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We estimated the source rupture of the 2008 Wenchuan Earthquake (Ms 8), China, based on a back-
projection of seismic waves to their source plane, using data from regional broadband arrays in Taiwan
and northern Vietnam. Observations from these arrays, located at different azimuths, were processed to eval-
uate the spatio-temporal rupture behavior of the fault. The seismic energy spot converted from windowed
array waveforms was back-projected to the rupture plane of the earthquake, to image the instantaneous
slip on the fault plane. Rupture processes were reconstructed based on the imaged time-dependent seismic
energy radiating from the earthquake fault plane. The high station density of both arrays enabled a detailed
examination of the rupture processes. The results indicate that the 2008Wenchuan Earthquake had a rupture
duration of approximately 100 s, with major asperities radiating energy at 50 s after the initiation of rupture.
The location of asperities is in good agreement with sections of the earthquake fault along which major dam-
age occurred, such as along the Yingxiu–Beichuan Fault. The radiated seismic energy shows a complex spatial
distribution on the fault plane. Our analysis indicates that the rupture initiated at the epicenter and extended
to the northeast for approximately 280 km. The average rupture velocity of this earthquake was approxi-
mately 2.8 km/s.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The Ms 8 Wenchuan earthquake occurred on 12 May 2008 near
the western edge of the Sichuan Basin in China (Fig. 1). According to
results reported by the U.S. Geological Survey (USGS), the magnitude
of the earthquake was Mw 7.9 or Ms 8.0, at a depth of 19 km at
30.986°N, 103.364°E. Of note, this earthquake produced fault ruptures
over a distance of 270 km (Burchfiel et al., 2008). The earthquake
induced numerous landslides and caused severe damage over a wide
area, resulting in 69,195 fatalities, 18,392missing (duemainly to land-
slides), and 374,177 injured (National Earthquake Information Center,
USGS). Over 5million peoplewere left homeless and 46million people
were significantly impacted by the earthquake; 21 million buildings
were damaged and the total monetary cost was estimated to be over
845 billion Chinese Yuan.

The Wenchuan earthquake occurred on the Longmenshan Fault,
which is a NE–SW-striking thrust fault. Tectonic stresses within the
ng).
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Longmenshan fault zone result from the eastward movement of
crust of the high Tibetan Plateau, against the strong and stable crustal
block that underlies the Sichuan Basin and southeastern China (Zhang
et al., 2010). The Longmenshan fault zone contains three major faults:
the front ridge fault (or the Guanxian–Anxian Fault), the central fault
(Yingxiu–Beichuan Fault), and the behind ridge fault (Wenchuan–
Maowen Fault). Along strike, the fault zone can be roughly divided
into three first-order segments: southern (or southwestern), middle,
and northern (or northeastern). TheWenchuan earthquake created sur-
face ruptures along the middle and northern segments of the Yingxiu–
Beichuan Fault, and along the southern segment of the Guanxian–
Anxian Fault (Xu et al., 2009a, 2009b).

The Wenchuan earthquake has been analyzed in many studies
(e.g., Chen et al., 2009; Huang et al., 2008b), all of which reported
the common feature of an almost pure reverse-slip focal mechanism
and shallow seismicity. The mapping of surface faults has revealed
that the complicated fault structure appears to comprise several faults
and may have simultaneously ruptured parallel faults in the southern
region (e.g., Dong et al., 2008). The mapped surface displacements
range up to approximately 6 m (Xu et al., 2009b). The source mecha-
nism, slip distribution, and geodetic observations indicate that the
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Fig. 1. Simplified topographical map showing the distribution of active faults in the Longmen Shan region and surface ruptures of the 2008 Wenchuan earthquake along the
Beichuan and Pengguan faults, Longmenshan thrust belt (modified from Xu et al., 2008). The focal mechanisms of the main shock, as shown on the map, were determined by
the United States Geological Survey (USGS), Global CMT Project (GCMT), and the China Digital Seismic Network (CDSN). Historical destructive earthquakes and aftershocks of
the 2008 event are shown as pink and yellow circles, respectively. The location of the aftershock cross-section (shown in the inset) is indicated by the black rectangle across the
epicentral area.
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faults dip to the northwest at an unknown dip angle with significant
slip occurring from the surface to depths of 15–20 km.

