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ABSTRACT

On 4 March 2008, a moderate earthquake (M; = 5.2) occurred in southern Taiwan and named as the Taoyuan earthquake,
preceded by foreshocks and followed by numerous aftershocks. This earthquake sequence occurred during the TAIGER
(TAiwan Integrated GEodynamics Research) controlled-source seismic experiment. Consequently, several seismic networks
were deployed in the Taiwan area at this time and many stations recorded this earthquake sequence in the near-source region.
We archived and processed near-source observations to determine the fault orientation. To locate the events more accurately,
station corrections, waveform cross-correlation to pick seismic phases, and a double-difference earthquake location algorithm
were used to compute earthquake hypocenters. Over a 50-hour recording period, beginning half an hour before the start of the
main shock, 2340 events were identified within the earthquake sequence. The identified aftershocks reveal a clear fault plane
with a strike of N37°E and a dip of 45°SE. This plane corresponds to one of the focal mechanism nodal planes determined by
the Broadband Array in Taiwan for Seismology (BATS) (strike = 37°, dip = 48°, and rake = 96°). Based on the main shock
focal mechanism, the aftershock distribution, and the regional geological reports, we suggest that faulting on the northern
extension of the major regional active fault, the Chishan Fault, caused the Taoyuan earthquake sequence.
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1. INTRODUCTION

On 4 March 2008, at 17:31 (UTC) a moderate earth-
quake (M, 5.2) occurred in southern Taiwan near the south-
western part of the Taoyuan District of Kaohsiung City. The
earthquake is referred to as the Taoyuan earthquake in this
study. A regional seismic network, the Central Weather Bu-
reau Seismic Network (CWBSN), composed of three-com-
ponent digital short-period seismic stations covering all of
the Taiwan area, recorded this earthquake sequence (Fig. 1).
This event consisted of a number of foreshocks and numer-
ous aftershocks after the main shock, including three events
with magnitudes greater than 4 (Lin 2010). However, the
aftershock distribution from the CWBSN revealed insuffi-
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cient resolution to identify the fault structure. Many small
events had computed locations with high uncertainties that
were determined using limited near-source stations (Fig. 1).
Fortunately, the earthquake sequence occurred during the
TAIGER (TAiwan Integrated GEodynamics Research)
controlled-source seismic experiment (Okaya et al. 2009).
Consequently, several seismic networks were deployed in
the Taiwan area at this time to monitor TAIGER explo-
sions and many stations recorded the earthquake sequence
at close range.

We archived all available near-source seismic records
from this period and processed them together for this study.
We employed waveform cross-correlation analysis (Yang
et al. 2009) and a double-difference earthquake location
algorithm (Waldhauser and Ellsworth 2000) to determine
the relative arrival times, improve the event locations and
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examine the rupture plane. The spatial distribution of af-
tershocks and the attitude of the rupture fault plane were
determined from these analyses. The implications of these
results for moderate earthquake fault processes and related
earthquake source physics are discussed.

2.DATA

On 4 March 2008 the TAIGER controlled-source seis-
mic experiment was underway. More than 500 seismom-
eters were deployed on the island of Taiwan to observe the
TAIGER explosive sources. The Taoyuan earthquake and
its aftershocks were recorded by those seismometers. We
collected all available near-source seismic observations of
this event from several seismic networks deployed by dif-
ferent institutes (Fig. 1). These networks included: (1) the
Broadband Array in Taiwan for Seismology (BATS), a
permanent network operated by the Institute of Earth Sci-
ences (IES), Academia Sinica; (2) two portable arrays of
broadband instruments deployed by the National Center for
Research on Earthquake Engineering (NCREE) and Nation-
al Chung Cheng University (NCCU); (3) a portable linear
array across southern Taiwan with broadband instruments
from both the IES and IRIS PASSCAL instrument center
deployed during the TAIGER project, named as IES and
TAIGER (BB), respectively in Fig. 1; and (4) a temporary
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array equipped with a RefTek RT-125A (Texan) Datalog-
ger and 4.5 Hz geophones deployed by the TAIGER project
[named as TAIGER (TEXAN) in this study] and distributed
at a spacing of ~2 km in a north-south direction. The nearest
seismometer to the epicenter of the main shock was about
2.5 km away. We processed seismic data from all available
near-source stations within the area delimited by latitudes
of 23.0° and 23.5°N, and longitudes of 120.4° and 121.0°E,
as shown in Fig. 1.

