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[1] We investigate the rupture process of the 12 May 2008
Wenchuan earthquake using the records of 26 strong-motion
stations, located 20–120 km from the seismic fault and with
a good azimuthal coverage. The wave velocity model
required to conduct this analysis has been validated against
aftershocks, for which the point source hypothesis is a very
good approximation. The inversion of the main shock rup-
ture process confirms the slip distribution and the average
rupture velocity (�3 km/s) previously determined. However,
a very peculiar behavior is clearly resolved by the extensive
data set used in this study: the major slip area of theWenchuan
earthquake, located at 20–50 km North-East of the epicenter,
is shown to break almost simultaneously, 25 s after earth-
quake initiation. This implies that slip in this part of the fault
cannot be understood by simple stress release at the rupture
front. A more likely interpretation is the presence of a strong
asperity, which could break only when it was completely sur-
rounded by stress increase, resulting in a delayed but brutal
rupture. Citation: Zhang, G., M. Vallée, X. Shan, and B. Delouis
(2012), Evidence of sudden rupture of a large asperity during the
2008Mw7.9Wenchuan earthquake based on strong motion analysis,
Geophys. Res. Lett., 39, L17303, doi:10.1029/2012GL052516.

1. Introduction

[2] The May 12, 2008 Wenchuan earthquake was a pre-
dominantly thrusting event with some dextral slip, associated
with over 240 km-long surface scarps along the Yingxiu-
Beichuan Fault (YBF) and around 70 km-long scarps along
the Guanxian-Jiangyou Fault (GJF), which is sub-parallel to
YBF at its southwestern part [Zhang et al., 2010]. The event
occurred on the Long Men Shan Fault zone (LMSF), which
is a northeast-southwest striking and northwest dipping fault
zone separating the Tibetan plateau to the northwest from
the Sichuan Basin to the southeast [Burchfiel et al., 2008].
Previous rupture process studies have essentially used two
types of datasets. On one hand, teleseismic data have been
inverted to retrieve the main spatio-temporal features of the
earthquake [e.g., Ji and Hayes, 2008; Y. Zhang et al., 2009].
Xu et al. [2009] and Zhang et al. [2010] have also analyzed
the teleseismic data using array analysis, in order to locate the
high frequency source emission [Krüger and Ohrnberger,

2005; Ishii et al., 2005]. However, due to the spatio-temporal
integration effects of teleseismic data, it is difficult to gain
knowledge about the complexity of the rupture process using
only this data [e.g., Menke, 1985]. On the other hand, as the
ALOS satellite has provided a wealth of SAR images with
high coherence, the fault source model has also been esti-
mated by inversion of InSAR measurements, which yet can
only provide static slip distribution and bear no information
on the temporal behavior of the earthquake [e.g., Shen et al.,
2009; Feng et al., 2010]. As a general overview of the
Wenchuan earthquake rupture process, we recall that tele-
seismic and geodetic data were able to resolve the average
rupture velocity (3 km/s), the existence of two peak-slip areas
around Yingxiu and Beichuan, and a strong increase of the
strike-slip component in the northeastern part [e.g., Zhang
et al., 2010; Shen et al., 2009]. Despite the comprehensive-
ness of the previous studies, it is still unclear how the rupture
in the large slip areas has initiated and propagated. In this
study, the spatial and temporal complexity of the rupture
process of the Wenchuan earthquake is addressed by the
analysis of the local strong motion data.
[3] The Wenchuan earthquake is the first of the major

intra-continental earthquake (near Magnitude 8) to be covered
by such a dense local network (Figure 1). In the past, only few
and smaller scale events, like the 1992 Landers (California),
1999 Chichi (Taiwan) or the 2000 Tottori (Japan) earth-
quakes, were similarly recorded by a dense array of accel-
erometers. Compared to teleseismic data, local data presents
the advantage of a strong sensitivity to the nearest points of
the fault. Thus analysis of the latter dataset resolves out much
greater detail of the rupture process along the seismic fault.
To our best knowledge, the Wenchuan strong motion data
have not been used yet in this respect, but only to determine
the amplitude and duration of maximum shaking [Li et al.,
2008; Wen et al., 2010]. Based on 26 stations located close
to the fault (in the range 20–120 km), we describe here how
the Wenchan rupture has developed over space and time,
which in return will provide some evidence in order to dis-
cuss the classical dynamic rupture models, such as the
asperity and barrier models [Kanamori and Stewart, 1978;
Das and Aki, 1977].