Previous studies have described the geometry of this earthquake
ruptured fault as a curved plane with decreasing dip from the surface
to depth (Chen et al., 2009; Shen et al., 2009). According to reports by
the International Seismological Centre (ISC), there are no historical
records of M>6.5 events directly within the Longmenshan, and no
events of a comparable size to the 2008 earthquake have been recorded
in this region. Furthermore, the northern segment of the Longmenshan
fault zone was inactive during the Quaternary (Burchfiel et al., 2008;
Zhang et al., 2008). Studies of the 2008 Wenchuan earthquake are
expected to enhance our understanding of the status of and relations
among the major faults in the region. Such information is important
because the rupture behavior of this earthquake is of wide interest.

Numerous studies have estimated the slip distribution for the
mainshock of the Wenchuan earthquake using teleseismic waveform
inversion (Du et al., 2009; ERI, 2008; Ji, 2008; Nagoya, 2008;
Nishimura and Yagi, 2008; Wang et al., 2008). All of these models
showed that the earthquake rupture propagated mainly unilaterally
from the hypocenter toward the northeast over a distance of more
than 220 km, with an area of large slip near the hypocenter or slightly
to its northeast. Most of the models also show a general image of a
large slip at 100–150 km to the northeast of the hypocenter. For all
of these studies, the total moment was in the range of 0.7 to 1.2
1021 N–M, which corresponds to Mw 7.8–7.9. These data are impor-
tant in assessing the future risk of a large earthquake in the region
and in mitigating the risk to society.

Seismic arrays can detect and locate earthquakes and seismic
structures with a better signal-to-noise ratio than in the case of a
single seismic station (Rost and Thomas, 2002). Since the megathrust
tsunamigenic M9.1 Sumatra earthquake in 2004 (Ishii et al., 2005;
Krüger and Ohrnberger, 2005a), arraymethods have also been applied
to large earthquakes to determine kinematic parameters such as the
rupture extent, direction, duration, and velocity (Ishii et al., 2007; Xu
et al., 2009c; Zhang and Ge, 2010). However, although most images
from teleseismic waveform inversions and array stacking studies
show a similar rupture pattern, there are differences in the details
(e.g., the high-frequency content) of the slip distribution between
the various results. This discrepancy may arise because seismograms
are located at more than 30° from the epicenter and are dominated
by long periods. It is clear that selected teleseismic waveforms with
distances greater than 30° would exclude the waveform complexity
induced by upper mantle triplication (Walck, 1984) and would there-
fore stabilize the inversion results. However, the analysis of less-
coherent high-frequency seismic energy may prevent a detailed ex-
amination of the source rupture of large events.

In the present study, we sought to image the Wenchuan earth-
quake source rupture from two regional array observations, using a
back-projection approach similar to that described by Ishii et al.
(2005) in imaging the complex source rupture process of the 2004
Sumatra–Andaman earthquake. The two arrays employed in this
study (i.e., broadband arrays from Taiwan and northern Vietnam) pro-
vide similar high-quality regional seismic data to that of the Hi-Net
array in Japan (Mori and Smyth, 2009) and are located at critical
azimuths in terms of resolving the rupture processes of theWenchuan
earthquake. The centers of the Vietnam and Taiwan arrays are located
at approximately 9° and 17° from the epicenter, respectively (Fig. 2).
Individual and joint estimations of the rupture processes of this
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event were made to enable the interpretation of the detailed rupture
processes.

The present results indicate that the rupture initiated at the southern
end of the earthquake fault and propagated mainly unilaterally toward
the northeast at an average speed of about 2.8 km/s for approximately
280 km. A large asperity was imaged to close a patch at 100–170 km
northeast of the epicenter, which relates to high-frequency seismic
energy radiating from a segment of the Yingxiu–Beichuan Fault.

2. Methods

The P-wave train of a large earthquake is generated by the spatio-
temporal distribution of fault slip, with subsequent radiation of seis-
mic energy from slips on asperities upon the fault plane. The first-
arriving energy comes from the hypocenter, whereas later-arriving
energy is due to slip at and behind the rupture front. In the present
study, we employed an approach similar to that described by Ishii
et al. (2005), using data from multiple regional arrays to image the
complex source rupture process of the 2008 Wenchuan Earthquake.

