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SUMMARY

1 INTRODUCTION

We explore how Coulomb stress transfer and viscoelastic relaxation control afterslip and after-
shocks in a continental thrust fault system. The 1999 September 21 M,, = 7.6 Chi-Chi shock is
typical of continental ramp-décollement systems throughout the world, and so inferences drawn
from this uniquely well-recorded event may be widely applicable. First, we find that the spatial and
depth distribution of aftershocks and their focal mechanisms are consistent with the calculated
Coulomb stress changes imparted by the coseismic rupture. Some 61 per cent of the M > 2 after-
shocks and 83 per cent of the M > 4 aftershocks lie in regions for which the Coulomb stress in-
creased by >0.1 bars, and there is a 11-12 per cent gain in the percentage of aftershocks nodal
planes on which the shear stress increased over the pre-Chi Chi control period. Second, we find that
afterslip occurred where the calculated coseismic stress increased on the fault ramp and décolle-
ment, subject to the condition that friction is high on the ramp and low on the décollement. Third,
viscoelastic relaxation is evident from the fit of the post-seismic GPS data on the footwall. Fourth,
we find that the rate of seismicity began to increase during the post-seismic period in an annulus
extending east of the main rupture. The spatial extent of the seismicity annulus resembles the calcu-
lated >0.05-bar Coulomb stress increase caused by viscoelastic relaxation and afterslip, and we find
a 9-12 per cent gain in the percentage of focal mechanisms with >0.01-bar shear stress increases
imparted by the post-seismic afterslip and relaxation in comparison to the control period. Thus, we
argue that post-seismic stress changes can for the first time be shown to alter the production of af-
tershocks, as judged by their rate, spatial distribution, and focal mechanisms.

Key words: Time series analysis; Earthquake interaction, forecasting and prediction; Seismicity
and tectonics.

stress shadows do not become evident until 2-3 months after
the main shock. The Chi-Chi main shock was calculated to
promote failure on the rupture planes of most M > 4 after-

Many studies have examined the hypothesis that static stress
changes influence the spatial or temporal distribution of after-
shocks and subsequent large shocks (see reviews by Harris
1998; Stein 1999; King & Cocco 2000; Freed 2005; Steacy et
al. 2005). However, only few such studies have analysed
large thrust earthquakes (Parsons 2002; Lin & Stein 2004; Ma
et al. 2005), and fewer still benefit from the rich seismic cata-
logue (Chang et al. 2000), and dense GPS (Yu et al. 2001)
and accelerometer (Ma et al. 2001) networks in Taiwan.

Ma et al. (2005) argued that the Chi-Chi event exhibits
unequivocal evidence of Coulomb stress transfer in promot-
ing aftershocks, with increases and decreases in the M > 2
seismicity rate corresponding to calculated Coulomb stress
change, although the seismicity rate decreases in the Coulomb

* Formerly at: Institute of Geophysics, National Central University, Chung-
Li, Taiwan.

shocks, and nearly all of the ten M > 6 aftershocks that struck
within the first year were found to be promoted by several
bars by the coseismic stresses. In addition, for large events
such as Chi-Chi, afterslip, lower crust-upper mantle viscoe-
lastic rebound and large aftershocks themselves may cause
measurable post-seismic deformation (Rundle & Jackson
1977; Thatcher 1983; Savage 1990), which we study here.
The seven continuous and 80 campaign GPS stations of Tai-
wan also provide an unprecedented opportunity to study the
post-seismic deformation following the Chi-Chi earthquake.
Here we investigate the role of the coseismic stresses in
promoting the afterslip, and we test whether stresses imparted
by the afterslip and viscoelastic rebound modified the distri-
bution and decay of aftershocks. Although many studies have
proposed such a mechanism (Pollitz et al. 2004; Freed 2005;
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Figure 1. Coseismic slip distribution from (a) Johnson & Segall (2004) from geodetic data, with a thrust ramp and a horizontal décollement at depth of 7.7 km;
the smaller rectangles are the northern segments (b) The 15-month afterslip distribution from Yu et al. (2003), with a ramp segment dipping 26° and a horizon-
tal décollement at 10.4 km. The first 3 months of aftershocks occurring within 3 km of the rupture planes are shown as black dots. (¢c) Map-view of the model
fault geometries; dashed rectangles correspond to the coseismic model; solid rectangles to the post-seismic model.

