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The source rupture process of the MS7.0 Lushan earthquake was here evaluated using 40 long-period P waveforms with even  
azimuth coverage of stations. Results reveal that the rupture process of the Lushan MS7.0 event to be simpler than that of the 
Wenchuan earthquake and also showed significant differences between the two rupture processes. The whole rupture process 
lasted 36 s and most of the moment was released within the first 13 s. The total released moment is 1.9×1019N m with MW=6.8. 
Rupture propagated upwards and bilaterally to both sides from the initial point, resulting in a large slip region of 40 km×30 km, 
with the maximum slip of 1.8 m, located above the initial point. No surface displacement was estimated around the epicenter, but 
displacement was observed about 20 km NE and SW directions of the epicenter. Both showed slips of less than 40 cm. The rup-
ture suddenly stopped at 20 km NE of the initial point. This was consistent with the aftershock activity. This phenomenon indi-
cates the existence of significant variation of the medium or tectonic structure, which may prevent the propagation of the rupture 
and aftershock activity. The earthquake risk of the left segment of Qianshan fault is worthy of attention. 
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At 8:02 a.m. on April 20, 2013 (Beijing time), an earth-
quake of MS7.0 struck Lushan County, Ya’an City, Sichuan 
Province, China. According to quick report from the CENC, 
it took place at 30.3°N 103°E at a depth of 13 km. The 
Lushan earthquake took place on the southwestern part of 
Longmenshan fault zone (LFZ), and it is the second devas-
tating event occurred on the LFZ after the MS8.0 Wenchuan 
earthquake in 2008. The distance between the two epicen-
ters is about 100 km. By April 24, 2013, 196 people had 
been killed. The Lushan earthquake caused severe damage, 
as did the 2008 “5.12” Wenchuan earthquake and the MS7.1 
Yushu earthquake in 2010, which both took place in main-
land China. 

The source rupture process study of the 2008 Wenchuan 
earthquake reveals that the rupture propagated from the ini-
tial point (Yinxiu Town) towards the northeastern direction 

along the LFZ and caused a rupture about 330 km long 
within 120 s [1]. The early rupturing stage showed reverse 
faulting and later changed to right-lateral strike slip faulting, 
leaving 2 large slip areas along the LFZ on the surface. Af-
tershock activity also showed a unilateral pattern along the 
northeastern direction, consistent with the direction of rup-
ture propagation. These seismological results were in ac-
cordance with the results of the post-earthquake investiga-
tion and of observations made during the disaster [2,3]. 
Evaluation of the source-rupture process using the digital 
seismic waveform data can provide information about the 
rupture scale, the way the fault moves, and the slip distribu-
tion on the fault within several hours of a strong earthquake. 
These estimations not only provide information regarding 
the seriously damaged areas and the way of dislocation but 
also information suitable for estimation of the scale of de-
struction and planning of rescue work. It can also provide 
information regarding the activity of the causative fault, the 
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tendency of future strong aftershocks. Key issues including 
the rupture pattern of the Lushan earthquake, its similarities 
and differences from the “5.12” Wenchuan earthquake 
which occurred on the same LFZ, as well as the tendency of 
risk of strong earthquakes along the LFZ, are main concerns 
after the occurrence of Lushan earthquake. Immediately 
after the Lushan earthquake, we estimated the preliminary 
rupture process pattern using a plane fault model, and the 
results were published on the webpage. In this paper, more 
data were used to improve the inversion result. The rupture 
features are further analyzed, differences from the Wen-
chuan earthquake and the tectonic meaning of the seismo-
genic fault reflected in the rupture process are discussed.  

1  Tectonic background 

The Longmenshan thrusting nappe structure zone is the 
boundary between the Bayan Har block in the Tibetan Plat-
eau and the South China block to the east. It is also a tec-
tonic boundary belt of two different crustal and lithosphere 
structures (Figure 1). This huge thrust tectonic belt was 
formed by the intense collision between the Bayan Har 
block and the South China block. On both sides of the 
Longmenshan fault zone, the crustal thickness varies from 
35 km in the east Sichuan Basin to 70 km in the west. A 
variety of geophysical factors demonstrated strong gradient 

changes on LFZ sides, such as electrical structure [4], grav-
ity field [5], seismic wave attenuation [6], and P-wave ve-
locity structure [7]. 

