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ABSTRACT

The magnitude 7.1 Pingtung offshore earthquake occurred on 26 December 2006 at a depth of 40 - 60 km within the
subduction zone of the Eurasian plate. This event exhibits an emergent onset. The first large amplitude arrivals were delayed by
several seconds with respect to the origin time and were preceded by small-scale slip. This event is one of a few large
intermediate depth earthquakes well recorded in a near source region. Based on beamforming analysis, some near source
recordings were used in this study to investigate the initial rupture process of this event. Analyzed results indicate that initial
fault rupture of this event at the hypocenter was of short duration with initial resultant fault slip extending southward toward the
shallower portion of the fault plane. Thereafter, a detected rupture front propagated both northward and downward. Following
small-scale initial slip, a major rupture arose. A detailed rupture process has been reconstructed using backward projection of
array seismograms from the fault plane to image fault slip. The spatial and temporal evolution of initial onset presents the same
rupture behavior determined by beamforming analysis. Our analysis appears to indicate the distinct possibility of an initial

seismic nucleation phase; however, uncertainties remain and a cascade process cannot be ruled out completely.
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1. INTRODUCTION

On 26 December 2006, two closely timed earthquakes
of magnitudes (My) 7.1 and 6.9 occurred at intermediate
depths offshore southwestern Taiwan. The first earthquake
occurred at 1226 UTC; the epicenter was located at 21.67°N
and 120.56°E [Central Weather Bureau (CWB) catalogue]
with a focal depth of 44 km. It was followed by another
earthquake eight minutes later at 21.97°N and 120.42°E,
about 36 km to the north-northeast of the first shock with a
focal depth of 50 km (Fig. 1). This earthquake sequence
caused 44 injuries, including 2 fatalities, 3 building col-
lapses, and the rupture of submerged communications ca-
bles, resulting in significant economic loss (National Disas-
ter Prevention and Protection Commission, ROC 2007).

Both events, known as the 2006 twin Pingtung offshore
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earthquakes, occurred within a transition zone along the
north-south trending boundary between the Eurasian plate
and Philippine Sea plate. The normal-faulting focal mecha-
nism of the first shock suggests that it occurred as a result
of intraplate stresses within the subducting Eurasian plate.
The second shock was determined to be right-lateral strike-
slip faulting on a northeast striking fault or left-lateral
faulting on a north-northwest striking fault (Global CMT
Solution). Historically, this region has low seismicity. The
twin earthquakes were the biggest events to have occurred
to the west of the Hengchun Peninsula in the past 40 years.
The subsequent aftershocks determined by the Central
Weather Bureau Seismic Network (CWBSN) were distri-
buted in a north-northwest trend with depths mostly from
20 to 60 km (Fig. 1).

The first event has an emergent onset. Seismograms re-
corded by strong motion and broadband instruments at local
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Fig. 1. Distribution of aftershocks of the Pingtung earthquake sequence
reported by CWBSN. Stars show the locations of the twin events.

distances all show several seconds of arrivals of small but in-
creasing amplitude followed by the onset of a primary en-
ergy release. Similar observations have been reported from
other large earthquakes (Choy and Dewey 1988; Haessler et
al. 1992; Abercrombie and Mori 1994); however, this event
is one of a few large intermediate depth earthquakes well
recorded in a near source region by a dense local strong
motion network, i.e., the CWB strong motion seismic net-
work (Shin 1993; Liu et al. 1999). These nearby dense seis-
mic recordings provided us an opportunity to investigate
the initial rupture behaviors of a large earthquake.

In this study, near source dense seismic network re-
cordings were used to investigate the spatial relationship
between the hypocenter and the onset of a large energy re-
lease. A beamforming method was applied to estimate the
azimuth of approach and apparent velocity of the incoming P
wave (Goldstein and Archuleta 1991) and deduce the rup-
ture propagation within the fault plane. Our analysis pre-
sents an example of the spatial and temporal evolution of a
large earthquake in its initial stage. We identify relative lo-
cations of seismic energy releases in the first few seconds
after its rupture initiation and analyze its detailed onset pro-
perties. Our results can be used for further study of the en-
tire rupture process, and provide fundamental information
on nucleation and early growth of large earthquakes.