2. Data, Fault Geometry and Inversion Scheme

[4] The National Strong-Motion Observation Network
System (NSMONS) of China has begun operation about two
months before the Wenchuan main shock. It has provided
over 1,400 accelerogram components from the earthquake,
belonging to 460 permanent strong motion stations distrib-
uted all over the country [Li et al., 2008]. Taking into
account the distance to the epicenter and the azimuth cover-
age of the rupture, we select 72 components from 26 stations
to investigate the source faulting, among them 20 stations
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with 3 components and 6 stations where only 2 components
were available (Figure 1). All these stations are located
between 20 km and 120 km from the ruptured fault and well
distributed around it.
[5] In order to check our ability to model the waveforms,

we first analyze two aftershocks (2008/05/13, 07h07 and
2008/05/25, 08h21) recorded by the strong motion stations.
The main goal of this preliminary study is the determination
of a suitable velocity model. As expected by the location of
the fault between two different tectonic contexts (Sichuan
Basin and Eastern Tibetan Plateau), the waveforms require
two different models at NorthWest and SouthEast sides of
the ruptured fault, respectively. The two main features of the
velocity model are (1) a Moho depth of 50 km [Xu and Song,
2010; Z. Zhang et al., 2009] and (2) the presence of a 4 km
thick sedimentary layer in the Sichuan basin, to account for
the upper Triassic layer [Guo et al., 1996; Meng et al.,
2005]. We show in Texts S1 and S2 in the auxiliary

material that a point-source modeling, using source para-
meters close to Global CMT (www.globalcmt.org) and the
velocity models presented in Table 1, is able to reproduce
the displacements generated by two aftershocks (magnitudes
close to 6), for frequencies up to 0.1 Hz.
[6] We therefore use this velocity model and a high fre-

quency cutoff of 0.1 Hz to model the main shock. The low-
frequency cutoff of each component is determined by the
original accelerogram noise level. Depending on the data
quality, this cutoff varies between 0.008 Hz and 0.025 Hz.
[7] We establish a 4-segment fault model through match-

ing the offsets of Synthetic Aperture Radar (SAR) satellite
images (Figure 1) [Zhang et al., 2011]. The main rupture of
YBF is represented by 3 segments and the secondary rupture
of GJF by 1 segment. The dip angles of YBF are varying
from moderate (47�) on the southwest segment, to steeper
(60�) on the middle, and even near vertical (78�) on the
northeast segment, by integrating the results of our previous
study of the InSAR data [Zhang et al., 2011]. The dip angle
of GJF is set to be 33�, so that the two fault segments con-
verge to a shear zone at depth [Zhang et al., 2010]. The rake
is allowed to vary between 90� and 180�on each segment, to
be consistent with thrust and dextral faulting. Each fault
segment is discretized into subfaults measuring 12 km along
strike and dip. The segments along the YBF have a fault
width of 48 km (4 subfaults), consistent with the study of
Bjerrum et al. [2010]. These authors have determined a fault
width of 40 km, by comparing the slip inversion models with
the hybrid ground motion simulation simulations. As we aim
at a precise spatio-temporal determination of the earthquake
process, the hypocentral location is important. We re-estimate
the epicentral location by studying the initial polarization of
the P waves recorded on the accelerograms (Text S3). To do
so, we follow the general ideas presented by Alessandrini
et al. [1994, and references therein] and Scherbaum and
Johnson [1990]. Due to the excellent coverage of the sta-
tions, the back-azimuths deduced from the initial wave emis-
sions converge to a small and well-defined area, very close to
the location (31.06�N, 103.40�E). Using this epicentral loca-
tion and the fault geometry, we locate the hypocentral depth at
13 km.
[8] Rupture process of an earthquake is often obtained

based on the representation theorem of the slip source as a
discontinuity in an elastic medium and a linear inversion
solution for the discretization problem [Olson and Aspel,
1982]. Here in this study we use a multi-time window inver-
sion scheme and simulated annealing algorithm to explore the
model space, which allows for a multiple segment fault

Figure 1. Distribution of the selected strong motion sta-
tions. The topography from SRTM3 is shown in the back-
ground. Blue rectangles and black points are the fault
segments projected to the surface and the center of each sub-
fault, respectively. Red points and red star are the fault sur-
face ruptures determined from SAR image offset tracking
and the epicenter location, respectively. The number of com-
ponents available for each station is indicated after the sta-
tion name (in parentheses). Stations marked with red are
used to illustrate the differences between the optimal inver-
sion and an inversion test in Figure 4.