Freed et al. 2007), none has demonstrated a change in the
aftershock migration, distribution or rate corresponding to
relaxation or afterslip.

2 MODELS AND METHODS

2.1 Coseismic and post-seismic slip models
derived from GPS observations

We calculate the Coulomb stress changes for Chi-Chi co-
seismic slip models obtained by Johnson & Segall (2004)
(Fig. la). The several studies that have illuminated the kine-
matics of the Chi-Chi rupture process (e.g. Ma et al. 1999,
2001; Chi et al. 2001; Zeng & Chen 2001; Ji et al. 2003;
Johnson & Segall 2004; Perfettini & Avouac 2004) contain
consistent features, such as large coseismic displacements in
the northern portion of the Chelungpu fault. Johnson & Segall
(2004) employ a four-plane fault geometry with a subhorizon-
tal décollement located at ' 8 km depth to explain the signifi-
cant GPS deformation observed in central Taiwan (Fig. 2a).

Due to the paucity of GPS stations southeast of the epicentre,
the quality of the model becomes questionable over the
southeastern part of the décollement. These models undoubt-
edly over-simplify the structure of the Chelungpu thrust sys-
tem, which is highly corrugated and might also contain slip
on a shallower décollement in the Chinshui shole as well as
slip on a deep portion of the sub-vertical Shuilikeng fault, as
advocated by Yue ef al. (2005). We nevertheless adopt the
simpler geometry used by those modelling the geodetic and
microearthquake data, so that the inverted coseismic and
postseismic slip are consistent with the source geometry.

We use the afterslip model of Yu et al. (2003), which at-
tributes the first 15 months of observed GPS displacements
exclusively to afterslip (Figs 1b and 2b). Slip is resolved on
four planes with a subhorizontal décollement located at
-10 km depth, covering a much larger area than the coseismic
model (Fig. 1c). Yu ef al. (2003) placed the décollement at 10
km depth, whereas Johnson and Segall (2004) placed it at 8
km; this adds a small complication to our analysis, but the 2
km difference is not resolvable from the geodetic and seismic
data. Yu et al. find two slip asperities, downdip from the main
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Figure 2. (a) Horizontal GPS displacement residuals for the two coseismic models. (b) Observed and modelled displacements during first 15-month post-
seismic period after the Chi-Chi earthquake. Note lack of coverage in the southern part of the décollement.

shock hypocentre and another to the south of the coseismic
slip. By contrast, to the north where the maximum coseismic
displacement occurred, the inferred afterslip is relatively
modest.

The Yu et al. model fits the GPS data on the hanging wall
quite well, but systematically misfits the footwall observations
(Fig. 2b). Because the hanging wall displacements are gener-
ally about four times larger than those on the footwall, models
that minimize the combined rms residuals need not satisfy the
footwall deformation despite the large number of footwall GPS
stations. Only two GPS stations (S027 and YUSN in Fig. 2b)
constrain the location, size and slip in the southern asperity of
Yu et al. Since displacements of ~-10 cm at these stations are
significant, slip to the south of the coseismic rupture is re-
quired, but its location and the slip minima between the north-
ern and southern patches poorly determined.

2.2 Viscoelastic deformation model

We employ VISCOID (Pollitz et al. 2006) in a spherical
layered earth with the viscosity structure (Fig. 3c). Based on
interseismic GPS data, Johnson et al. (2005) inferred a high
asthenospheric viscosity (2.0 x 1019 Pa s) throughout Taiwan
except perhaps beneath Central Range, where the viscosity
could be lower (Sheu & Shieh 2004; Hsu 2004). With the
assumed structure we explore the contribution of viscoelastic
deformation to the observed GPS displacements and Coulomb
stress changes. The surface displacements from viscoelastic
deformation greatly reduces the GPS residuals in the footwall
10-25 km from the Chelungpu fault (blue shaded area in
Fig. 3a). Over the décollement and in the hanging wall, how-

ever, the observed displacements are dominated by afterslip
(Fig. 2b), and the calculated viscoelastic deformation is mod-
est (Fig. 3b). Thus, while viscoelastic deformation is more
subtle than afterslip, both processes are likely active.

