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Aftershock Observation and Analysis of the
2013 M s 7.0 Lushan Earthquake
by Lihua Fang, Jianping Wu, Weilai Wang, Wenkang Du, Jinrong Su,
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Online Material: Figures of station deployment time and of
spatial and temporal depiction of aftershocks, and tables of sta-
tion information and aftershock catalogs.

INTRODUCTION

At 08:02 (local and Beijing time) on 20 April 2013, an earth-
quake of M s 7.0 (Mw 6.6) struck Lushan County in Sichuan
Province, southwestern China (hereafter referred to as the
Lushan earthquake). The Lushan earthquake resulted in casu-
alties and severe damage to the buildings and to the economic
activities of the region. The earthquake left 193 dead, up to
10,000 injured, and 25 missing. The direct economic loss
hit over $1.6 billion U.S.

The Lushan earthquake is the second destructive earth-
quake to have occurred in the southern segment of the Long-
menshan fault zone since the 12 May 2008M s 8.0 Wenchuan
earthquake (Fig. 1). The distance between the epicenters of the
Lushan earthquake and the Wenchuan earthquake is about
87 km (Fang, Wu, Wang, Lü, et al., 2013). As happened fol-
lowing the Wenchuan earthquake, the occurrence of the
Lushan earthquake also stimulated lots of discussions on the
seismic risk potential and prediction in southwest China. In
particular, whether it was a large aftershock of the Wenchuan
earthquake has been heatedly debated (Chen et al., 2013; Du
et al., 2013; J. Liu et al., 2013; Wang et al., 2013; Jia
et al., 2014).

The Longmenshan fault zone is a tectonic boundary that
separates the eastern Tibetan plateau to the west and the rigid
Sichuan basin to the east. The major faults in the southern
segment of the Longmenshan fault zone include the Yanjing–
Wulong fault, Dachuan–Shuangshi fault, Xinkaidian fault,
and Dayi fault. Because the Lushan earthquake did not pro-
duce obvious surface ruptures, the causative fault of this event
is also a subject of debate (Chen et al., 2014; Xu et al., 2013; Y.
Zhang et al., 2013).

Some researchers conducted earthquake relocation, shear-
wave splitting, and earthquake tomography after the Lushan
earthquake (Fang, Wu, Wang, Lü, et al., 2013; Jiang et al.,
2013; Li et al., 2013; Zhang and Lei, 2013;
Zeng et al., 2013; Lei et al., 2014; Pei et al., 2014; Long et al.,

2015). These results, together with the focal mechanism (Lü
et al., 2013; Zeng et al., 2013; Han et al., 2014) and rupture
process of the mainshock (C. L. Liu et al., 2013; Wang et al.,
2013; Y. Zhang et al., 2013; C. P. Zhao et al., 2013), and the
relation with the stress change caused by the mainshock (Miao
and Zhu, 2013), provide evidence for the understanding of
the source process of the mainshock and the generation of the
aftershocks. These results also provide heuristic clues to the
seismic hazard of the seismic gap between the Lushan earth-
quake sequence and the Wenchuan earthquake sequence
(Gao et al., 2013). However, most of these studies used only
several days’ aftershock observation data and limited our
understanding of the Lushan earthquake.

After the Lushan event, we deployed 35 temporary seismic
stations in the vicinity of the epicentral region. The temporary
stations, combined with the permanent stations, covered the
epicentral area very well, allowing us to determine the after-
shock locations with high precision and to delineate the geom-
etry of the seismogenic fault clearly. This study describes the
aftershock observation and analysis following the Lushan
earthquake, which included rapid deployment of temporary
stations in the field for real-time seismic monitoring purposes
and scientific investigation, aftershock analysis and relocation,
and delineation of the geometry of seismogenic fault. These
results are helpful for understanding seismogenic structure
of the earthquake and provide a lot of useful basic information
for further specific studies and hazard assessment.

