4 orders of magnitude smaller than that
measured in the near-surface gravel deposits at depths shallower
than 30 m based upon a recent slug test (Dong et al. 2008). Our

previous assumption of having a much more rapid infiltration rate
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in the vadose zone is therefore valid. We will discuss this issue in
more detail later.

With the derived hydraulic diffusivity and the fluctuation of pore
pressure at the 30-m-deep screen depth A P(30, t), which can be ex-
pressed by a Fourier series, we are able to determine the fluctuation
of pore pressure at depth of mean water table A P(0, ¢) by removing
this diffusion effect based on eq. (1). Here, we define AP = p,gAh,
where p,, is density for water; g is gravitational acceleration and
Ah is the deviation of water level from its mean value. We also
employed a low-pass filter with a cut-off frequency of 0.009 d~! to
reduce high-frequency noise. As a result, we obtained an estimated
water table, which had no time lag between it and the rainfall series
(Fig. 3a).

3.3 Rupture model of the 2003 Chengkung earthquake

To estimate stress perturbations on the Chihshang fault plane caused
by the 2003 Chengkung earthquake, we adopt the rupture source
derived from accelometric records by Wu et al. (2006). The fault
geometry is represented by a N20°E striking, two-segment fault
with a 60°-dipping upper segment at depths of 5-18 km and a 45°-
dipping lower segment at depths of 18-35.7 km (Fig. 1). The fault
slip of Wu et al.’s model on the upper segment is 26 cm with a
rake of 47.3°. On the lower segment, the yielded coseismic slip is
61.6 cm with a rake of 81.7°.

4 THEORY AND METHOD

We follow Perfettini & Avouac (2007) by assuming that the frictional
behaviour of the creeping segment of the Chihshang fault obeys a
pure velocity-strengthening rheology:

Vv
t=GM*+aaln<7), a>0, 3)

where 7 and o are the shear and effective normal stresses on the
fault plane; u. is the friction coefficient under reference slip rate
V., a is an empirical constant and V' is fault slip rate. This is a
simplified form of rate-and-state friction rheology (Ruina 1983;
Dieterich 1994), which is

(V.0) = s + ags In [ 24 } + bsln [9;’) } , 4

where 0 () and 0, are state variables at time # and reference state, re-
spectively; ars and brg are empirical constants. Perfettini & Avouac
(2007) demonstrated that, when a = ars — bgs, both rate-and-state
and pure velocity-strengthening rheologies will lead to a similar
fault slip subjected to relaxation of the creep rate following a stress
step except during a transient phase.

The state of stress on a fault plane evolves as the combination
of initial stress, stress change due to creep and stress change due
to earthquake. As a result, for a fault plane with n subfaults, stress
balance on a subfault i at time # requires

T, 1) = (i) + ATcreep(i’ 1)+ Afeq(i) and (5)

U(i’ t) = GO(i) + Aacreep(i» t) + AUeq(i) - APf(iv t)v (6)

where t((i) and o¢(i) — AP¢(i, t = 0) are the initial shear and
effective normal stresses; AT creep(7, ) and Ao reep(i, ¢) are changes
in shear and effective normal stresses by evolution of fault slip in the
creeping zone; At (i) and Ao .q(7) are shear and effective normal
stresses induced by earthquakes; A P (i, t) is pore pressure change
in the fault zone due to fluctuation of groundwater level.

© 2008 The Authors, GJI, 176, 601-613
Journal compilation © 2008 RAS

Modelling creep on Chihshang fault, Taiwan 605

In this study, we assume o¢(i) = pgz(i)(1 — A), where p =
2570 kgm™ represents the average density of rocks in the shallow
crust in Taiwan (Yen et al. 1990); z(i) is the depth of the subfault ;
and X is the pore pressure ratio, which is assumed to be zero above
the mean water table and 0.4 beneath that depth (meaning pore
pressure is assumed hydrostatic). The value of o assumed above
is valid if the fault is highly permeable. We will discuss this more
in detail in Section 6.