The seismic instruments were operated in a continuous
recording mode. The sampling intervals were 0.004 sec for
the Texan instruments and 0.01 sec for all others. All records
between 17:00 on 4 March 2008 (half an hour before the
main shock) and 20:00 on 6 March 2008 (total duration of
51 hours) were retrieved. The seismic waveforms collected
from the dense near-source seismic stations provide high-
quality data for locating small-magnitude events. However,
the large amount of data selected for this study required au-
tomated processing. To retrieve additional events from the
CWBSN catalog, several automatic data-processing tech-
niques were employed for data picking and event location
in this study.

3. ANALYSIS AND RESULTS

To process the large amount of digital seismic data,
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Fig. 1. Seismic events of the 4 March 2008 Taoyuan earthquake sequence reported by the CWBSN, and the locations of seismic stations used in this
study. The seismic network names are listed as abbreviations in the symbol legend and their full names can be found in the text. The seismic events
are plotted as circles with their sizes corresponding to their magnitudes, as listed in the figure legend. The moment tensor solutions for three major

events of this earthquake sequence, determined by BATS, are also shown.
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Antelope software (Antelope User Group 2014) developed
by Boulder Real-Time Technologies was employed. This
software package provides various tools for data manage-
ment and analysis. To analyze seismic events, a relational
database must first be built within the Antelope system. The
database contains both metadata and waveform data. The
Antelope package provides a series of routines to identify
arrivals, locate hypocenters and relocate events.

The continuous seismic traces were processed using
Antelope to identify seismic phases and identify arrival
times. Preliminary event locations were easily determined
using a single event method of least-squared residuals
(Lee and Lahr 1975; Klein 1978; Lahr 1989) using a 1-D
velocity structure derived from Chen (1995). The velocity
structure is shown in Table 1. After preliminary processing,
2340 events were identified within a 51-hour data window
that began half an hour before the onset of the main shock
(Fig. 2a). The time uncertainties were manually examined
for each seismic phase. The estimated uncertainties ranged

from 0.01 - 0.5 sec for P-wave arrivals and 0.05 - 0.8 sec
for S-wave arrivals. Each arrival was weighted based on its
uncertainty and hypocenter distance. The station corrections
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Table 1. 1-D velocity model used for this study.

Depth (km) P-wave velocity (km sec™)

0 352
2 442
4 520
9 5.81

13 6.14

17 64

25 6.88
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35 7.70
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Fig. 2. Relocated hypocenters of the earthquake sequence from (a) the preliminary catalog obtained using Antelope, (b) the revised catalog from
Antelope using station corrections, and (c) the relocated catalog obtained from the hypoDD algorithm. The event distributions are shown in map
view (first row) and two cross-sections. The cross-sections A - A’ (second row) and B - B’ (third row) show the vertical planes in the N37°E and
N53°W directions, respectively. The star symbol indicates the main shock hypocenter on each panel.
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were calculated using the average value of all travel time
residuals at each station. The station corrections were used
to relocate the preliminary events as shown in Fig. 2b.

Located events were examined using the relative earth-
quake relocation technique (Waldhauser and Ellsworth
2000) to improve their relative spatial locations. Relocated
hypocenters with the following criteria were examined: (1)
the number of both P and S arrival time readings are greater
than or equal to 8, (2) event location uncertainties on both
horizontal and vertical components are smaller than 1 km,
and (3) the event origin time error is less than 1 sec.

The differential arrival times were further evaluated us-
ing waveform cross-correlation analysis of selected events.
The cross-correlation measurements were conducted using a
velocity waveform with a 1.0 sec time windowanda 1 - 15Hz
band-pass filter. In this study, clustered events were select-
ed for further analysis if their normalized cross-correlation
coefficient for the seismic waveform was larger than 0.85.
Finally, after removal of poorly linked events, 990 events
were successfully relocated and clustered in several groups
(Fig. 2c). The clustered events have similar waveforms,
which may indicate that the events are close in space and
may have similar focal mechanisms (Fig. 3).