2. DATA

The Pingtung earthquake sequence was well recorded
by the CWB strong motion seismic network in southern Tai-
wan (Fig. 2). This data set represents near source strong

ground motion observations for the study of source rupture
and wave propagation. In this study, near source seismic ob-
servations from the Hengchun Peninsula were examined.
All seismograms had high signal to noise ratios; and also S
wave arrivals were always more than 5 seconds later than
initial P wave arrivals, providing an unpolluted signal win-
dow for direct observation of the fault rupture in its initial
stage. All data were recorded by digital accelerometers op-
erated in trigger mode, and most instruments were equipped
with GPS clocks to provide absolute timing. Unfortunately,
some data lost their GPS signals. However, it was found that
all seismograms started before initial arrivals, providing an
opportunity to correct relative timing among seismograms.
The data were carefully corrected and a common time base
was constructed using the method developed by Huang
(2000). We corrected onset timings for records without ab-
solute timing by assuming the earthquake initiated at the
hypocenter reported by CWB. After correction, it was
expected that time errors would be consistently less than
0.2 sec (Huang 2000). Furthermore, one station (TWKB) of
the Broadband Array in Taiwan for Seismology (BATS) is
located in the same region (Fig. 2). Although the high gain
channels of the BATS broadband sensor are saturated in the
early stage of this first event, its low gain channels and ac-
celeration sensors completely recorded the whole rupture
process (Fig. 3). We combine TWKB and CWB strong mo-
tion records in our analysis.
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Fig. 2. Locations of the CWB strong motion stations (blue triangle sym-
bols) and BATS stations (purple triangles) recording the Pingtung
earthquake. The red dot is the epicenter of the event analyzed in this
study. Blue dots are locations of aftershocks (big light-blue dots for
major aftershocks). The focal mechanisms are determined by Global
CMT, USGS, and BATS, respectively. The seismic data used in this
study are from stations inside the array marked by the red rectangle.
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Fig. 3. The three-component acceleration seismograms of the Pingtung earthquake recorded at station TWKB of BATS. Vertical lines indicate the

theoretical predictions of arrival times of P and S waves.

Finally, 12 free-field strong motion records for events
with epicentral distances of less than 62 km were selected.
These strong motion records were obtained from stations
that were all close to one another. Figure 4 displays vertical
velocity seismograms at different epicentral distances. It was
found that all first and latter arrivals in seismograms agree
with their epicentral distances. In Fig. 4, each seismogram
was integrated from its acceleration waveform after being
filtered in a signal period band between 2 and 5 sec, and was
individually normalized to highlight the coherence of wave-
forms. The vertical bar in each seismogram shows its initial
P arrival time. In Fig. 4a, amplitudes of onset P waves in
seismograms are very small with respect to their latter ar-
rivals. The first large amplitude arrivals were delayed by
about 3 sec with respect to origin time. Due to the proximity
of stations to one another, the recorded seismograms are
quite well correlated. These time-shifted seismograms have
a common time base and can reasonably be considered as a
single set of dense seismic array observations for future sig-
nal processing to detect azimuths and apparent velocities of
incoming signals to study fault rupture behavior.

3. ANALYSIS AND RESULTS

To identify the propagation of an earthquake rupture
within a fault plane, near source dense array observations can
be used to estimate the azimuth of approach and apparent
velocity of incoming P waves using beamforming analysis or
moving-window slowness analysis (Frankel et al. 1991). This
type of analysis has been used previously to map rupture pro-
pagation using strong-motion records (Huang 2001), iden-
tify approaching waves in two dimensions from the Loma
Prieta aftershocks (Frankel et al. 1991), and examine the initial
onset of the Lander earthquake (Abercrombie and Mori 1994).

For an incident plane wave, the travel time (¢;) at station i
can be written as:
ti=Sx; + Sy (1)
The terms S and S, are the horizontal components of slow-
ness, and x; and y; are the spatial coordinates of the station.
In each time window, we test all values of S, and S, from 0
to 0.2 sec km™ at intervals of 0.05 sec. Best-fitting slow-
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Fig. 4. (a). The vertical velocity records (integrated from acceleration) of the Pingtung earthquake from the 12 nearest strong-motion stations on the
Hengchun Peninsula. Seismograms are filtered using a signal period band between 2 and 5 sec and individually normalized. They are aligned by an
apparent velocity of 8.9 km sec™' and displayed with respect to epicenter distances. The vertical bar in each seismogram shows its initial P arrival time.

(b) is the same as (a) with the amplitudes magnified by a factor of 9.

ness was determined by stacking seismic waveforms ac-
cording to the Nth root stacking method and choosing
slowness with the peak value of the stacked trace. We used
windows that were 0.5 sec long with a 10% cosine taper on
each end, and successive windows were offset by 0.05 sec.
Slowness estimates were made for the first 5 seconds be-
fore the arrival of S-wave onset as S waves may disturb re-
cordings of the incoming P wave. We used vertical compo-

nent velocity seismograms integrated from one broadband
low gain record (station TWKB) and 11 CWB strong mo-
tion network acceleration records as array input. From the
slowness estimate, the incoming azimuth of the wave is:

@ = arctan (S, / S,) 2)

and the apparent velocity is:
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Vo=1/(S’+87)" (3)

In this study, for lack of absolute timing of some strong
motion records, we fixed the first arrivals from the hypo-
center at a depth of 44 km (reported by CWBSN) as the in-
itial location of the finite rupture plane.