Neglecting dynamic stress, we can express stress changes due to
slip evolution as

A.’:creep(ia t) = ZKs(i’ ])[u(], t) - VO(i)t]’ = 1, n, (7)

j=1

n

AGeeep(is 1) = ) [Kalis j) = Kn(i, /)B]

Jj=1
x [u(j, 1) = Voli)],

where 8 is the Skempton’s coefficient defined as the ratio of pore
pressure change to mean stress change; u(j, t) is the cumulative
displacement of subfaultj at time #; V' is long-term loading velocity
and K, K, and K, are the elastic kernels for the shear, normal
and mean stress changes induced by a unit slip on the subfaultjin a
given rake direction. In this study, we calculate the elastic kernels by
employing the analytical solution of Okada (1992) for dislocation in
an elastic half-space with the Lamé parameters being 3 x 10'° Pa.
This dislocation model is also applied to evaluate coseismic static
stress transfer by the Chengkung earthquake.

Note that K, is in fact vanishing in this study as we assume
that the subfaults are coplanar in the next section. In addition, we
ignore the possible but small pore pressure changes induced by slip
evolution or coseismic deformation. This is because the creeping
fault zone either cuts through or is in contact with alluvial gravels,
which may have a small Skempton’s coefficient due to their low
compressibility. Moreover, both creep movements and coseismic
deformation by the Chengkung earthquake induce much smaller
mean stress changes compared to shear stress changes on the creep-
ing fault zone. Therefore, the pore pressure changes induced by slip
evolution or coseismic deformation have little effect on ACFF. The
evidence of no notable coseismic change in water level supports this
argument. As a result, Ao creep(i, £) in €q. (8) is vanishing.

The spatiotemporal variations in pore pressure in the creeping
fault zone can be estimated by employing eq. (1) with the corrected
groundwater level changes given in Section 3.1. Note that here we
assume the hydraulic diffusivity of the fault zone, ¢, is homoge-
neous and does not vary with time.

Combining egs. (3), (5) and (6) and replacing V', with V', we
obtain that

i=1,n, ®)

€

V(i t) = Vy(i)exp [w] ,

a(i)o(i,t)

where V' (i, t) is the slip rate of subfault i at time ¢, and ACFF (i, t)
=At(i,t) — no(i)Ao(i, t) is the Coulomb stress change with (i)
denoting the friction coefficient at long-term loading velocity V (i),
At(i, t) and Ao (i, t) denoting the changes in shear and effective
normal stresses of subfault i at time ¢ with respect to their initial
values. We solve eq. (8) with an implicit finite-difference method,
such that

- (10)

ACFF!
an ’

uj.“ = u’j + AtVyexp ( _




606  S.-H. Chang, W-H. Wang and J.-C. Lee

(a)

4
N

31-May-99]

31-Jul-991

30-Sep-99;

30-Nov-99-

31 -Jan-OO:

31-Mar-00:

31-May-00

31-Jul-00

30-Sep-004

30-Nov-00

31-Jan-01-

31-Jan-99
31-Mar-99+

—_
O
~

31 -Jan-03:

31 -Mar-03:

31-May-03]

31-Jul-031

30-Sep-03

30-Nov-03

31-Mar-01:

31-May-01

31-Jul-011

30-Sep-01

30-NOV-01:

31-Jan-021

31-Mar-027

31-May-021

31-Jul-02 1

30-Sep-021

30-Nov-02

300

Creep(mm)

100

o

31-May-99

31-Jul-99

30-Sep-99

30-Nov-99]

31-Jan-00+

31-Mar-00+

31-May-00

31-Jul-00

30-Sep-00

30-Nov-00-

31-Jan-01

31-Mar-01

31-Jan-99
31-Mar-99-

31-May-01

30-Nov-03

31-Jan-04

31-Mar-04

-04]
-04

30-Sep-01

30-Nov-01+

31-Jan-02

31-Mar-02-

31-May-02]

31-Jul-02

30-Sep-02-

30-Nov-02]

31-Jan-03

31-Mar-03+

31-May-03]

31-Jul-01
31-Jul-03 1
30-Sep-03
31-May
31-Jul-04
30-Sep

=
3

Figure 4. Simulated fault creep using a homogeneous rate-strengthening friction law model (Model A, Table 1) with frictional parameters inverted using creep
measurements from 1999 to 2004. (a) Synthetic (dashed line) and observed (solid line) net creep from 1999 January to 2003 November after having de-trended
steady creep. (b) Synthetic (dashed line) and observed net creep (solid line) from 1999 to 2004.

where u]’ denotes the cumulative displacement at centre of the sub-
fault j at time step i. The time interval At is restricted to be less
than 1 d, and the corresponding slip is less than 1 mm to ensure a
high resolution of our numerical analysis. Except for « ¢, which is
resolved by grid searching in the range of 2 x 1075 — 6 m?s~!,
the optimal values of a, ;o and V' are determined by employing
the public genetic algorithm driver of Carroll (2004) to maximize
an objective function (a goodness of fit criterion), which is defined
as r/As, with » denoting the correlation coefficient between the
observed and calculated creep series, and As denoting the root-
mean-squared misfit between the observed and the modelled slip.