The general strike of the LFZ is N45°E and NW-trending. 
From northwest to southeast, LFZ is composed of three main 
plow-like west-dipping faults zones, the Longmenshan- 
Houshan fault zone, the Longmenshan central fault zone, and 
the Longmenshan-Qianshan fault zone. Each zone is com-
posed by several different sections [8]. Geological survey 
revealed that these three main faults zones have undergone a 
NW to SE thrusting movement accompanied by significant 
dextral strike-slip component since the late Quaternary. 

The Lushan earthquake occurred in the southern section 
of the LFZ, where it developed many secondary thrust faults. 
Several NE-trending faults, Yanjing-Wulong, Shuangshi- 
Dachuan, Dayi, Pujiang-Xinjin, parallel from west to east 
(Figure 1). The Yanjin-Wulong fault is in the southern sec-
tion of the Longmenshan central fault zone. The Shuang-
shi-Dachuan fault is in the southern part of the Longmen-
shan-Qianshan fault zone, and it is the southeastern bound-
ary fault of the Longmenshan fault zone. The Dayi fault is a 
steeper buried fault in Sichuan Basin. One study revealed 
that, from west to east, the intensity of tectonic deformation 
decreases in the southern section of the Longmenshan fault 
zone [9]. The region between Yanjin-Wulong fault and 
Shuangshi-Dachuan fault experienced strong tectonic de-
formation. The area developed numerous thrust belts and 

 
 

 

Figure 1  Focal mechanism and aftershock distribution of Lushan MS7.0 earthquake on April 20, 2013 and the Wenchuan MS8.0 earthquake on May 12, 
2008. Large and small stars represent the epicenters of the Wenchuan and Lushan earthquakes, respectively. Blue circles are aftershocks of the Wenchuan 
earthquake, and red dots are aftershocks of the Lushan earthquake. 
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demonstrated a transition from ductile deformation to brittle 
deformation. Back-thrusting fault-block structures and fault- 
related folds developed between the Shuangshi-Dachuan 
and Dayi faults. The eastern region of the Dayi fault showed 
little intense deformation. 

Lushan earthquake and its aftershocks took place be-
tween the Dayi fault (the buried fault) and the Shuang-
shi-Dachuan fault (Figure 1). Up until May 4, 2013, the 
relocation of Lushan earthquake sequence showed that af-
tershocks mainly occurred in a smaller range of 40 km in 
the northeast direction. There was an evident seismicity- 
empty segment between the Lushan and Wenchuan earth-
quake sequences. 

2  Methods 

In order to conduct rupture process inversion supposing a 
finite plane fault, the seismic fault is generally divided into 
many sub-faults. The whole source rupture process is then 
considered to be the summation of all these sub-events that 
can be regarded as point sources. The synthetic seismogram 
of an individual station is the summation of displacement 
excited by each sub-fault, and the displacement Di(t) at sta-
tion i can be written as  
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where Di(t) is the displacement concluding the instrument 
response, Mj is the scalar seismic moment of the sub-fault j, 
N is the number of Mj, Sj(t) is the source time function of 
sub-fault j, gi

j (t) is the green function of station i excited by 
the sub-fault j, ij is the time delay of sub-fault j respect to 
the reference point (usually the starting point) and recorded 
by station i. ij is estimated by eq. (2): 
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where xj and yj are the distances between sub-fault j and the 
initial point along the strike and down the dip respectively. 
pij is the ray parameter from sub-fault j to the station i, and 
ij is the value of azimuth of station i minus the strike of the 
fault.  is the dip angle, Vr is the rupture velocity, v is Vp or 
Vs. Then the source-rupture process inversion is conducted 
by solving the over-determined equation (3):     

 GM = D, (3) 

where D represents the data vector consisting of observa-
tional data, G represents the coefficient vector considering 
the time delay. M is the solution vector composed of the N 
sub-faults. The Kikuchi and Kanamori method, which is 
based on a finite fault and the non-negative least square 
method, was used to restore the rupture scenario by fitting 

the observed waveform to the synthetic one in a time do-
main [10–13]. In order to obtain a stable solution, a smooth 
constraint was added alongside the non-negative prerequi-
site to keep the slip ratio of the neighbored sub-fault below 
a preset constant. The covariance of synthetic data with the 
observed data Var was defined as eq. (4):  
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where dj(t) and wj(t) represent the recorded data and syn-
thetic data respectively.   