Neither the afterslip model of Yu et al. (2003) nor viscoe-
lastic deformation satisfies the observed GPS displacements
within 5— 10 km of the Chelungpu fault on the footwall block
(yellow shaded area in Fig. 3a). A possible explanation for
this misfit could be about 15 c¢cm of post-seismic slip on the
Changhua fault elucidated by Yue ef al. (2005) (blue line in
Fig. 3a).

2.3 Methods

We calculate the Coulomb failure stress (ACFS) resolved onto
specified fault planes inferred from focal mechanisms of M > 4
aftershocks, in which ACFS = At + u'Ao, where Az is the shear
stress change, u' is effective friction coefficient, and Ao is the
unclamping (or normal) stress change (King ef al. 1994; Toda et
al. 1998). Generally u'is modelled in most studies to lie between
0.4 and 0.8. However, there is evidence that highly lubricated
faults or those with large cumulative slip such as the central San
Andreas fault may have u' < 0.2 (Zoback et al. 1987; Toda &
Stein 2002), whereas jagged, anastomosing faults with rough or
cohesive surfaces and little cumulative slip can have x4’ < 0.8
(Parsons et al. 1999; Lin & Stein 2004). We also tested the as-
sumption of constant friction against the isotropic poroelastic
assumption in computing Coulomb stress changes (Beeler et al.
2000; Cocco & Rice 2002), but for reasonable values of dry
friction (0.75) and Skempton’s coefficients (0.5-0.9), the results
were indistinguishable from each other.
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Figure 3. Observed and modelled post-seismic displacements. The footwall (a) and hanging wall (b) vectors are shown separately at different displacement
scales. The inset is at the same spatial scale. Relaxation fits the footwall deformation more than 10 km from the fault well, but has no effect on the hanging
wall, where the displacements are dominated by afterslip. Post-seismic slip on the southern portion of the Changhua fault is also possible. (c) Rheology used for

viscoelastic modelling, based on Johnson ez al. (2005) and Pollitz (2005).

Although driven by a uniform NW-SE regional tectonic
stress (Seno 1977; Hu et al. 1996), Taiwan is traversed by
high-angle reverse and ramp faults, décollements, and strike-
slip faults over a range of depths (Seno 1977; Suppe 1985;
Kao & Chen 2000; Chi & Dreger 2004). The diversity of
faulting styles is reflected in the focal mechanisms, and for
this reason we resolve the Coulomb stress change on several
types of ‘receiver faults’ such as on the nodal planes of focal
mechanisms or on fault surfaces in their rake directions.

3 COULOMB STRESS CALCULATIONS

3.1 Stress change for an idealized
ramp-décollement model

Because the geometry and slip distribution of the Chi-Chi
earthquake are complex, we first illustrate the stress transferred
by a simplified Chi-Chi earthquake on an idealized ramp-flat
thrust fault system (Fig. 4). While the coseismic slip was
greater on the ramp, afterslip is inferred by Yu et al. (2003) to
be greater on the décollement, and so these distributions are
reflected in the idealizations. In addition, most focal mecha-

nisms of the Chi-Chi aftershocks are both thrust and strike-slip,
and so the coseismic stress changes are resolved on both types
of receiver planes. For 30°-dipping thrust faults (upper panels
of Fig. 4), the coseismic slip drops the stress throughout the
upper 15 km, or much of the seismogenic depth.

Since much of the background seismicity occurs on north-
striking left-lateral faults (Seno 1977; Hu et al. 1996; Ma et
al. 2005), we resolve the stress changes on these receiver
planes in the lower panels of Fig. 4. The afterslip tends to re-
load parts of the upper crust (Fig. 4j). Unlike the pattern for
thrust receivers, the stress transfer to strike-slip receiver faults
shows an antisymmetrical distribution, which arises because
the rake of the source fault is perpendicular to the rake of the
receivers (Figs 4d and i).