Figure 2 shows map views and two cross-sections of
the located events, as obtained over three steps. Two vertical
cross-sections were selected to present the fault orientation of
the 4 March 2008 Taoyuan earthquake sequence. Figure 2a
shows the 2340 events from the preliminary catalog ob-

tained using Antelope software. Figure 2b shows the same
events relocated using Antelope software with the inclusion
of station corrections. Figure 2c shows the relocated events
using the double-difference algorithm (named hypoDD in
this study) proposed by Waldhauser and Ellsworth (2000).
The A - A’ cross-section in the second row of each column
is oriented in the N37°E - S37°W direction, which corre-
sponds with one of the fault strike directions from the main
shock focal mechanism determined by BATS (Fig. 1). The
B - B’ cross-section, in the third row of each column, is
oriented perpendicular to the A - A’ cross-section and in the
N53°W - S53°E direction.

Shown in Fig. 2, all located events show cloud patterns
around the main shock. Aftershock locations extend approx-
imately NE on the map view. In Fig. 2a, on the map view,
aftershock locations extend along the N20°E direction be-
tween 120.68° and 120.73°N. On the A - A’ cross-section,
seismicity is concentrated in a rectangular area extending
2 - 8 km horizontally and 9 - 14 km in depth. For the B - B’
cross-section, seismicity is focused between 4 - 10 km hori-
zontally and between 8 - 14 km in depth. Figure 2b shows
the same events relocated using Antelope software based
on the computed station corrections. The relocated locations
provide an improved image of the main shock rupture plane.
On the map view, the aftershocks are concentrated along the
N30°E direction. Compared with Fig. 2a the seismicity is
shifted to the east. Events plotted on the A - A’ cross-section
are divided by the main shock into two major groups on the
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Fig. 3. Aligned vertical-component velocity records for the Taoyuan earthquake sequence recorded at stations (a) 63023, (b) N220, and (c) TGD13.
The distance between the main shock epicenter and each station is listed beside the station name. Locations of the three selected stations are shown
in Fig. 1. Events are ordered in time with the event origin time listed on the left of the seismic trace panels.
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left and right hand sides of the figure. Based on the B - B’
cross-section, aftershocks are estimated to have occurred on
an approximately 45°SE dipping plane with a depth range
between 8 - 13 km. Figure 2c shows the events that were re-
located using the hypoDD algorithm. Relocated aftershocks
show a dense spatial cluster. The aftershocks delineate a
clear fault strike of N37°E on the map view and a dip of
~45°SE, ranging in depth between 9 - 13 km on the B - B’
cross-section. The A - A’ cross-section shows a clear fault
plane with two major groups of cluster events (left and right
hand sides of the main shock in the figure) and a seismic gap
beneath the hypocenter of the main shock.

For comparison, we selected the aftershock sequence
reported by the CWBSN catalog in the same region as shown
in Fig. 2 and for the same time period (a 51-hour data win-

(a) 120.65°  120.7°  120.75°

dow beginning half an hour before the main shock onset).
During this period, 754 events were located by the CWBSN
in this region. Despite limited near-source stations (Fig. 1),
the number of events determined by the CWBSN is only
slightly smaller than the number of events (990 events) de-
termined using the hypoDD algorithm in this study. Figure 4
shows both event distributions reported by (a) the CWBSN
and (b) the hypoDD algorithm for this region. In this figure,
both the map views and two cross-sections are plotted us-
ing the same parameters used in Fig. 2. However, there is a
significant difference in the event distributions between the
CWBSN and the hypoDD catalogs. Compared with the hy-
poDD locations, the resolved epicenters from the CWNSN
catalog are systematically shifted 1 km to the NW. For the
along-strike direction (A - A’), the plotted event distribution
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Fig. 4. Map view and cross-section views of relocated hypocenters of the earthquake sequence from (a) the CWBSN catalog and (b) the relocated
catalog using the hypoDD algorithm. For the bottom plots, the gray circles indicate the locations of the largest foreshock (f), the main shock (M), and
the largest aftershock (a) of this earthquake sequence. The moment tensor solutions for the three major events determined by BATS are also shown.
The plot parameters for the cross-sections are the same as in Fig. 2. For cross-section B - B’, focal mechanisms are plotted relative to the side view.
Locations of the three major events plotted in Fig. 4b have been relocated using the hypoDD algorithm.
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from the CWBSN catalog is more scattered than that from
the hypoDD catalog. No clear relationship exists between
the major events and the aftershocks from the CWBSN
catalog (Fig. 4a). However, the aftershocks show clear spa-
tial groups from the hypoDD catalog (Fig. 4b). The region
beneath the main shock hypocenter also shows a seismic
gap of aftershocks. Figure 4 includes the focal mechanisms
of three major events within this earthquake sequence from
BATS. Based on the aftershock distribution the fault plane
appears to dip southeast, as observed for one nodal plane of
the BATS focal mechanisms. Along the B - B’ profile, the
major events are located within the aftershock cloud from
the CWBSN catalog. However, the aftershocks are system-
atically located on the hanging wall side of the main shock
fault plane according to the hypoDD catalog. The angle of
dip plane computed from the hypoDD algorithm is slightly
smaller than that from the CWBSN.
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4. DISCUSSION