Table 1. Elastic Parameters of the Layered Crust Models

Station Type
Number
of Layers Depth / km

Vp
(km/s)

Vs
(km/s)

Rho
(kg/m3)

Stations within the Sichuan basin 1 0.0 – 4.0 4.0 2.3 2100.0
2 4.0 – 50.0 6.0 3.4 2600.0
3 ∝ 8.1 4.6 3400.0

Stations out of the Sichuan basin 1 0.0 – 50.0 6.0 3.4 2600.0
2 ∝ 8.1 4.6 3400.0

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL052516.
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geometry, variable slip, and variable rupture velocity [Delouis
et al., 2002]. Convergence of the simulated annealing
inversion is based on the simultaneous minimization of the
normalized root mean square misfit of the strong motion
waveforms and of the total seismic moment. We use three
isocele triangular functions with 4 s half duration, mutually
overlapping, to represent the individual source time function
of each subfault. This allows a local duration up to 16 s,
consistent with maximum expected slip (about 12 m) and
typical slip rates (1 m/s). The onset times of each subfault
are parameterized by the average rupture velocity from the
hypocenter, which can vary from 1.0 to 3.8 km/s.

3. Inversion Results

[9] Figure 2 shows snapshots of the rupture process and
the final static slip distribution of the Wenchuan earthquake.
The overall fit of the strong motion data is good at most of
the stations and the normalized rms misfit function is 0.42
(Figure S6). The slip distribution is dominated by a large slip
patch located 20–50 km northeast from the epicenter. Three
other moderate slip areas are also visible, at 90 km, 130 km,
and 190 km northeast from the epicenter, respectively. The
Wenchuan earthquake exhibits mainly reverse motion on
the southwest segment. Motion tends to be more oblique
(reverse-right lateral) in the middle segment, and purely

right lateral in the northeast segment. Our final slip and rake
distribution model is generally consistent with previously
published models, especially those inverted from InSAR
and GPS data [e.g., Shen et al., 2009; Feng et al., 2010;
Tong et al., 2010].
[10] Figure 3 allows to better figure out the spatio-

temporal properties of the Wenchuan earthquake. It first
shows that the unilateral rupture propagation along the
LMSF lasted for about 90–95 s. While we have permitted a
large variation for the rupture velocities (see the two thick
lines corresponding to constant rupture velocity equal to 1.0
and 3.8 km/s), most radiating points of the middle and end
of the fault are at the first order aligned with a 3 km/s
constant rupture velocity. This is similar to the average
rupture velocities determined by teleseismic data inversion
or array analyses [Wang et al., 2008; Z. Zhang et al., 2009;
Xu et al., 2009; Zhang and Ge, 2010]. The high density of
local strong motion data allows us to capture more details
of the earthquake propagation, the most interesting one
concerning the first 30 s of the rupture process. The earth-
quake initially ruptured bilaterally both to the northeast and
southwest, but mainly to the northeast. While advancing in
the northeast direction, it ruptured the contour of an irregu-
lar-shaped area, which will form latter on the main slip zone
of the earthquake. This area which is located 20–50 km
northeast of the hypocenter remains essentially unruptured

Figure 2. Snapshots of the rupture process of the Wenchuan earthquake. For clarity, the 3 segments of the YBF have been
joint together. For the first 5 top panels, the time of each snapshot is shown on the right, and only the additional slip since the
previous snapshot is presented. The last panel displays the final static slip and rake distribution (rake is shown only when slip
is larger than 50 cm).
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during the first 20 s of the earthquake (see snapshot at
t = 20 s on Figure 2). Then, in the time interval 20–35 s, this
area broke almost simultaneously (Figure 3), with maxi-
mum slip reaching 12.5 m (Figure 2). Large slip values are
mainly distributed near the surface at a depth of 0 to 20 km,
which may be the direct cause for the severe destructions in
this area.
[11] We carried out some inversion tests to examine the