3.2 Association of aftershocks with coseismic
stress changes

We next calculate the Coulomb stress change using the full
Johnson and Segall (2004) coseismic model. Because the
majority of the aftershock focal mechanisms are consistent
with low-angle thrust slip (Fig. 5a), we use receiver fault
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Figure 4. Coulomb stress changes associated with an idealized Chi-Chi ramp-décollement rupture. (a—) Coseismic stress changes, with higher slip on the
ramp segment compared with décollement. The target depth of 15 km corresponds to the average depth of events in the first 3 months after the Chi-Chi earth-
quake. (d and e) Coseismic stress changes on north-striking left-lateral receiver faults. (f~h) Post-seismic stress changes, with smaller slip on the ramp than the
décollement, resolved on thrust faults. (i and j) Post-seismic stress changes resolved on north-striking left-lateral receiver faults.

planes similar to in the idealized Figs 4(a) and (b), consistent
with the Chi-Chi main shock: 30°dipping thrust faults striking
parallel to the Chelungpu fault with rakes of 80°. The resem-
blance between the idealized and detailed models is evident
(Figs 4a, 5b and c), with the exception that in Figs 5(b) and
(c), we show the Coulomb stress change at the specified
depths. In Fig. 5, we also use different receiver faults in the
two boxed regions dominated by oblique (Pakuashan) and
strike-slip (Fengshan) mechanisms. These assignments are
based on the identified focal mechanism of the largest after-
shock in each region, and the fault plane is distinguished from
the nodal plane from seismicity alignments evident in
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Fig. 5(a). Some 83 per cent of M > 4 earthquakes (denoted in
the figure by focal mechanisms) lie in regions of Coulomb
stress increases of >0.1 bar for the assumed receiver fault
orientations indicated in Fig. 5(a). Some 44 per cent of the
aftershocks above the décollement (Fig. 5b), 70 per cent of
those below (Fig. 5¢) and 61 per cent of total lie in regions of
calculated >0.1-bar Coulomb stress changes.

To further compare the Coulomb stress change and after-
shocks, five cross-sections are presented in Fig. 6 along the
routes shown in Figs 5(b) and (c). Here the stress is resolved
on the dominant local mechanism, which in most cases is a
low-angle thrust fault. Some 74 per cent of the focal mecha-
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Figure 5. (a) Seismicity and focal mechanisms for the first 3 months after the Chi-Chi earthquake (1999 September—December), using the double-difference
algorithm of Waldhauser & Ellsworth (2000). There are 1534 and 2895 M > 2.0 events above and beneath the décollement, respectively. The focal mechanisms
were acquired by moment tensor inversion of waveforms recorded by the Broadband Array in Taiwan for Seismology (BATS) (Kao et al. 2002). The star
denotes the epicentre of the Chi-Chi main shock. (b) Coseismic Coulomb stress change on the depth of 3.5 km. (c) Coseismic Coulomb stress change on the
depth of 19 km. The black rectangles within green focal mechanisms mark the presumed fault planes on which stress is resolved in the Pakuashan and Feng-
shan regions. The Coulomb stress increased by >0.1 bar on 82 per cent of the focal planes shown in (a).

nisms of M > 4 aftershocks lie in regions of >0.1 bar Cou-
lomb stress increase. Nevertheless, many M > 2 aftershocks
lie above the décollement, where the Coulomb stress on 30°-
dipping thrust faults is calculated to have decreased. These
earthquakes would only be consistent with stress transfer if
they struck on faults with different orientations, such as hori-
zontal décollements (as shown for the idealized Chi-Chi rup-
ture in Fig. 4c). Because we lack focal mechanisms for most
of the M > 2 shallow aftershocks, this question is unresolved.