In principle, our analysis applies back-projection mapping, in which
seismograms are stacked for each possible source location to obtain a
direct image of the source (Huang, 2001; Huang, 2008; Huang et al.,
2004, 2008a). The stacking procedure sums the energy radiated from
the given source points constructively, and cancels out all other energy
present in the array seismograms. The stacked images are formed as
follows:

S x; tð Þ ¼ 1
N

XN

k¼1

αkuk t−t xð Þpk
� �

; ð1Þ

where αk is the weighting factor for each seismogram; uk is the seismo-
gram at the kth station, which is corrected for first arrivals that traveled
from the hypocenter predicted by a theoretical model; t(x)kp is the pre-
dicted travel time between stations k and x; x is the position of the
Fig. 2. Regional topographical map showing the location of the earthquake fault (thick blue
rays used in this study, located in Taiwan and northern Vietnam. The epicenter is indicated b
centers (solid blue triangles).
potential source location; and t is time with respect to the onset. S(x,t)
can be expressed as a normalized sum over N seismograms, providing
an estimate of the relative intensity of P-wave radiation from the rup-
ture zone. To make a joint estimation, Si(t) from each potential source
location x and individual array i are stacked over again for each time
step to obtain a combined source image; thus,

S tð Þ ¼ ∏
M

i¼1
wiSi tð Þ; ð2Þ

where M is the number of arrays. Here, wj are real, normalized, user-
definedweights that can be applied tomanipulate the relative contribu-
tion of each array. The new combined source image, which stacks
images approaching from several azimuths, is expected to have a higher
spatial resolution than that of a single array, which is an advantage in
imaging the source rupture.

3. Data

Data were obtained from two broadband networks (Fig. 2): the
Broadband Array in Taiwan for Seismology (BATS) and the Vietnam
Broadband Seismic Network (VBSN). BATS is a regional broadband
seismic network (Fig. 3) comprising stations of the Institute of Earth
Sciences of Academia Sinica (IESAS) and the Central Weather Bureau
Seismic Network (CWBSN) (Kao et al., 1998). The network is designed
to monitor seismic activity, to determine the regional earthquake
source mechanisms in the Taiwan region, and to provide high-
quality broadband seismic waveforms for scientific research. All of
the IESAS stations are equipped with Streckeisen STS-1 or STS-2 sen-
sors and 24-bit digital recorders (Quanterra Q-330), and all of the
CWBSN stations are equipped with Guralp CMG-40TD sensors and
CMG-DM24S6 recorders. For all stations, data are sampled at 100 Hz.

For regional events, the integrated BATS seismic network, consisting
of 51 instruments throughout Taiwan and surrounding islands at
spacing of approximately 40 km, can be considered a dense broadband
line) of the 2008 Wenchuan earthquake, and the geometry of two regional seismic ar-
y the red star. White lines show the range of paths from the ruptured fault to the array

image of Fig.�2


Fig. 3. Distribution of seismic stations in Taiwan and on surrounding islands. For more information, see the BATS Web site (http://bats.earth.sinica.edu.tw/).
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seismic array, employed to determine source rupture processes of great
earthquakes at regional and teleseismic distances. BATS obtained a con-
tinuous recording of the 2008 Wenchuan earthquake sequence. We
used 45 of the available BATS stations in the present analysis. These
array seismograms have generally similar waveforms, and no stations
were included with strong site responses or instrumental problems.
Fig. 4. Aligned vertical-component velocity seismograms of the 2008 Wenchuan earthquak
ually. The vertical axis shows the distance of each station from the epicenter. After removin
study for seismogram stacking.
The array is located at distances of 16.5°–18.3° from the earthquake
and clearly records the direct P-wave. Data were band-pass filtered
within 0.2 and 1.0 Hz, and were aligned on the first arrival using wave-
form cross-correlations.

Fig. 4 shows examples of the P-waves used in the present study.
The P-wave onset of this event is remarkably coherent among the
e selected from BATS stations. The seismograms were filtered and normalized individ-
g high-noise traces and some remote array stations, 45 seismograms were used in this

image of Fig.�3
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different stations in the array, but later parts of the P-wave train are
complicated by multiple, overlapping arrivals of seismic energy
from different portions of the rupture. The duration is 80–90 s,
which indicates the general duration of the earthquake source. For
BATS stations located to the east of the Wenchuan earthquake, the
N–S orientation of the ruptured fault plane resulted in a large azimuth
gap between the ruptured fault and the BATS array (nearly 10°), as
shown in Fig. 2. However, because of the regional distance from
the earthquake fault to seismic array, the BATS seismograms provide
sufficient spatial resolution for spatio-temporal imaging of source
processes.