The aftershock distribution is widely used to identify
the main shock rupture plane. Previous studies have ex-
tracted details of the primary (main shock) and secondary
fault structures based on how precisely the aftershocks are
located (Liu et al. 2003; Bannister et al. 2006). To esti-
mate CWBSN the location accuracy and that of the dense
near-source array used in this study, three error estimates
were used: (1) the error in the horizontal distance (ERH),
(2) the error in depth (ERZ), and (3) the root-mean-square
(RMS) of the travel time residuals (Flinn 1965; Lee and
Lahr 1975). Figure 5 shows histograms of the three error
estimates for the CWBSN and for the preliminary catalog
obtained using Antelope software. Figures 5a and b show
the error estimates for the CWBSN and Antelope catalogs,
respectively. The estimated average values for ERH, ERZ,
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Fig. 5. Histograms of statistic event location errors from (a) the CWBSN catalog and (b) the preliminary Antelope catalog from this study. Panels are
arranged in three rows corresponding to distance errors in the horizontal plane (ERH), distance errors in the vertical plane (ERZ), and the averaged

root-mean-square errors (RMS) of travel time residuals, respectively.
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and RMS are listed in Table 2. For the Antelope catalog, an
estimated 91% of the ERH and 83% of the ERZ are con-
centrated between O - 0.3 km. The small averaged errors
and deviations imply that both the epicenter and the depth
in this catalog are well constrained. Based on its smaller
errors and approximate RMS, we suggest that the prelimi-
nary catalog determined using the Antelope software can
provide high spatial aftershock distribution resolution for
the 4 March 2008 Taoyuan earthquake sequence. Despite
the limited number of CWBSN near-source stations used to
locate this earthquake sequence, the earthquake location er-
rors from the CWBSN were less than 0.75 km in this region
and may be the same for other instruments on the island of
Taiwan. One reason for the strength of the results from the
CWBSN instruments may be the experience of this group
in arranging regional networks and monitoring local earth-
quakes from the Taiwan region.

For a moderate earthquake, the earthquake moment ten-
sor can be well resolved using seismic waveform inversion
based on the point source assumption (Zhu and Helmberger
1996). However, the fault slip area is small in size and there
are limited waveform discrepancies to determine the rup-
ture plane. The fault rupture plane of a moderate earthquake
is also difficult to resolve from the aftershock distribution,
which are themselves located using a regional seismic net-
work. Hence, the detailed rupture processes for moderate
events are rarely reported. However, a few previous studies
reported on complex faulting processes for moderate events.
Mori (1996) studied the foreshock (M,, 4.3) source processes
of the 1992 Joshua Tree Earthquake (M,, 6.1) and concluded
that a high static stress drop in this foreshock, from a rup-
ture, propagated toward the hypocenter of the main shock.
Yang et al. (2009) relocated aftershocks and determined
the fault plane of the 18 April 2008 Mount Carmel, Illinois
earthquake. They concluded that the aftershock distribu-
tion was consistent with focal mechanism solutions for the
main shock and the four largest aftershocks. Allmann and
Shearer (2007) identified a high-frequency secondary event
buried on the rupture plane of the 2004 Parkfield earthquake
and concluded that this event was located near the edge of
a large asperity. It is recognized that detailed observation
and analysis of moderate events should be helpful for un-
derstanding the fine structure of source ruptures and the
micro-behaviors of earthquake sources physics (Mori 1996;
Yang et al. 2009). Such analyses can provide significant in-
formation relevant to debates on source scaling, stress drop
and initial phases. The relocation of dense near-source array
observations in this study enhanced the spatial resolution
of the aftershock distribution for the Taoyuan earthquake.
This study is an example of moderate earthquake detailed
aftershock analysis. It provides an opportunity to study the
detailed rupture processes and stress distributions for mod-
erate earthquakes in the future.