3.3 Stress change on aftershock nodal planes

As an alternative assessment of the efficacy of the stress
changes in promoting aftershocks we examine the percentage
of aftershock nodal planes with stress increased by the co-
seismic slip (Fig. 7), following Hardebeck et al. (1998). Be-
cause of the nodal plane uncertainty for the aftershocks, this
calculation is unambiguous only for the shear stress change,
or if we assume the friction is very low. What matters in these
comparisons is the gain in the percentage of positively
stressed mechanisms, which is tallied to the right of the
graph, rather than the absolute numbers. We compare the
percentage of stress increases on focal mechanisms during the
53-month period before Chi-Chi (the control period) to the
period 3—15 months after the Chi-Chi main shock (the test
period), and find a 12 per cent gain for aftershocks with shear
stress increases >0.1 bars (Fig. 7a), and a 11 + 3 per cent gain
for Coulomb stress increase of >0.1 bars (Fig. 7b). For the
Coulomb stress changes, we assume x4 = 0.4, and randomly
choose one nodal plane of each pair in 10 realizations, and
then report the mean and standard deviation. We use the pe-

riod 3-15 months post-Chi Chi because Ma et al. (2005)
found that the first 3 months did not show seismicity rate
drops in the stress shadows and so might be dominated by
dynamic stress or shaking effects, and because post-seismic
surveys conducted 15 months after the main shock were used
to develop the afterslip model.

Thus this study and its forerunner, Ma et al. (2005), dem-
onstrate that even when the source geometry and slip distribu-
tion are complex, Coulomb stress transfer is correlated with
the distribution of aftershocks and their focal mechanisms.
The next question we tackle is whether the stresses also gov-
ern the afterslip.

3.4 Coseismic stress change resolved
on the post-seismic surface

To understand the influence of coseismic stress change on
afterslip, we calculate the stress imparted by the coseismic
slip of the Johnson and Segall (2004) (Fig. 8) on the ramp and
décollement. This calculation would be straightforward if the
afterslip occurred exclusively off the coseismic rupture, such
as on its downdip or along-strike extensions. However parts
of the coseismic slip surface are inferred by Yu et al. (2003)
to have slipped further during the post-seismic period, and the
coseismic slip discontinuities cause large local stress changes
on the fault. We thus smoothed the stress changes with a
Gaussian nearest-neighbour filter, iterated as specified in
Table 1. Johnson & Segall (2004) use an 8-km depth for the
décollement, whereas Yu et al. (2003) use 10 km. The differ-
ence is beyond the resolution of the geodetic data, and so we
calculate stress changes within a layer extending from 3 km
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spond the local focal mechanisms, with a white vertical band dividing this composite section. The percentage of aftershocks in the >0.1-bar Coulomb stress

change regions is given in the upper right of each panel.

above to 3 km below the ramp and décollement. In other
words, at every horizontal position, we report the average
stress change calculated over a depth range within 3 km of the
fault; this diminishes the importance of the uncertainty in the
depth of the décollement. The resulting stress changes are still
far from smooth, making comparisons of coseismic stress to
afterslip qualitative.

The coseismic slip causes a shear stress increase downdip
of the hypocentre, and a shear stress decrease on the upper 5
km of the ramp (Fig. 8b). Afterslip apparently extends nearly

185

to the ground surface, where the coseismic slip is calculated
to cause unclamping and a shear stress decrease (Figs 8b and
c). We find a positive correlation between coseismic shear
stress increase and post-seismic slip on 60 per cent of the
décollement surface; a positive correlation is found between
coseismic unclamping and post-seismic slip on 67 per cent of
the ramp surface.

The Coulomb stress changes imparted by the coseismic
slip could thus have at least partly driven the afterslip if the
effective friction on the décollement surface, u', were very
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low. Independent evidence suggests that because décollement
surfaces are not optimally aligned in a compressive tectonic
regime, they can only slip if they possess very low friction,
caused either by layer interbeds, extensive gouge zones, or
high-pore fluid pressure (Barr & Dahlen 1989; Byrne &
Fisher 1990), and so this inference may be reasonable.