AFTERSHOCK OBSERVATION

Temporary seismic networks are an important element in the
response to earthquake emergency. They improved the detec-
tion performance of permanent monitoring systems during
seismic sequences. The improvement in earthquake detection
and location capabilities can be important for decision makers
to assess the current situation and can provide invaluable data
for scientific studies related to hazard, tectonics, and earth-
quake physics. Temporary seismic networks usually have been
deployed for ML ≥5:0 crustal earthquakes that have occurred
in the Chinese mainland (e.g., Fang et al., 2011; Fang, Wu,
Wang, Wang, and Yang, 2013). They have been important
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monitoring and scientific tools to better understand the seis-
mic sequences (Fang, Wu, Wang, Lü, et al., 2013; McNamara
et al., 2013; Govoni et al., 2014).

Within the first few days of theM s 7.0 Lushan earthquake,
multiple government and academic institutions deployed seismic

instruments near the epicenter. The primary objective of tem-
porary deployment of the seismic stations is to record and docu-
ment the distribution of aftershocks to delineate the causative
fault and constrain the dimensions of the rupture zone. The
first real-time station started operating at about 19:25 p.m.
on 20 April 2013. A total of 15 temporary seismograph stations
were deployed within five days of the mainshock (Fig. 1 andⒺ
Fig. S1, available in the electronic supplement to this article).
Most of the stations were set up in the apartments of local res-
idents. All stations recorded data continuously onsite with a
sampling rate of 100 Hz. Most of the stations are powered with
solar panels. The waveform data were telemetered to the Sichuan
Seismological Network Center and transferred to the Data
Manage Center of the China Seismic Array at the Institute of
Geophysics, China Earthquake Administration (IGPCEA).
This ensured substantial improvements in the real-time mon-
itoring of the aftershock sequence.

One month after the Lushan earthquake, the China Earth-
quake Administration carried out the scientific investigation of
the 2013 Lushan earthquake. In an effort to monitor the seis-
mic activity of the seismic gap between the Lushan earthquake
sequence and the Wenchuan earthquake sequence and to
enhance the observations of the Lushan aftershock sequences,
IGPCEA deployed 20 more temporary stations around the
epicentral area, increasing the number of temporary stations
to 35 and making it the best-recorded aftershock sequence
in the Chinese mainland.

Each seismic station was equipped with a 24-bit recorder
(REF TEK/EDAS-24IP) with a Global Positioning System
timing system. Among them, 13 stations were installed with
short-period seismometers (CMG-40T), and 22 stations were
equipped with broadband sensors (CMG-3ESPC and CMG-
3T). The 15 temporary stations deployed in the emergency
rapid-response phase were moved to new locations to reduce
the ambient noise. Most of the seismometers were deployed in
pits with 1.5 m depth, which substantially reduced the noise
level and enhanced the monitoring capability. The seismic sta-
tions cover the aftershock region with an average azimuthal gap
less than 150°. The distances between stations and epicenters
vary from 0.1 to 200 km. Both the permanent stations, com-
bined with the portable stations temporarily deployed within
the epicentral region, enabled detection and location of a complete
earthquake catalog down to approximately ML 0.8. Ⓔ Table S1
and Figure S1 list the detailed station information, including the
station coordinates, and starting and ending times.

DATA PROCESSING

The Lushan earthquake was followed by a productive after-
shock sequence. By the end of 24:00:00 (local time) on 20
April 2014, 14,482 aftershocks were recorded by the temporary
seismic network. The magnitude of the aftershocks ranges from
ML − 0:5 to 5.6. There are 6 aftershocks withML ≥5:0 and 54
aftershocks withML ≥4:0. Figure 2a shows the magnitude–time
diagram of the aftershock sequence. Figure 2b shows the number
of aftershocks per day from 20 April 2013 to 20 April 2014.
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▴ Figure 1. (a) Tectonic settings of the Longmenshan fault zone.
Red and yellow stars indicate the epicenters of the Wenchuan and
Lushan earthquakes, respectively. The focal mechanisms of the
Lushan earthquake and Wenchuan earthquake are also shown.
Red circles represent aftershocks of the Lushan and Wenchuan
earthquakes. Black lines indicate the main faults. The inset map
shows the location of the study region in the Chinese mainland.
(b) The distribution of seismic stations in and around the epicen-
tral region of the Lushan earthquake. Permanent seismic stations
are shown as red triangles. Temporary seismic stations, deployed
in the emergence response phase and the scientific investigation
phase, are shown as white and blue triangles, respectively.
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During the first week of the sequence, the rate of seismicity re-
mained high, with more than 300 events per day. The aftershock
sequence of the Lushan earthquake decays gradually on the
whole. The earthquake activity shows an increase two months
after the mainshock, which is due to the enhancement of the
monitoring capability by increasing the temporary seismic sta-
tions. Figure 2c is similar to Figure 2a but with logarithmic time.