VBSN is a portable broadband seismic array (Fig. 5) developed
jointly by researchers from Vietnam and Taiwan for imaging and
interpreting crust and mantle structures beneath northern Vietnam,
including the geodynamic evolution of the Red River Shear Zone
(RRSZ), and for testing as an early warning system for earthquakes
and tsunamis (Huang et al., 2009). Since 2005, 25 broadband seismic
stations have been installed in northern Vietnam to acquire high-
density seismic data with a wide dynamic range. Four of the stations
employ Streckeisen STS-2 sensors; the rest employ Nanometrics
Trillium 40 broadband sensors. The output from the seismometers is
recorded on a Quanterra/Kinemetrics Q330 recorder with 24-bit
analogue-to-digital conversion. The ground motion signal is recorded
continuously and digitized at a rate of 100 samples per second. This
array has a uniform spatial distribution in northern Vietnam and covers
the RRSZ and the region of high seismic activity in northwestern
Vietnam, with an inter-station spacing of approximately 100 km
(Fig. 5).

The 2008 Wenchuan earthquake was well recorded by the VBSN
array. In the present analysis, we used data from all 22 of the available
stations. This array is located at distances of 8.4°–11.5° from the
earthquake. The first arrivals of these observations were predicted
to be Pn phases by the earth model IASP91 (Kennett and Engdahl,
1991). Fig. 6 shows examples of the VBSN array seismograms used
in the present study. The Pn-wave onset of this event is remarkably
coherent among the stations in the array. The azimuth gap within
the ruptured fault and this array is almost 14°, which is larger than
the azimuth gap of the BATS array (Fig. 2). This larger gap arises be-
cause of the shorter distances to the epicenter compared with BATS
Fig. 5. Distribution of seismic stations (blue circles) in n
(although VBSN is located southeast of the Wenchuan earthquake
and the N–S orientation of the ruptured fault plane). As for BATS,
the spatial resolution of seismograms recorded by VBSN is sufficient
for spatio-temporal imaging of source processes.

4. Analysis and results

To reconstruct the source rupture on the fault plane, we used a back-
projection approach, as described in the Methods section, to image the
energy radiated from the source. This approach uses back-projection
mapping, in which seismograms are stacked for each possible source
location to obtain a direct image of the source. In practice, because the
P-wave travel times provide a poor constraint on the source depth, to
determine the stacked image we only back-projected to source loca-
tions as a function of latitude and longitude at the hypocenter depth.
For back-projection calculations of the Wenchuan earthquake, we set
a grid of 200×10 points (400×20 km) in the source area, covering
the aftershock region. The travel time from each station to any possible
source was computed using a 1D velocity model (IASP91).

We checked the different branches of seismic energy that arrived
at BATS stations from the source area, using major aftershocks of
the Wenchuan earthquake, and observed no clear multiple P-wave
arrivals. We identified the branch of major seismic energy and
employed it for future array stacking, and back-projected all seismo-
grams recorded by BATS stations (Fig. 4) according to the identified P
phase. The initial arrival of the first time window was assumed to
originate from the grid point corresponding to the earthquake hypo-
center. Relative time shifts for each time series were calculated using
the theoretical travel times from the station to the grid point, using
the IASPEI91 model. We constructed a data volume of snapshots of
source grid points at various time steps, and obtained images over
the 100-second duration of the rupture. The BATS seismograms gen-
erally highlight a rupture zone consistent with the epicenter during
the early stages of the initiation of the source rupture (Fig. 7). After
a short period of remaining stationary, the rupture zone began to
move continuously northeastward away from the epicenter for ap-
proximately 80 s. Our analysis enabled the reconstruction of source
images and their spatial locations (see Fig. 7). These images can be
used to determine the nature of rupture behavior. This method
orthern Vietnam. Station codes are written in red.

image of Fig.�5


Fig. 6. Distance–traveltime diagram for vertical-component velocity seismograms of the 2008 Wenchuan earthquake selected from VBSN stations. The seismograms were normal-
ized individually. The horizontal axis indicates the time from the earthquake origin, and the vertical axis shows the distance of each station from the epicenter. Solid lines represent
theoretical travel-time curves predicted using the Earth model IASP91. In this distance range, the first arrivals are Pn phases. After removing high-noise traces, 22 seismograms were
used in this study for seismogram stacking.