robustness of this delayed and brutal rupture of the main slip
patch. We first try to simulate the strong motion records
using the constant rupture velocity proposed by other studies
[Wang et al., 2008; Z. Zhang et al., 2009; Xu et al., 2009;
Zhang and Ge, 2010]. However, a systematic increase of the
misfit error is observed in all these inversion schemes. Then
we conduct an inversion during which the duration for each
subfault is reduced from 16 s to 12 s, indicating that the
delaying of the rupture is not fully allowed. In this particular
inversion, the global rms increases (0.54 compared to 0.42),
mostly because the waveform fitting at stations close to the
main slip patch is significantly worsened (Figure 4). Figure S7
shows the corresponding fit at all stations and can be com-
pared with the waveform agreement of the optimal model
(Figure S6). These inversion tests confirm that the main patch
has not simply slipped during the NorthEast propagation of
the rupture front. Instead, slippage occurred later, in an
almost simultaneous way (Figure 3).

4. Discussions and Conclusions

[12] The rupture process of the Wenchuan earthquake is
well determined by the high density of local strong motion
data. Our analysis identifies a dominant slip patch located
20–50 km Northeast of the hypocenter, and three other slip
areas located further Northeast (at 90 km, 130 km and
190 km respectively), in agreement with the geodetic studies
of Tong et al. [2010], Xu and Song [2010] and Zhang et al.

[2011]. When looking only at the global behaviour of the
rupture kinematics, these patches appear to break during a
�3 km/s Northeast rupture propagation, which is consistent
with teleseismic data [Xu et al., 2009; Zhang et al., 2010].
However, while the latter dataset is limited to a general
description of the earthquake, local strong motion data are
able to describe how rupture has developed inside the main
slip areas. In this respect, slippage of the main slip patch is
particularly interesting: our study shows that, while this area
is located close to the hypocenter, very little slip occurs
during the first 20 s after rupture initiation. Then, this 30 km-
long patch broke almost simultaneously, with more than
10 m slip released during a 10–15 s time interval.
[13] Such a rupture behavior appears to be typical of the

presence of a strong asperity, in the sense first described by
Kanamori and Stewart [1978]. In this model, seismic slip
occurs on strongly stressed areas, where large stress drop
facilitates the development of the dynamic rupture. These
areas are thought to have a strong resistance to slip, so that
their stress has not been released for a long time. During this
time of stress build-up, this asperity thus acts as a barrier
[Das and Aki, 1977]. During the Wenchuan earthquake,
rupture development on the main slip patch is fully consis-
tent with the breaking of an asperity. Because of a strong
resistance to slip, the initial and moderate stress increase
created by slip around the hypocentral region has not been
sufficient to trigger the slippage in the asperity. The resis-
tance to slip has been only overcome later, when slip has
completely surrounded the asperity, resulting in a stronger
stress increase.
[14] Because of the delayed rupture of this asperity, the

Wenchuan earthquake can be described as a “compound”
rupture. As a matter of fact, seismic slip did not occur only
as a consequence of the stress release at the rupture front.
Instead, the increase of stress all around the asperity gave
birth to a secondary rupture, in which the asperity has

Figure 3. Time-distance plot of the moment release during the Wenchuan earthquake. The local source functions (STFs) of
each point of the fault (parametrized by 3 overlapping triangles with a half-duration of 4 s) are shown on the figure. Each
STF is located by its scalar distance to the hypocenter (vertical scale). On the horizontal scale, the STFs are shown with
respect to the rupture initiation time. Their onset time was allowed to vary between the black and red curves (corresponding
to average rupture velocity of 1 km/s and 3.8 km/s, respectively). Despite this large freedom offered to the optimization pro-
cedure, most of the radiating points of the middle and end of the rupture are close to the 3 km/s rupture velocity line (shown
by the blue dotted line). The brutal moment release, 20–30 s after rupture initiation, of points located 20–50 km from hypo-
center clearly appears in this figure.
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slipped. This compound earthquake behaviour has been
previously proposed, in particular for the 2001 Peru earth-
quake [Robinson et al., 2006; Lay et al., 2010]. In this case,
Lay et al. [2010] underlined the fact that the compound
model is only a realistic scenario, because of the limited
resolution of the teleseismic data. The Wenchuan earth-
quake, where the compound model is strongly supported by
the presence of numerous local data, appears to be a better-
documented example of this behaviour. It illustrates how the
earthquake process may be partitioned between rupture
occurring at the rupture front, and secondary triggered
ruptures.
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