P- and S-wave arrivals were picked by visual inspection by
analysts at the Sichuan Seismological Network Center. P and S
waves were picked on the vertical and horizontal components,
respectively. There are 111,474 P arrivals and 110,532 S arrivals
picked for the 14,482 events. On average, each event has 15
phase readings.

Initial event locations were obtained using program
LOC3D based on a 3D velocity model (Wu et al., 2009; Fang,
Wu,Wang, Lü, et al., 2013). This earthquake location program
has been well tested and applied extensively in the Sichuan and
Yunnan region. The 3D velocity model was constructed using
the body-wave tomography method (Zhao et al., 1992, 1994).
The location program calculates theoretical arrival times of
regional phases using the pseudobending technique. The pro-
gram also takes topography and station elevation into consid-
eration in the ray tracing. The average root mean square (rms)
of the travel-time residual in the initial catalog is 0.17 s. The aver-
age location error of the hypocenters is 0.85 and 2.7 km in the
horizontal and vertical components, respectively. Ⓔ Table S2 is
the initial catalog.

Although the catalog is not complete immediately after
the mainshock, it still provides much useful information for
the evolution of the aftershock activity. Figure 3 shows the ex-
pansion of the aftershock zone. The area of the aftershocks
expands from ∼18 km at 15 min to ∼39 km at 20 hr after the
mainshock. Figure 3 also reveals that most of the aftershocks
clustered around the mainshock. We compute the b-value and
magnitude of completeness (M c) using ZMAP (Wiemer,
2001). Figure 4a shows the cumulative number of earthquakes
observed as a function of magnitude, which is used to deter-
mine a b-value for the aftershock sequence. Using a maximum-
likelihood algorithm (Wiemer, 2001) results in a catalog of
aftershocks that is complete to ML 1.0 and has a b-value of
0:7� 0:01. The b-value shows slight variation over time (Fang
et al., 2014). Plotting M c with time reveals a decreased mag-
nitude threshold due to the operation of the temporary seismic
network. This b-value is consistent with a previous broad area
study before the Lushan earthquake in the Longmenshan fault
zone (Yi et al., 2013). The low b-value indicates the high stress
state in the southern segment of Longmenshan fault zone.

The magnitude of completeness M c reflects the detection
threshold of a seismic network. The lower the M c, the higher
the monitoring capability. As displayed in Figure 4b, the M c
changed through time with three distinct phases. The first two
days of the sequence had the highest M c but then dropped off
quickly into the second phase. After 24 June 2013, the M c
declined again, where it remained relatively constant afterward.
The mean interstation distance in the Lushan seismic array is
about 14 km, which is larger than that deployed in the 2011
Mineral, Virginia, earthquake and the 2012 Emilia earthquake
source regions (McNamara et al., 2013; Govoni et al., 2014).
However, the magnitude of completenessM c is lower than for
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▴ Figure 2. (a) The magnitude–time plot of the aftershock se-
quence from 20 April 2013 to 20 April 2014. (b) Number of recorded
aftershocks per day. The down arrow indicates the significant en-
hancement of the monitoring capability due to the operation of the
temporary seismic stations deployed in the scientific investigation
phase. (c) Magnitude compared with logarithmic time since the
mainshock.
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▴ Figure 3. The occurrence time of aftershocks since the Lushan
mainshock as a function of distance along the strike. The black
circles represent the aftershocks. The gray star is the mainshock.
The upper and lower blue dashed lines, respectively, mark the
15 min and 20 hr time intervals after the mainshock.
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the Mineral and Emilia earthquakes. This reflects the low-
ambient noise level of the Lushan seismic array.