We set up the searching range from 0.0005 to 0.02 for parameter
a, from 0.1 to 0.85 for the friction coefficient wy and from 1.0 to
100 mm yr~! for the slip velocity V.

5 MODELS AND SIMULATION RESULTS

We employed a simplified fault plane oriented N20°E with a dip of
60°E to mimic the creeping zone of the Chihshang fault (Fig. 1).
The model fault plane extends 35 km along the strike and 5.7 km
along the dip. We further divided this fault plane into 143 subfaults

© 2008 The Authors, GJI, 176, 601-613
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Figure 5. Fault creep modelled using a homogeneous rate-strengthening friction law model (Model B, Table 1) with inverted frictional parameters using creep
measurements from 1999 to 2001. (a) Synthetic (dashed line) and observed (solid line) net creep from 1999 January to 2003 November after having de-trended

steady creep. (b) Synthetic (dashed line) and observed (solid line) net creep from 1999 to 2004.

creep data from 1999 to 2001 when annual rainfall was quite regular.
It turns out that the episodic motion can be much better mimicked
if a considerably higher 1o of 0.84, a smaller @ of 2.6 x 10~ and
a slower ¥ of 24.43 mm yr~! are employed (Fig. 5). However, in
the trade-off, this model (hereafter referred to as Model B) fails to
accurately predict fault creep during a subsequently relatively dry
year (i.e. 2002); moreover, it produces a large misfit in the afterslip
of the Chengkung earthquake.

In an attempt to improve model, we introduce spatial and temporal
variations of friction and of long-term slip rate. We set up two
models to evaluate the influence of fault heterogeneity. In Model C,
we separated the creeping zone into two segments with a different
o and a, and in Model D, additional change in V' for these two

at different depths; each has a dimension of 35 km along the strike
and 40 m along the dip. In our stress calculations, we adopted a
uniform rake of 76°, as suggested by Lee et al. (2001).

While we assume that the creeping zone of the Chihshang fault is
frictionally homogeneous, to fit the observed fault creep during the
1999-2004 period (Fig. 4), the optimal model (hereafter referred to
as Model A) requires that the creeping zone has a friction coefficient
o of 0.47, a rate parameter a of 7.0 x 1073, a hydraulic diffusivity
k¢ of the creeping zone of 0 .50 m? s~! and a long-term slip rate of
29.65 mm yr~—'. However, this model barely reproduces the episodic
motions prior to the Chengkung earthquake (Fig. 4a). To improve
the fit between the observations and the model predictions in the
interseismic period, we first restrict the analysis to the interseismic

© 2008 The Authors, GJI, 176, 601-613
Journal compilation © 2008 RAS




608  S.-H. Chang, W-H. Wang and J.-C. Lee

(a)

4
N

31-Jul-99

31-Jan-99

—~

O

31-Mar-99+

31-May-99H

30-Sep-9%H

30-Nov-99H

31-Jan-00-

31-Mar-00+

31-May-004

31-Jul-00

30-Sep-00+

30-Nov-00

31-Jan-01-

31-Mar-014

31-Jul-01

31-May-01+

30-Sep-01

30-Nov-01+

31-Jan-02

31-Mar-02-

31-May-021

31-Jul-02

30-Sep-02

30-Nov-02

31-Jan-03

31-Jul-03

31-Mar-03

31-May-03

30-Sep-031

30-Nov-03

300

Creep(mm)

100

o

31-May-99

31-Jul-99

30-Sep-99

30-Nov-99]

31-Jan-00+

31-Mar-00+

31-May-00

31-Jul-00

30-Sep-00

30-Nov-00-

31-Jan-01

31-Mar-01

31-Jan-99
31-Mar-99
31-May-01

31-Jul-01

30-Sep-014

30-Nov-01+

31-Jan-02

31-Mar-02-

31-May-02]

31-Jul-02

30-Sep-02-

30-Nov-02]

31-Jan-03

31-Mar-03+

31-May-03]

31-Jul-03 ]

30-Sep-03

30-Nov-03

31-Jan-04

31-Mar-04

-04]