3.5 Post-seismic stress change associated
with post-seismic seismicity

Next we seek to understand whether stress changes induced
by the afterslip and post-seismic deformation alter the seis-
micity rate and its distribution. In other words, to what extent
is the aftershock sequence anomalous once afterslip and vis-
coelastic relaxation have progressed. To isolate aftershocks
with a decaying frequency from the presumably more steady
background seismicity, we create a projected aftershock rate
map using earthquakes above the magnitude of completeness,
M.. For the 50-month pre- and post-Chi Chi periods, M, < 2
in the interior of Taiwan; M, < 3 for regions within about 100
km of the coastline (Ma et al. 2005). To capture a sufficient

Table 1. The number of smoothing passes specified on each fault surface in
Fig. 8. Every point is averaged with the value of its eight neighbours itera-
tively.

Coseismic shear stress change Coseismic unclaming stress change

Ramp Décollement Ramp Décollement

5 20 5 10

number of earthquakes with these magnitudes, we use 50 km
x 50 km cells.

We first subtract the 50-month pre-Chi Chi seismicity rate
from the rate observed during the first 3 months of after-
shocks to remove the steady background seismicity. This step
is important for sites far from the Chi-Chi main shock where
the background rate is high and there are few aftershocks. We
then fit the decay in each cell to the 3—15 month residuals,
using modified Omori’s law (Utsu 1961), solving for the
decay exponent p, which is generally found to be about 1.0,
and for the ¢ term in n(t) = k/(c + £)¥, where n is the number
of aftershocks in a cell. A representative time series for one
cell is shown in Fig. 9(a). In Fig. 10, we plot the seismicity
rate change, the ratio of the rate 15-53 months to 3-15
months after the Chi-Chi earthquake. The resulting p values
are given for each cell. Because we are taking a ratio of late
to early aftershock rates, the productivity term k falls out;
since ¢ is thought to originate from catalogue incompleteness
immediately after the main shock, we do not report it here.
Sites with p ~ 1, which extend up to 100 km from the fault,
experienced a rapid decay of aftershock frequency during the
first 3 months. Sites with p ~ 0 exhibited steady seismicity
rates with no discernable aftershocks.

The observed late aftershock sequence is shown in
Fig. 10(b); this is simply the observed ratio of the rate 15-53
to 3—15 months after the Chi-Chi main shock. The distribu-
tion shows a broad seismicity rate drop in central Taiwan
region centred on the Chi-Chi décollement, consistent with
aftershock decay during the first 15 months (Fig. 10a). How-
ever, there is a semi-annulus of seismicity rate increases ex-
tending east of the main shock labelled ‘E. offshore annulus’
in Fig. 10(b), as well as a cell 50 km north of the northern end
of the fault rupture which also experienced a seismicity rate
increase. Only 3—4 of the 12 cells with observed increases are
associated with M > 6 shocks that occurred 15-53 months
after the main shock. In contrast to the aftershock decay near
the fault rupture, the time series in the East offshore annulus
100200 km from the main shock (Fig. 10b), exhibits no
decay during the post-seismic period (Fig. 9b). Instead, an
increase in seismicity rate is observed from 2000 onward,
punctuated by several M > 6 shocks in 2002—2004. During the
first 3 months, six out of the seven measurable cells in the E.
offshore annulus exhibited rate decays, whereas all show rate
increases afterwards. Further, even annulus cells several hun-
dred kilometres from the M > 6 shocks show rate increases.
Thus, we argue that this broad annulus of seismicity rate
increase is associated with the post-seismic stressing.

The observed departure from Omori decay resembles the
calculated stresses imparted by afterslip and relaxation in Figs
10(c) and (d), particularly for regions off the main fault rup-
ture. The East offshore annulus is expected to be the site of
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thrust earthquakes, and both thrust and strike-slip faults
should experience stress increases both northeast and north of
the rupture, in accord with the observed seismicity rate in-
creases (Fig. 10b) and observed focal mechanisms (Figs 10c
and d). The target depth of 20 km used in Figs 10(c) and (d) is
consistent with the average depth of earthquake hypocentres.
The depth and focal mechanism-dependence of these patterns
can be judged from idealized cross-sections of Figs 4(g) and
(j)- The offshore seismicity increase was accompanied by four
M > 6 shocks; these shocks could have been promoted by the

stress increase, and they undoubtedly contribute to the seis-
micity rate increase. The decrease in Coulomb stress over the
décollement is also evident in Figs 10(c) and (d).