RELOCATION OF AFTERSHOCKS USING HYPODD

To better constrain the spatial pattern of aftershocks, we ap-
plied the double-difference algorithm hypoDD to refine the rel-
ative hypocentral locations (Waldhauser and Ellsworth, 2000).
This program minimizes errors introduced to earthquake loca-
tions by unmodeled 2D or 3D velocity structure by assuming
that the spatial separation between hypocenters is small com-
pared to the hypocenter–station distance, and therefore veloc-
ity variation is the same along event-pair ray paths.

We did not relocate all observed aftershocks, but only those
events for which there were a sufficient number of arrival-time
observations and good azimuthal coverage to ensure the well-
delineated fault geometry. The event selection criteria are initial
horizontal location error less than 1.0 km and vertical location
error less than 2.0 km, rms < 0:4 s, largest azimuthal gap less
than 120°, at least eight P- and two S-wave readings, at least
four stations within 30 km epicentral distance, and minimum
epicentral distance less than 10 km. Events meeting the data
selection criteria were input into the hypoDD relocation pro-
gram. Only the phase arrival time picked by the analysts is used

in relocation. We obtained a representative subset of 1993
aftershocks for the subsequent inversion.

The 1D P-wave velocity model is taken from a seismic
refraction profile located about 15 km south of the source re-
gion (Table 1; Wang et al., 2007). The ratio of VP to VS is set
to 1.73. Eight iterations were used for the conjugate gradient
method (least-squares [LSQR]) when relocating with hypoDD.
The travel-time differences were calculated for the event pairs
separated by less than 5 km. The maximum distance between
cluster centroid and station was 150 km. Only events with a
maximum of eight neighbors linked to each other were con-
sidered for the relocation. The a priori weights of P and Swaves
were 1.0 and 0.5, respectively. The condition numbers (i.e., ra-
tio of the largest to smallest eigenvalues) obtained for the eight
iterations range from 65 to 80. A total of 1993 earthquakes
were obtained with hypoDD. The final double-difference loca-
tions have average rms residuals of 0.07 s. Relative location un-
certainties have medians of 65 m laterally and 73.5 m vertically.
Relocation errors given by LSQR against the singular value de-
composition result were checked to ensure the consistency in
hypocenters. Compared with the initial results, the location er-
rors were significantly reduced by the double-difference location
algorithm. Ⓔ Table S3 is the aftershock catalog relocated using
hypoDD.

Figure 5 shows the map view of the epicenters, and Figure 6
shows the cross-section view of the hypocenters. The vertical
cross section A–A′ is drawn roughly parallel to the strike of the
mainshock rupture planes (N48°E); the vertical cross sections
going from B–B′ to E–E′ are drawn roughly perpendicular to
this strike. We project the earthquakes located within 3.0 km
distance from the vertical plane on the cross sections going from
B–B′ to E–E′, whereas on the cross section A–A′ the whole set
of analyzed earthquakes is projected.

The epicenter of the Lushan earthquake was located to the
east side of the Dachuan–Shuangshi fault and to the northeast
part of the source region. The distribution of relocated epicen-
ters defines a northeast-trending aftershock zone covering an
area of 55 km × 25 km. Most of the aftershocks are distributed
near the surface trace of the Dachuan–Shuangshi fault. Some
earthquakes were in the southern part of aftershock region, but
more were in the mid-northern section. The width of the after-
shock area changes near Lushan, being wide in the area north
of Lushan and narrow in the south.
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▴ Figure 4. (a) The frequency–magnitude distribution map of the
source region. The inverted triangle indicates the magnitude of
completeness Mc. The cumulative numbers of earthquakes are
shown by squares. The line represents the maximum-likelihood fit
to the data. (b) Plot ofMc versus time since the mainshock and the
uncertaintyMc � δMc. The down arrow marks the operating time
of the 35 temporary seismic stations.