3  Data and processing 

Waveform data were downloaded from IRIS data center 
with an epicenter distance between 30°–90°. The data were 
subjected to further selection in terms of data quality and 
azimuth coverage. Forty far-field P waveforms were select-
ed. As shown in Figure 2, the 40 stations evenly surrounded 
the Lushan epicenter. During inversion, the observed and 
synthetic data were both band-path filtered to 0.005–1.0 Hz. 
The duration of the P waveform data used was 50 s. 

A plane fault model with strike= 231°, dip=42°, and slip 
=131° was used as the seismogenic fault, according to the 
moment inversion published by of Liu et al. (http://www. 
cea-igp.ac.cn/tpxw/266824.shtml). A rectangular section 
100 km in length along the strike and 45 km in width down 
the dip with the initial point at the center, was chosen as the 
fault plane. It was divided into a series of sub-faults, each 
with a size of 10 km×5 km. The time window for each 
sub-fault was set into a series of triangle functions with a 
rise time and delay time of 4 seconds each. The rupture ve-
locity was set to a value within the range of 2.5–3.0 km/s  
 
 

 

Figure 2  Epicenter of Lushan MS7.0 earthquake (star) and stations used 
(triangle).  
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individually, and the proper rupture velocity was deter-
mined by the fitting variance of the observed data with syn-
thetic data.  

4  Results 

The best fitted synthetic and observed waveform data are 
shown in Figure 3, with the fitting covariance Var= 0.25 
and rupture velocity Vr=3.0 km/s. According to the source 
time function (Figure 4), the rupture process lasted 30 s and 
consisted of 3 stages of moment scalar release, but most of 
the scalar moment was released within the first 13 s. The 
total released scalar seismic moment was 1.9×1019 N m with 
MW=6.8. From the distribution of final static displacement 
and slip angle of each sub-fault (Figure 5) and from the 
rupture snapshots of every second (Figure 6), the rupture 
process can be seen to be relatively simple. Starting from 
the initial point, it extended rapidly upwards, forming a bi-
lateral side rupture feature. The area that released most of 
the moment was concentrated within a region of 40 km×  
30 km, with the largest slip reaching 1.8 m. There was no 

displacement around the epicenter on the surface. This was 
consistent with the post-earthquake field investigation. 
Ground displacement only appears at places 20 km away 
from the epicenter on its southwest and northeast side, with 
slip less than 40 cm and the slip direction being southwest 
and northeast, respectively. 

Figure 7(a) shows the final static slip projected onto the 
surface. The grey dots represent earthquakes that occurred 
from April 19, 2012 to April 19, 2013. It is clear that the 
seismicity was low around the MS7.0 Lushan source region 
before the Lushan earthquake took place, but it was high in 
the Wenchuan source region, where many aftershocks of 
Wenchuan earthquake clustered. Figure 7(b) shows the af-
tershocks of the Lushan event that took place before April 
30. Most of these aftershocks clustered around the large slip 
area.  

5  Discussion and conclusion 

According to the present study, the rupture process of 
Lushan MS7.0 earthquake was relatively simple. The scale  

 

 

Figure 3  Comparison of the observed waveform data (black) to synthetic data (red). 
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Figure 4  Source time function. 

 

Figure 5  Final static slip distribution on the fault plane. The star indi-
cates the initial rupture point. Black arrow marks the slip vector and its 
length proportional to the slip value. The maximum slip was 1.8 m. 

of the rupture was relatively small. The seismic moment 
was released during the first 13 s, with a total amount of 1.9 
× 1019 N m and a moment magnitude MW of 6.8. The rup-
ture demonstrated a rapid development from the starting 
point to the surface, showing bilateral rupture characteristics. 
The large slips generated by the rupture were mainly con-
centrated around the 40 km × 30 km region above the initial 
rupture point and had a maximum slip of 1.8 m. No signifi-
cant slip was found on the surface near the epicenter of the 
Lushan earthquake, which located 20 km away to the 
southwest and northeast of the epicenter and showed a slip 
of less than 40 cm. The directions of these slips were also 
southwest and northeast, respectively. These inversion re-
sults are consistent with the post-earthquake geological 
survey (http://www.e-igl.ac.cn/wwwroot/c_000000090002/ 
d_0976.html). The geological investigation confirmed that 
no surface rupture was present on the surface of source re-
gion and inferred that the Lushan earthquake was a typical 
blind faulting earthquake. 