There is fair correspondence between the calculated post-
seismic Coulomb stress changes with focal mechanisms in
Figs 10(c) and (d), with 59 per cent of the strike-slip mecha-
nisms and 73 per cent of the thrust mechanisms after 2000
December occurring in regions of expected Coulomb in-
crease. Further, the Coulomb stress change on strike-slip
faults is increased in 54 per cent of the area in East offshore
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tion but is about 15 per cent higher.

annulus by post-seismic processes, and 76 per cent of the
annulus is enhanced for thrust faults. Table 2 gives the shear
stress change on the M > 5.5 mechanisms that took place after
the first 15 months; since the fault plane cannot be distin-
guished from the nodal plane, the unclamping stress is am-
biguous and so the Coulomb stress is uncertain. About 57 per
cent of these events are calculated to have sustained coseis-
mic+post-seismic shear stress increases.

We also tested the percent of aftershock focal mechanisms
with shear stress increases imparted by the afterslip and re-

laxation, and find increases of 9—12 per cent over the pre-Chi
Chi control period (Fig. 11). In Fig. 11, it is also evident that
the percentage of encouraged mechanisms increases with time
following the main shock, as would be expected since after-
slip and relaxation occur over a period longer than 15 months.
In contrast, the percentage of mechanisms encouraged by the
coseismic stresses drops by 4-10 per cent after the first 15
months, reinforcing our inference that the stresses evolve over
time. For the Coulomb stress the increase is not significant (3
+ 3 per cent) perhaps because of the nodal plane ambiguity,
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Table 2. The shear stress change resolved on the nodal planes of the M > 5.5 aftershocks that struck during the period 15-53 months after the Chi-Chi main
shock. Some 57 per cent of shocks are associated with net coseismic plus post-seismic shear stress increases, and 86 per cent are associated with post-seismic
shear stress increases alone. The unclamping stress cannot be determined with confidence because of nodal plane ambiguity. The focal mechanisms were
acquired by moment tensor inversion of waveforms recorded by the Broadband Array in Taiwan for Seismology (BATS) (Liang et al. 2003, 2004).

No. Time (yr/month/d)  Latitude (°)  Longitude (°)  Depth (km)  Strike (°) Dip(°) Rake(°) Coseis. Acgs (bars)  Postesis. Ao (bars)
1 2001/06/14 24.42 121.93 28 85 48 -25 -0.219 -0.077
2 2001/12/18 23.87 122.65 12 231 56 -9 0.119 0.033
3 2002/05/15 24.65 121.87 17 20 49 167 -0.033 0.006
4 2002/05/28 23.91 122.40 27 312 37 154 0.037 0.077
5 2003/06/09 24.40 121.99 22 225 26 121 -0.027 -0.043
6 2003/06/10 23.52 121.67 29 9 47 66 -0.321 0.065
7 2003/12/10 23.10 121.34 20 23 42 104 -0.058 0.186
8 2004/05/08 21.96 121.49 24 178 28 100 0.011 0.003
9 2004/05/19 22.70 121.39 19 338 39 20 0.093 0.033
10 2004/11/08 23.85 122.58 21 359 30 -140 0.047 0.291
11 2005/03/05 24.67 121.85 19 270 66 -10 -0.107 0.019
12 2005/09/06 23.97 122.23 27 329 34 162 0.027 0.065
13 2006/04/01 22.83 121.12 22 92 70 165 -0.070 0.026
14 2006/04/15 22.85 121.31 18 348 45 52 0.089 0.044

or because fault friction is lower than the tested value of 0.4
(Fig. 11b).

4 DISCUSSION AND CONCLUSIONS

4.1 Coseismic and post-seismic slip in crustal
unloading and reloading

Stress is imparted to the crust surrounding the Chelungpu
fault from three sources: the coseismic slip, aftershocks, and
post-seismic processes including afterslip and relaxation. The
relative magnitudes of these sources can be gauged in Fig. 12,
which makes clear that afterslip alone contributes more seis-
mic moment than aftershocks. Afterslip carries 3.5 the mo-
ment of the largest (M > 6) aftershocks. Including M > 4
shocks increases the moment of the aftershocks by 15 per
cent, to 1.7 x 10" Nm. For a b-value near 1, afterslip contrib-
utes about 2.5 times the moment of all aftershocks.