Fig. 7. Snapshots of back-projection imaging for rupture processes of the 2008Wenchuan earthquake using BATS observations. Each panel shows the spatial distribution of radiated
seismic energy from the fault plane at the stated time after initiation of the earthquake. The epicenter is indicated by the red solid circle. The red cross represents the peak value in
the stacked image. The color area in each panel represents the region in which the radiated seismic energy is greater than 60% of the peak value. The color bar is shown in the
bottom.
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provides an independent estimate of the rupture duration of the 2008
Wenchuan earthquake, yielding a duration of approximately 100 s,
and indicates that the rupture propagated northward along the Long-
menshan Fault over a distance of more than 280 km from the initial
rupture point.

We analyzed the VBSN array data using the same procedure as for
the BATS array observations. The source area was configured using
grid points, in the same manner as for the BATS data. The first arrivals
in all VBSN array seismograms are Pn phases (Fig. 6). Data were band-
pass filtered within 0.2 and 1.0 Hz. We then aligned all the seismo-
grams and back-projected the first window seismic energy (i.e., the
initial rupture) to the epicenter based on the computed travel times
of the IASP91 model. Relative time shifts for each grid point and time
steps were calculated for stacking. As for BATS, we processed source
images for a duration of approximately 100 s.

Fig. 8 shows snapshots of seismic energy radiating from the fault
plane at various times after the initial rupture. The images show the
northward propagation of the source rupture; however, the imaged
slip asperities from the VBSN array are larger than those from the
BATS array (compare Figs. 7 and 8). Some artifacts are apparent near
the northeastern end of the fault, as shown in the snapshot at 100 s
(Fig. 8). The discrepancy between the results from the two arrays
can be explained by the fact that source images were individually de-
termined by each array using seismic energy radiating from a limited
aperture, and that the two arrays have different azimuths to the
source. Nevertheless, both arrays imaged the rupture propagating
from the epicenter in the southwest to the northeast over a distance
of approximately 280 km.

A joint estimation of the source rupture of the 2008 Wenchuan
earthquake using observations from the two arrays may increase the
aperture and reduce artifacts, thereby enabling imaging of the rupture
Fig. 8. As for Fig. 7, but usi
processes and stabilized imaging results. We determined the source
rupture processes by processing BATS and VBSN array data using
Eq. (2) and the procedure described in the Methods section. In princi-
ple, the two arrays may make different contributions to the construc-
tion of source images. For example, BATS is located perpendicular to
the strike of the ruptured fault plane and is sensitive to rupture prop-
agation. In contrast, VBSN is located at shorter epicenter distances and
has a larger azimuth gap compared with BATS. In the present study,
we assumed the same weighting factor for both arrays.

Fig. 9 shows snapshots (at 10-second intervals) of seismic energy
radiating from the fault plane following the initial rupture. The results
obtained from joint imaging of the two arrays show the same rupture
pattern as that obtained from the single arrays, but with significantly
less artifact. In detail, Fig. 9 shows a stable moving source rupture
from the epicenter, with variable rupture speed, to the northeastern
end of the ruptured fault.

To understand the final slip distribution upon the fault plan, we
processed a time-integrated stack that sums the radiated seismic
energy for each grid point of the source plane during the rupture pro-
cess. Fig. 10 shows the stacked seismic energy radiated from the fault
plane, revealing a pattern similar to that of the final slip distribution
on the fault plane. The bulk of the seismic energy is radiated from a
major asperity located nearly 100 km from the epicenter, with a
length of 70 km along the rupture fault. A comparison of our estima-
tion with the results of a previous field investigation (Xu et al., 2008)
reveals that this asperity is located on the Yingxiu–Beichuan Fault
near Beichuan County. The snapshots of source rupture imaged in
the present study indicate that the rupturing of this major asperity
began at 50 s after the initial rupture (Fig. 11).