The rupture process of the Lushan earthquake differed 
significantly from that of Wenchuan earthquake [1,14,15]. 
The rupture process inversion results of Wenchuan earth-
quake revealed that along the surface of the main central 
Longmenshan fault zone, there exists a number of large 
rupture zones. The rupture process of Wenchuan earthquake 
was decomposed into a series of several M>7 earthquakes 
ruptures, which were mainly unilateral ruptures in the NE  

 

 

Figure 6  Snapshots of rupture scenario at every second on the fault plane. The star indicates the initial rupture point. 
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Figure 7  Surface projection of the final slip distribution and finite fault model. Grey dots indicate earthquakes that took place during the year preceding the 
Lushan MS7.0 earthquake. Red dots indicate aftershocks that took place before May 4, 2013. The star represents the epicenter. 

direction. The overall rupture length reached 330 km. From 
southwest to northeast, the rupture mode changed from 
thrust into strike-slip. Geological survey reported that the 
Wenchuan earthquake, which was a great intra-continental 
thrust earthquake, produced a number of large surface rup-
ture zones. This great earthquake caused the Beichuan- 
Yingxiu and Guanxian-Jiangyou faults in the middle section 
of the Longmenshan fault zone and NW-trending Xiaoyu- 
dong fault to rupture simultaneously, so forming two nearly 
parallel Beichuan-Yingxiu and Hanwang-Bailu surface 
rupture zones in the NE direction and the Xiaoyudong sur-
face rupture zone in the NW direction. A 240 km long sur-
face rupture zone formed along the Yingxiu-Beichuan fault 
in the middle section of Longmenshan fault zone, where the 
observed maximum vertical dislocation and horizontal 
right-lateral dislocation were approximately 6.5 and 4.9 m 
respectively. The Guanxian-Jiangyou fault demonstrated 
mainly thrust ruptures. The maximum vertical displacement 
was approximately 3.5 m along this 73 km rupture zone. 
This feature of the rupture indicated that, before the Wen-
chuan earthquake, the Longmenshan fault zone was in a 
locked state under both the eastward push from Tibetan 
Plateau and the barrier effect from Sichuan Basin and had 
so accumulated a considerable level of stress. The medium 
in this tectonic faults zone was very uneven. 

In addition to the characteristics of small-scale rupture 
and lack of distinctive displacement distribution on the sur-

face, another notable feature of Lushan earthquake is that 
the rupture propagation stopped in the NE direction of less 
than 20 km to the epicenter, the aftershocks of the Lushan  

 

 

Figure 8  Final static slip distribution on the fault plane both for Wen-
chuan and Lushan earthquake. Stars represent the epicenters of the Wen-
chuan and Lushan earthquake, respectively. 
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earthquake also stopped in the same place (Figure 7(b)). 
The slip distributions of both the Wenchuan and Lushan 
earthquakes are projected in Figure 8. As shown, the rupture 
zones of these two earthquakes were partially connected in 
the central Longmenshan fault zone. However, on the 
northeast segment of the Qianshan fault, there was no rup-
ture and aftershocks (the black squares in Figure 8), indi-
cating the significant variance of the medium or the tectonic 
structure. This may be because of the much stronger medi-
um or some change in structure that prevented the rupture 
propagation and impeded the aftershock activity. 

Although one MS6.2 earthquake occurred in the middle 
of this empty segment in 1972, Chen et al. [16] argued that 
the energy released by this earthquake was less than the 
amount of energy that could released by an earthquake of 
the scale equal to the length of the empty segment, that is, 
an MW6.8 earthquake. Therefore, further study should be 
carried regarding the fault structure and medium properties 
of this segment.  
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