The Coulomb stress imparted by slip on a ramp-décollement
system is quite unlike that of a continental blind thrust fault (Lin
& Stein 2004) or subduction megathrust (Hsu e al. 2006) be-
cause the upper crust (<8—10 km depth) is brought farther from
failure while the crust beneath the décollement is brought closer
to failure (Fig. 4b). Afterslip on the décollement acts to reload
the upper crust (Fig. 4g). In contrast, blind thrust faults without
décollements tend to increase the failure stress in the upper crust
coseismically, producing diffuse and highly productive after-
shock sequences (Lin & Stein 2004).

4.2 Role of coseismic slip in controlling after-
shocks

Extending the study of Ma et al. (2005), we find that the coseis-
mic Coulomb stress changes are correlated with the distribution
of aftershocks both in map view (Fig.5) and cross-section

(Fig. 6). The analysis is complicated by the diversity of focal
mechanisms and faulting regimes, but when we resolve stresses
on planes corresponding to the principal focal mechanisms in
each region, the association of seismicity and calculated Cou-
lomb stress change is evident with correlation coefficients span-
ning 49-94 per cent. Calculating the stress imparted to after-
shock nodal planes, we find that the percentage of focal mecha-
nisms for which the Coulomb stress increased by >0.1 bar as a
result of the main shock rose by 11 £ 3 per cent over a control
period before the main shock (Fig. 7b).

4.3 Co-location of afterslip with décollement
seismicity

As reported by Yu ef al. (2003), afterslip extends downdip
from the peak coseismic slip, covering a larger area of the
décollement. During the period of measured afterslip, after-
shocks are concentrated where the afterslip is high (Fig. 1b).
This zone of seismicity is also at the periphery of the coseis-
mic slip (Fig. 5a), and so it is not clear whether aftershocks
occur where the stress imparted by the coseismic slip is high,
or where the afterslip is high, or both.

4.4 Role of low décollement friction in
promoting afterslip

We argue that the coseismic stress changes drive the occur-
rence of afterslip. While we have used an intermediate value
for the fault friction of p' = 0.4 for the stress resolved on
nodal planes of M > 4 focal mechanisms, we find that slip on
the décollement and the base of the ramp is best correlated
with the shear stress change, implying p' ~ 0.0 (Fig. 8). Thus
because a horizontal surface must be profoundly weak to slip,
the décollement may exhibit unique properties in comparison
to the surrounding crust.
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4.5 Simultaneous and viscoelastic deforma-
tion processes

Departing from Yu et al. (2003), we argue that the post-
seismic GPS displacements on the footwall are systematically
misfit by afterslip alone. When viscoelastic relaxation is also
included, the footwall residuals are greatly reduced (Fig. 3),

and the hangingwall residuals are little affected. Relaxation is
not confined to the footwall; rather, over the décollement
surface GPS displacements from afterslip dwarf displace-
ments associated with relaxation. In subduction zones, the
footwall is under water and so its deformation is never meas-
ured, rendering the most distinctive signal of relaxation unob-
tainable for most megathrust earthquakes.
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4.6 Aftershock decay departs from the initial
distribution following afterslip and relaxa-
tion

After most of the measured afterslip had taken place, the
observed aftershock rates departed from that projected from
the initial 3 months of decay. The seismicity rate in the E.
offshore annulus increased, incompatible with - or unrelated
to - Omori decay (Fig. 10b). The observed increases corre-
spond spatially to the stresses imparted by afterslip and re-
laxation (Figs 10c and d), and the percentage of focal mecha-
nisms brought closer to failure by the afterslip and relaxation
rose by 9-12 per cent over a control period before the main
shock (Fig. 11). The M > 4 aftershocks beginning 15 months
after the Chi-Chi main shock are correlated with the calcu-
lated Coulomb stress changes imparted by viscoelastic relaxa-
tion and afterslip at the level of 59-73 per cent (Fig. 10c—d).
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