The results for the azimuth and apparent velocity of in-
coming signals for the various time windows are shown as
slowness maps in Figs. 5 and 6, respectively. The great circle
in each figure shows the apparent velocity of major seismic
energy approaching this array and the white dot indicates the
location of the peak value. The red area in each map repre-
sents the slowness region for 90% energy concentration of
incident waves. In Fig. 5, the slowness maps show initial
onset at the fixed location of the hypocenter, which con-
tinues for at least 0.3 seconds. After that, the energy spot on
the slowness map splits into two groups. One group stays at
the same azimuth and apparent velocity, while the other
moves southward with smaller apparent velocity (Fig. 6a). It
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is evident that the initial onset begins to extend its rupture
southward toward the shallower portion of the fault plane.
However, the southward extension did not continue. At
1.3 seconds after the initial onset, we observed a new energy
spot arising in a northerly direction with a larger apparent
velocity than the initial onset (Fig. 6b). This observation has
the rupture extending northward toward the deeper portion
of the fault plane. Following this initial rupture process,
large amplitudes, evidently from a major rupture of this
event, are found on array seismograms (Fig. 4) and analyzed
slowness diagrams.

Although direct source information from the above an-
alysis provides insight into source rupture behavior within a
fault plane, detailed source rupture processes cannot be con-
structed for future estimation. To image the initial source
rupture process of this earthquake, we use an approach si-
milar to that of Ishii et al. (2005) for locating the source
rupture process of the 2004 Sumatra-Andaman earthquake
at a teleseismic distance. In principle, our analysis utilizes
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Fig. 5. Stacking beam amplitude as a function of slowness for four windows in the initial onset of the P-wave train. S, and S, are the slowness of the
assumed ray in the east and north directions, respectively. The circle denotes constant value of apparent velocity of the incoming wave. The dot de-
notes the peak of the true slowness. The line between the cross and dot shows the azimuth of the incident wave.
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Fig. 6. Stacking beam amplitude for time windows of 1.0 and 1.3 sec after the initial onset of the Pingtung earthquake. Both diagrams show the slow-
ness peak moves in the south and north directions and consequently indicate the rupture propagates southward and northward along the fault plane.

back-projection mapping in which seismograms are stacked
for each possible source location to obtain a direct image of
the source (Ishii et al. 2005). The stacking procedure sums
the energy that is radiated from a given source point, and
cancels out other energies present in the seismograms. The
resulting stacked images, as functions of time and position
of each potential source location, provide an estimate of the
relative intensity of radiated seismic energy at all source
locations and times. The source imaging procedure has been
well examined in our previous analysis for earthquake re-
location (Huang 2008). In this study, information on fault
planes (strike, dip, and slip) from USGS and regional ve-
locity model from Chen (1995) has been employed to con-
struct source rupture. The near vertical and eastern dip fault
plane of the UGSG CMT solution was selected as the rup-
ture plan for source imaging. A series of array seismograms
of 0.3 sec long prior to initial P arrivals and 0.2 sec long fol-
lowing the arrivals were selected to map seismically radiated
energy snapshots within the fault plane. The selected images
are shown in Fig. 7 at progressive times. Time zero is the
earthquake’s initial onset at the hypocenter lasting approxi-
mately 0.3 seconds. Thereafter, the rupture extends toward
the deeper northern portion of the fault plane. In the final
stage of initial onset, there was small continuous slip with
northward propagation up to about one second. At the end of
this initial onset, major slip occurred north of the hypo-
center.

4. DISCUSSION AND CONCLUSIONS

The 2006 Pingtung earthquake of 1226 UTC is one of a
few large intermediate depth earthquakes to have occurred
in the offshore region of southwestern Taiwan. Analysis of
such event provides a better understanding of the mecha-