31-Jul-04
-04

31-May
30-Sep

=
3

Figure 6. Simulated fault creep from a two-segment friction model (Model C, Table 1). Different values of 1o and a are applied to the upper and lower
segments of the fault zone with frictional parameters inverted using creep measurements from 1999 to 2004. (a) Synthetic (dashed line) and observed (solid
line) net creep from 1999 January to 2003 November after having de-trended steady creep. (b) Synthetic (dashed line) and observed (solid line) net creep from

1999 to 2004.

segments is taken into account. Estimates of parameter values in
each fault segments and the bottom depth of the upper fault segment
are simultaneously determined by best fitting the data based on a
genetic algorithm. The results are shown in Figs 6 and 7 with optimal
model parameters and goodness of fit listed in Table 1.

Alternatively, we constructed a model (Model E) that allows a
to change after the Chengkung earthquake, implying that coseismic
disturbance had altered the frictional behaviour of the fault zone.
The result is shown in Fig. 8 with the optimal model parameters and
fitness listed in Table 1.

6 DISCUSSION

Episodic creep has frequently been observed in geodetic studies
(e.g. Gladwin et al. 1994; Lienkaemper et al. 2001), yet the driving
mechanisms remain poorly understood. Several likely mechanisms
have been proposed for such episodic motion, including the shrink-
ing or swelling of soils due to changes in soil moisture and the os-
cillatory motion induced at the stability boundary (Du et al. 2003)
or at a shallow velocity-weakening zone (Belardinelli 1997). There
are also observations of seasonal variations such as snow loading
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Figure 7. Simulated fault creep from a two-segment friction model (Model D, Table 1). Different values of 1o, @ and V' are applied to the upper and lower
segments of the fault zone with frictional parameters inverted using creep measurements from 1999 to 2004. (a) Synthetic (dashed line) and observed (solid
line) net creep from 1999 January to 2003 November after having de-trended steady creep. (b) Synthetic (dashed line) and observed (solid line) net creep from

1999 to 2004.

(e.g. Heki 2003) or land water storage (e.g. Bettinelli et al. 2008).
As for the Chihshang fault, episodic creep events are apparently
highly correlated with rainfall prior to the Chengkung earthquake.
This observation agrees quite well with all our models in term of
the occurrence time of the creep events despite the magnitudes of
the modelled slips are somewhat underestimated. Model B appar-
ently can best simulate the comparable episodic creep in 1999-2001
by adopting a larger hydraulic diffusivity «; = 0.8 ms~!, a larger
friction coefficient o = 0.84 and a smaller rate parameter a =
0.0026. However, with these model parameters, Model B largely
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underestimates the amount of fault creep in the period during 2002
to mid-2003 when the average water level was much lower than that
in the previous years (Fig. 2). The lack of distinct deceleration in
creep rate observed in the dry period implies that it is impossible
to accurately simulate the fault creep in regular and dry periods
simultaneously. To accommodate this inconsistency, the other mod-
els, which consider the whole time-series tend to adopt a smaller
hydraulic diffusivity, a smaller friction coefficient or a larger rate
parameter to suppress the influence of fluctuations of water table
as a trade-off. The lack of distinct deceleration in dry period may
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Table 1. Model parameters and fitness.

Hydraulic diffusivity a Friction 14 Bottom of upper  Fitness
m?s1) coefficient (mmyr~') fault segment (km) (m~!) rms misfit(mm) Period considered

Model A 0.50 0.007 0.47 29.65 216.9 4.61 1999-2004

Model B 0.80 0.0026 0.84 24.43 359.1 2.78 1999-2001

Model C 0.80 0.0024¢ 0.35¢ 29.79 0.4 227.1 4.40 1999-2004
0.007° 0.39

Model D 0.05 0.013¢ 0.844 25.93¢ 0.087 296.1 3.38 1999-2004
0.0066° 0.19% 38.10

Model E 0.08 0.00056¢ 0.45 26.84 263.9 3.79 1999-2004

0.0062¢

“The upper fault segment.

bThe lower fault segment.