We reconstructed the time–distance relation of fault rupture slip
related to the 2008 Wenchuan earthquake to show the propagation
ng VBSN observations.

image of Fig.�8


Fig. 9. As for Fig. 7, but using joint BATS and VBSN observations.
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of the rupture (Fig. 12), based on the positions and times of the max-
imum stack amplitude for each time window of arrays (Figs. 7–9).
The total rupture length was approximately 280 km and the duration
time was nearly 100 s. Moreover, the results show that propagation of
the fault rupture was mainly unilaterally northeastward with an aver-
age rupture speed of approximately 2.8 km/s, although the rupture
speed was variable. The rupture began near the southwestern end
of the earthquake fault with a rupture velocity of approximately
1.3 km/s; this slow rupture continued for about 30 s, when the rup-
ture velocity increased to 3.1 km/s for a duration of about 50 s. Near
the northeastern end of the fault, the fault rupture speed increased
to 4.5 km/s before rupturing finally ceased (Fig. 12).

5. Discussion and conclusions

For source imaging, waveform inversions require an indirect pro-
cedure to fit observations using a set of theoretical Green's functions
computed from an earth model. The inversion results depend on the
accuracy of the theoretical earth model and the computed Green's
functions. Various approaches have been proposed to avoid the use
of an indirect waveform-inversion procedure, such as direct back-
projection of the seismic energy of teleseismic body waves to the
source rupture plane to obtain source imaging (Xu et al., 2009c). In
other attempts to improve the spatial resolution of source imaging,
the spare Global Seismographic Network data were replaced with
dense seismic array observations at teleseismic distances, which pro-
vides high-frequency coherent array signals with which to perform
high-resolution source imaging (Ishii et al., 2005; Krüger and
Ohrnberger, 2005a). These approaches have been successfully applied
to the 2008 Wenchuan earthquake (Du et al., 2009; Xu et al., 2009c).

Although the back-projection approach has been previously
employed to study the source rupture, the success of this method is
strongly dependent on the azimuth resolution of slips on the fault
plane, as observed by a seismic array (Krüger and Ohrnberger,

image of Fig.�9


Fig. 10. Distribution of time-integrated seismic energy of the source region. The red
lines show the surface segments of the earthquake rupture fault. Other symbols are
that as for Fig. 7.
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2005b). Thus, multiple seismic arrays from different azimuths should
yield a higher resolution than a single array when imaging the source
rupture. Furthermore, there are few cases in which this approach can
be applied to imaging the source rupture at regional distances. For a
finite fault, array observations from regional distances should have a
larger azimuth resolution than those from arrays at teleseismic dis-
tances; however, a potential problem in this regard is the triplication
of body wave arrivals from the upper mantle transition zone. The
problem of multi-path body wave arrivals at regional distances can
be overcome by using surface waves for source imaging (Valle´e et
al., 2008); however, the uncertainty inherent in surface dispersion
behavior must be carefully considered when estimating the rupture
source.

Mori and Smyth (2009) are the only study to successfully image the
source rupture of theWenchuan earthquake using P-wave array data at
regional distances. These authors employed the short-period vertical
Fig. 11. (a) Snapshot of back-projection imaging from joint BATS and VBSN observations at 5
at 50 s using VBSN data.
components of theHi-Net array in Japan, operated by theNational Insti-
tute for Earth Science and Disaster Prevention. The array is located at
distances of 23°–35° from the Wenchuan earthquake and clearly
recorded the direct P-wave of this event. Their resolved images provide
the slip distribution at a higher spatial resolution than that possible
from most teleseismic waveform inversions.

A similar approach was tested in the present study, using new
array data from BATS and VBSN. In our analysis, the main features of
the observations of the Wenchuan earthquake are that high-spatial-
density broadband seismometers were used at a short distance to
the epicenter, and the same as those observations for source rupture
are approaching from two arrays at different azimuths. The use of
arrays with a high station density enabled us to effectively use the
relative differences in arrival time across each array to determine the
approach azimuths of the incident seismic waves at a higher frequen-
cy. In addition, observations from a wide range of azimuths (based on
two arrays) are useful for reducing artifacts in the source image.

Our analysis resolved a major asperity during the 2008 Wenchuan
earthquake (Figs. 10 and 11). The results indicate that the largest slip
occurred at more than 50 s after the initial rupture. In fact, the rupture
process can be continuously traced in time for nearly 100 s, with an
average rupture speed of 2.8 km/s, which is comparable with esti-
mates of the source rupture process made using data from teleseismic
and regional distances based on body waveform inversion or array
stacking (Du et al., 2009; Mori and Smyth, 2009; Wang et al., 2008;
Xu et al., 2009c; Zhang and Ge, 2010). However, the estimated rupture
slip details vary among these studies.