Liu et al. (2003) proposed that most aftershocks proba-

bly do not occur directly on the rupture plane and that struc-
tural complexity appears to correlate with a greater relative
abundance of small earthquakes. Analyses from the present
study indicate that the aftershock distribution of the 4 March
2008, Taoyuan earthquake is consistent with focal mecha-
nism solutions for the main shock, foreshock and the largest
aftershock, and occur along the same fault plane. Further-
more, Fig. 6 shows the epicenter distribution and a profile of
the hypocenters along the N53°W direction obtained from
the hypoDD relocation. The distribution of relocated after-
shocks along the profile shows a dip of ~45°SE. This result
matches with one of the focal mechanism nodal planes de-
termined by BATS (strike = 37°, dip = 48°, and rake = 96°).
We suggest that this inferred plane (strike N37°E and dip
45°SE) is the fault plane of the main shock. In this region
only the Ne-In Fault is identified as an active fault and its
rupture has been proposed as a candidate for this event. The
Ne-In Fault connects with the northern extension of the Ch-
ishan Fault, an oblique reverse fault with a NE - SW strike
(Lin et al. 2009). We suggest that the faulting on the north-
ern extension of the regional major active fault, the Chishan
Fault, may have caused the Taoyuan earthquake sequence.
However, in the profile of Fig. 6 we plotted a solid line with
a dip angle of 45° through the main shock hypocenter to the
ground surface. This line does not match the surface loca-
tion of the Ne-In Fault but falls to its west. The mismatch
may be due to a bending of the Ne-In Fault plane (dashed
line in the figure) near the surface.

5. CONCLUSIONS

The fault orientation of the 4 March 2008 Taoyuan
earthquake has been successfully imaged based on dense
near-source seismic observations. The aftershocks delineate
a clear fault with a strike of N37°E and a dip of 45°SE,
which agree with the focal mechanisms determined us-
ing moment tensor inversion. Based on the inferred fault
plane and a regional active fault survey, we suggest that this
earthquake sequence can be attributed to faulting related to
the Ne-In Fault, a northern extension of the Chishan Fault.
Using waveform cross-correlation and double-difference
earthquake location techniques, this earthquake sequence
has been well resolved using dense seismic observations.

Table 2. Error estimates of the averaged ERH, ERZ, and RMS
from the CWBSN catalog and the Antelope preliminary cata-
log for the Taoyuan earthquake sequence.

CWBSN catalog Antelope catalog
ERH (km) 0.62+0.52 020+041
ERZ (km) 0.73 £048 024 +0.33
RMS (sec) 0.13 +0.06 0.15+0.05
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Fig. 6. Map of regional active faults and the epicenter distribution of the 4 March 2008 Taoyuan earthquake sequence (left panel), and a profile of
the hypocenters along the cross-section B - B’ defined in Fig. 2 (right panel). Plotted events were retrieved from the hypoDD catalog from this study.
Thick black lines in the left panel are active faults in the region (Lin et al. 2009). In the right panel, the solid thick line indicates the extrapolation of the
rupture fault plane to the free surface and the dashed line represents a curved segment to connect the rupture fault plane to the surface fault trace.

Although moderate in size, this earthquake revealed a com-
plex aftershock distribution, which included several clusters
and a seismic gap beneath the main shock hypocenter. This
is suggestive of complex source faulting processes. This
dense near-source seismic analysis provides an opportunity
to study the detailed rupture processes of moderate events
in the future.
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