nisms of deep intraplate events and associated seismic ha-
zard. Although information on such intraplate events has
been previously limited primarily to seismic observations,
one of a few well recorded large intermediate depth normal-
faulting earthquakes was the 2001 Nisqually earthquake,
which occurred at a depth of 50 - 60 km within the sub-
ducting Juan De Fuca plate in the Cascadia Subduction
zone; its surface deformation was well mapped by the Glo-
bal Positioning System (GPS) (Bustin et al. 2004). Fault
parameters of the Nisqually earthquake were well deter-
mined from regional moment tensor solutions and the near
source surface deformation recorded by GPS. However,
understanding of rupture behavior for this earthquake was
lessened by the lack of near source seismic data. The Ping-
tung earthquake is the first intermediate depth event for
which surface deformation and near source ground motions
were well recorded by GPS and a dense strong-motion array.
Our array analysis captures the emergent onset of fault
rupture for the Pingtung earthquake. We suggest that in-
itially there was a small-scale fault rupture of ~0.3 sec in
concordance with the hypocenter causing fault slip to extend
southward along the shallower portion of the fault plane;
after which, a rupture front propagated both northward and
downward. Following this small-scale initial slip, a major
rupture occurred (Figs. 5, 6). Furthermore, information re-
garding the spatial variation of the onset rupture has been
obtained by a backward projection of array seismograms to
image the source rupture within the fault plane (Fig. 7). Tem-
poral rupture behavior of this event was revealed using the
beamforming method. The rupture process is interpreted as
being one of a rapid extension after initial smooth growth.
Thereafter, rupturing continued northward before a major
rupture occurred at approximately 3 sec after initial onset.
The rupture processes of an earthquake’s onset are of
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Fig. 7. Maps showing the distribution of energy radiation on the fault plane at 0.2-sec intervals following the initiation of the Pingtung earthquake.
The red star denotes the hypocenter. The fault plane is a 20 x 20 km square area surrounding the hypocenter.

great interest to earthquake science. Currently, two end-
member models of earthquake nucleation, a pre-slip model
and a cascade model, have been proposed to describe the
behavior of earthquake rupture in its initial stage, and both
are still subject to debate (Abercrombie 2005). In the pre-
slip model, small and isolated sub-events may result from
slow aseismic slip in a nucleation zone and pre-slip even-
tually causes the mainshock. The cascade model has no zone
of aseismic pre-slip. The beginning of a large earthquake is
no different from the beginning of a small earthquake. In the
case of a pre-slip earthquake model, the final magnitude
would be related to the nature of the nucleation process, and
seismograms of large earthquakes would look different from
those of smaller earthquakes from the outset. The different
beginnings of small and large earthquakes may allow the
final size of the earthquake to be predicted before the fault
stops moving.

The Pingtung earthquake is not the first event analyzed
in the study of the rupture behavior of such an emergent
onset. Previous studies from the 1989 California Loma

Prieta earthquake (Wald et al. 1991) and 1992 California
Landers earthquake (Abercrombie and Mori 1994) have dis-
cussed the dynamic processes of earthquake rupture begin-
nings. The onset of the Loma Prieta earthquake had an initial
rupture process, with a 2.5-sec delay between the origin time
and the onset of the main energy release. There is some evi-
dence that its early rupture was very smooth, radiating re-
latively little high-frequency energy (Ellsworth 1992). Si-
milarly, the onset of the Landers earthquake was emergent.
The first large amplitude arrivals were delayed by about 3 sec
with respect to origin time. That earthquake began with two
subevents, an My, 4.4 followed by an My, 5.6 shock, preced-
ing the main energy release (Abercrombie and Mori 1994);
however, both subevents do not appear anomalous in fre-
quency content in comparison to simple moderate-sized
earthquakes. There was no apparent lack of high frequencies
radiated by these early subevents and no evidence for ano-
malous long-period energy. Analysis from those two events
implies different origins of earthquake faulting in their in-
itial stages. Analysis for the Landers earthquake suggests
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that the early subevents were normal events that just trig-
gered or grew into a much larger earthquake. However, an-
alysis for the Loma Prieta earthquake indicates that the rup-
ture behavior of its initial onset was something different
from the main energy release.

In sum, this analysis of the Pingtung earthquake has pro-
vided more detailed spatial information for a fault rupture in
its initial stage than in previous studies. It seems to indicate
the behavior of a seismic nucleation zone, thus a region of
initial rupture (hypocenter) and its smooth growth (slow
aseismic slip), before the major fault rupture occurs (Figs. 4,
5). However, presently available evidence does not permit a
confident statement on whether the onset of the major slip of
the Pingtung earthquake was the result of the pre-slip. One
of the reasons is that the rupture fault plane of this event and
the regional velocity model are still not well constrained.
Moreover, assuming the fault rupture plane based on the
USGS focal mechanism and may induce some errors in the
source imaging and the interpretation of the initial rupture.
Herein, we conclude that analysis of the initial onet of the
Pingtung earthquake seems to support the pre-slip model;
however, uncertainties still remain and cascade beginnings
for the earthquake rupture process cannot be totally ruled
out. Future analysis for frequency content of the initial onset
and its stress drop would be useful in verifying the origin of
initial onset.
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