By analyzing a simple fault plane, we detected a single large asperity
and rupture propagation at varying speeds during the rupture process
(Fig. 12).Wang et al. (2008) proposed a variably dipping and discontin-
uous fault plane related to the 2008Wenchuan earthquake. The authors
inverted twomajor asperities, located at Yingxiu and Beichuan, with an
average rupture speed of 2.7 km/s. Du et al. (2009) resolved two seg-
ment ruptures: one with a length of 110 km, an average rupture
speed of 2.2 km/s, and a duration about 50 s; and a second segment
that continued the rupture with a duration of about 40 s, length of
190 km, and a rupture speed of 4.8 km/s. Xu et al. (2009c) determined
three distinct pulses, with the largest asperity occurring at 23 s after
the origin time; the average rupture speed was 2.8 km/s. Mori and
Smyth (2009) detected a large asperity that was ruptured 60 s after
the origin time, and estimated an average rupture speed of approxi-
mately 3.0 km/s. Finally, Zhang and Ge (2010) reported a double-
asperity rupture process with a mean rupture speed of about 3.0 km/s.
0 s after the earthquake occurrence. (b). Snapshot at 50 s using BATS data. (c). Snapshot

image of Fig.�10
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Fig. 12. Relation between rupture distance and time during the entire source rupture of the 2008 Wenchuan earthquake. Data were estimated using snapshots from Fig. 7 for BATS
(blue squares), from Fig. 8 for VBSN (purple triangles), and from Fig. 9 for JOINT (red solid circles representing the sum of the two arrays). The rupture distance was estimated from
the epicenter to the location of the peak amplitude of each snapshot. Dashed lines represent the distance–time relation for the three stages of the rupture process. The average
rupture velocity of this earthquake was approximately 2.8 km/s.

96 B.-S. Huang et al. / Tectonophysics 578 (2012) 87–97
The above estimates of the source rupture were based on seismic
data recorded far from the epicenter (i.e., at regional or teleseismic
distances), recorded with a range of different sensors; consequently,
the discrepancies in rupture velocities and asperity sizes may reflect
the individual characteristics of the seismic data. In addition, these
studieswere based on several simplification assumptions. To interpret
and verify the rupture behavior in detail, it is necessary to assess the
validity of these assumptions or to correct them in the future. Further-
more, new data from multiple near-source strong motion observa-
tions (Li et al., 2008) would be useful in resolving the discrepancies
among studies.

As shown in the present study, the application of back-projection
mapping requires no prior knowledge of the fault geometry, fault di-
mensions, or rupture duration to image the source rupture process.
Only the first-arrival P-wave trains are used in the imaging process.
Furthermore, in the present study, the fault planes are simplified as
planar surface projected downward from the surface to the depth of
epicenter. The results of our previous tests (Huang et al. 2011)
show that the determined source images suffer fromminor distortion
when using this planar-projected fault plane. Accordingly, this ap-
proach could be implemented in a real-time system to estimate the
length of fault rupture and the duration of great earthquakes using
limited source information. This procedure may be faster than the in-
version approach using global network waveforms because it enables
us to rapidly identify, evaluate, and report disasters arising from great
earthquakes at remote sites. For example, this approach could have
been applied to the 2005 Kashmir earthquake (Owen et al., 2008;
USGS, 2006) and the 2004 Sumatra–Andaman earthquake to rapidly
provide information on the source rupture properties, thereby help-
ing to evaluate damage arising from massive landslides and tsunami,
which is important for subsequent relief efforts.

In summary, we successfully imaged the source rupture processes
of the 2008 Wenchuan earthquake from two regional seismic array
observations using a back-projection method. The results indicate
that this event had a rupture duration of nearly 100 s, with major
asperities radiating energy at 50 s after the initiation of earthquake
rupture. The fault rupture initiated at its epicenter and extended uni-
laterally to the northeast for about 280 km. Although the average rup-
ture velocity was estimated to be approximately 2.8 km/s, the entire
source rupture comprised three segments with different rupture
speeds. The rupture began near the southwestern end of the earth-
quake fault with a rupture velocity of approximately 1.3 km/s; this
slow rupture continued for about 30 s, after which time the rupture
velocity increased to 3.1 km/s for a duration of about 50 s. Near the
northeastern end of the fault, the fault rupture speed increased to
4.5 km/s before rupturing ceased.
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