“Before the Chengkung earthquake.
4 After the Chengkung earthquake.

be caused by the uncertainty of the recharging system of the fault
zone. We suspect that the water level within the fault zone in 2002
to mid-2003 might be underestimated based on the well records we
employed, that is, the efficiency for water recharging to the fault
zone and to the adjacent formations might be different. A more
efficient water recharge to the fault zone is required to account for
the notable increase in creep rate in the raining season during 2002
to mid-2003, when total precipitations and observed water table
dropped significantly (Fig. 2). River recharge may be one possi-
ble way to make such an effect. Geological surveys show that the
Chihshang fault is running across a river along the Longitudinal
Valley. Because rivers can accumulate rainfall from overland flow,
they might be able to recharge the fault zone more efficiently even
in the relative dry period. However, water recharged from the river
in the dry period is probably insufficient to significantly alter the
water pressure in local aquifers because they are much thicker than
the fault zone. Shrinkage of smectite-enriched soil, which is abun-
dant in the Lichi mélange in the hangingwall (Liu et al. 1989),
during the dry period could also enlarge the fracture openings in the
fault zone and facilitated fast recharge to the fault zone. Neverthe-
less, these hypotheses still need to be tested by more sophisticated
hydrogeological studies.

Because of the disagreement between observed water levels and
fault slip in the dry period, our model parameters can vary in a broad
range prior to the Chengkung earthquake or at shallow depth. For
instance, rate parameter a can fall in a wide range of 5.6 x 10~ —
1.3 x 1072 as employed in Models E and D. On the other hand,
our models also indicate that the creeping fault must have a larger
rate parameter @ ~ 7 x 1073 after the Chengkung earthquake or at
deeper part of the fault to account for the afterslip (ref. Table 1).

Model D is our preferred model not only because it can best fit
the observed data but also because it implies that the lower creeping
segment has a higher long-term slip rate than the upper one, which
is suitable for developing an anticline we observe. The high-friction
and high velocity-strengthening materials in the uppermost 87 m
inferred by this model may reflect loose gravel deposits at surface.
Below it, the low-friction fault segment may be attributed to that the
fault zone is in contact with the Lichi mélange, which has a very
low friction angle of 12° (Fan 2002).

Model E is an alternative solution though the fitness is not as good
as that of Model D. This model requires a dramatic increase in rate
parameter at the time of the Chengkung earthquake. Large ground
shaking has been reported to be able to loosen a seismogenic fault
zone (Marone 2000). We suspect that the same mechanism might
as well loosen a creeping fault. If so, the velocity-strengthening

behaviour of the creeping fault could become more distinct by
having loosened fault gouge. However, this scenario still needs to
be justified by laboratory studies.

The rate parameter we obtained is comparable to many other
studies worldwide. For example, the rate parameter a =~ 6.6 X
103-1.3 x 1072 inferred from our best model is close to the
value of 1.3 x 10731072 derived from afterslip following the
M, = 7.5 Chi-Chi earthquake (Perfettini & Avouac 2004) and
the measurements of 0.005-0.03 in laboratory experiments
(Blanpied et al. 1995; Chester 1995). However, it is about an order
of magnitude higher than those inferred from afterslip of the Peru
earthquake (Perfettini ef al. (2005)), the Nias-Simeulue earthquake
(Hsu et al. 2006), the Parkfield earthquake (Johnson et al. 2006)
and the Lander earthquake (Perfettini & Avouac 2007).

Our simulation results suggest the hydraulic diffusivity in the
fault zone might be about 2-3 orders of magnitude larger than
that in the footwall of the Chihshang fault. Such a large differ-
ence in hydraulic diffusivity has also been proposed for the San
Andreas fault in Parkfield by Christiansen et al. (2007). The small
vertical hydraulic diffusivity ¥ &~ 1.2 x 10™*m?s~! estimated for
the unconsolidated deposits on the footwall of the Chihshang fault
is within the range of reported values for silt. A recent drilling
project revealed that interbedded strata of slit and sandy gravel
underlie a 30-m-thick layer of loose gravels in the hangingwall
of the Chihshang fault (Dong et al. 2008). We suspect that the
two observation wells employed in this study may have penetrated
these interbedded strata, which leads to a small equivalent verti-
cal hydraulic conductivity close to that of the confining layers due
to layered heterogeneity (Leonards 1962). If so, the real temporal
variations in water level might be smaller than what we inferred but
larger than what observed in the two observation wells. However,
without having the detailed logs of these two wells to indicate the
thickness and the hydrogeological properties of the confining layers,
we are not able to evaluate this influence precisely. Nevertheless, the
difference between the real and the estimated water levels should
be within a factor of 2.5, so is the rate parameter, since that is the
maximum amplitude ratio between the estimated water table and
the observed water levels (Fig. 2).

On the other hand, the larger hydraulic diffusivity of 0 .05—
0.8 m? s~! we inferred for the fault zone, a typical value for gravels
or fractured rocks, may result from slip-enhanced permeability by
creating shear fractures or offsetting the confining layers. Fig. 9
shows the spatiotemporal variations in pore pressure changes re-
spect to the pore pressure under mean water level with time and
depth along the fault zone with k¢ = 0.05 m?s~! as suggested by
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Figure 8. Simulated fault creep from Model E. Different values of a are applied to the fault zone before and after the Chengkung earthquake (Table 1). (a)
Synthetic (dashed line) and observed (solid line) net creep from 1999 January to 2003 November after having de-trended steady creep. (b) Synthetic (dashed

line) and observed (solid line) net creep from 1999 to 2004.

our best model. Note that the maximum depth for pore pressure to
change by +0.2 bar is about 1.5 km. Such perturbations of pore pres-
sure in high permeable fault zones are thought to be responsible for
precipitation-induced earthquakes (Hainzl et al. 2006; Christiansen
et al. 2007).

Chen & Rau (2003) pointed out that slip rate of the Chihshang
fault varies from 22 mm yr~! at depths of 12-15 km to 42—
64 mm yr~! at depths of 17-21 km by analysing 1487 repeating
earthquakes along the Chihshang fault during 1991-2002. Their
finding implies that prior to the Chengkung earthquake, the slip
rate in the shallower seismogenic zone (12—15 km) is slower than
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that in the lower creeping segment (38.1 mm yr~—' at depths of
0.087-5 km) inferred from our best model and that in the deep
seismogenic zone (17-21 km). This slip rate deficiency in the shal-
low seismogenic zone suggests that a large asperity was embedded
there, which slowed down the slip rate until it broke and generated
the Chengkung earthquake.

7 CONCLUSIONS

This study shows that creep rate variations on the Chihshang fault
occur due to coseismic stress transfer or to seasonal variations of




612  S.-H. Chang, W-H. Wang and J.-C. Lee

Pore pressure fluctuation

—_~
=
p—
Q2
S
=
=)
©
O
D)3
c
O
4
5
o O (o230 o o o O - by

§83333888833885555558

= > L O > = > L QO > = > L QO >

S8 85 00 §$8 TS 03 58 T35 03 5

2322923332932 333292 3

i i i
H O H" B850 H" R85 H"I35
Time
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pore pressure, and that these variations can be explained reason-
ably well on the basis of a rate-strengthening friction law. We have
demonstrated that the rheology of the Chihshang fault may vary at
depth or to have changed at the time of the Chengkung earthquake to
account for the observed variations of creep rate during 1999-2004.
Our best model suggested that frictional parameters and long-term
slip velocities change at depth of 87 m. Above that depth, the fault
zone is characterized by having a large friction coefficient ¢ =
0.84 and high velocity-strengthening friction @ = 1.3 x 1072 but a
smaller long-term slip rate ¥y = 25.9 mmyr~!. Below that, a weak
fault zone is required to have an extremely small friction coefficient
o = 0.19, a smaller rate parameter a = 6.6 x 1073 and a higher
long-term slip rate ¥y = 38.1 mmyr~'. This model not only can
best fit the observed creep data but also agrees well with geologi-
cal observations. Alternatively, a scenario of a sudden increase in
rate parameter from 5.6 x 107 to 6.2 x 1073 at the time of the
Chengkung earthquake can also yield a fair agreement with the ob-
served data. In any cases, fault gouge with a rate parameter of about
7 x 1073 at the deeper creeping fault zone or after the Chengkung
earthquake is required to account for the afterslip following the
Chengkung earthquake. The spatial or temporal change in rate pa-
rameter implies that either the lithologies or physical properties of
the fault rocks vary with depth or the ground shaking at the time of
the Chengkung earthquake was so strong that it loosened or altered
the fault zone and enhanced the velocity-strengthening effect.
Although the creep rate of the Chihshang fault appears to be
highly related to the fluctuations of the groundwater level, there is
no notable deceleration in creep rate as we expect during the dry
period of 2002 to mid-2003. This inconsistency suggests that the

31-Mar-02
31-May-02
31-Jul-02
30-Sep-02
30-Nov-02
31-Jan-03
31-Mar-03
31-May-03
31-Jul-03
30-Sep-03
30-Nov-03
31-Jan-04
31-Mar-04
31-May-04
31-Jul-04
30-Sep-04

The hydraulic diffusivity of the fault zone is assumed to be

real recharging system for the fault zone may be more complicated
than what we assumed in this study.
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