Table 1
1D Velocity Model Used in hypoDD Relocation

P-Wave Velocity (km=s) Depth (km)
5.30 0
6.05 4
6.35 17
6.75 28
7.00 39
8.15 45
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The cross sections in Figure 6 show that most of the hypo-
centers are confined between 5 and 20 km depth. There are a
small number of aftershocks in the shallow crust. Along cross
section A–A′, the focal depth changes significantly. The focal
depths are confined between 10 and 20 km in the southwest
part of the profile, whereas there are some shallow aftershocks
in the northeast part. There is a southeast-dipping fault inter-
secting with the northwest-dipping fault in a y shape. Our
high-precision relocation results image the y-shaped fault more
obviously than the previous studies. The y-shaped fault system
is clearly recognized in the northeast part of the source region
but blurred in the southwest part. The mainshock was located
at the intersection of the two faults. The relocated aftershocks
indicate that at least two intersecting faults, or a fault system,
were activated during the Lushan earthquake sequence. The
southeast-dipping fault may be a back thrust fault that was ac-
tivated about 3 hr after the mainshock (Ⓔ Fig. S3).

DISCUSSION

Our new relocation results represent a sensible improvement
on the existing one in terms of geometrical definition of the
seismogenic fault system, whose characteristics are here more
clearly recognizable. Several groups relocated the aftershock se-
quences of the Lushan earthquake (e.g., Lü et al., 2013; Su et al.,
2013; Zhang and Lei, 2013). Their results provide preliminary
constraints on the seismotectonic interpretation of the Lushan
earthquake. However, the fine-scale fault geometry was not
well imaged in the previous studies. For example, the y-shaped

fault system and sharp fault planes have been shown vaguely in
Han et al. (2014) and Long et al. (2015) and are not revealed
in Lü et al. (2013) and Zhang and Lei (2013). This may be due
to the different datasets and earthquake location methods they
used, because most of them used only several days’ aftershock
data recorded by the permanent seismic stations.

In our previous study, we relocated the aftershocks of the
Lushan earthquake using one-week data after the mainshock
(Fang,Wu,Wang, Lü, et al., 2013). The aftershock distribution
obtained using the two dataset are very similar. Both results
reveal the y-shaped fault system in the source area. This indi-
cates that the late aftershock activity does not change greatly
with time. However, the new relocation results reveal a sharper
fault plane than described in previous studies owing to the
operation of more temporary seismic stations.

The focal mechanism solution of the mainshock suggests
that the Lushan earthquake is associated with a thrust fault
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(Zeng et al., 2013; Han et al., 2014). The strikes determined by
fault-plane solutions are mostly oriented northeast and show a
good consistency with the trend of the aftershock distribution.
However, the dip of the fault plane determined using different
datasets and methods varies from 33° to 47° (Lü et al., 2013;
Zeng et al., 2013; B. Zhao et al., 2013; Han et al., 2014). The
differences in the fault dip may be caused by the different fre-
quency waves they used and also indicate the complexity of the
seismogenic fault. From the cross sections in Figure 6, we es-
timate the dip of the faults with the linear regression method.
The dip angles for the four profiles from northeast to south-
west are 56°, 50°, 43°, and 46°, respectively. The dip angle be-
comes more gentle from the northeast to the southwest, al-
though there is a slight increase in the southwest end. It is not
surprising there is a difference in the fault dip determined using
least-squares fitting of aftershocks and focal mechanisms. The
dip given by focal mechanisms shows a mean dip of the fault,
whereas the dip determined with aftershock distribution re-
flects the lateral variation of fault geometry. Compared to some
continental thrust earthquakes, such as the 1994 Northridge
earthquake (35°; Hauksson et al., 1995) and the 1999 Chi-
Chi earthquake (34°; Chang et al., 2000), the Lushan earth-
quake occurred on a relatively high-dip-angle thrust fault.
Moreover, the magnitude of the Lushan earthquake is relatively
small (Mw 6.6). Thus, it was difficult for the mainshock to
breach the surface. It is worth noting that most of the after-
shocks are located to the southwest of the mainshock (Figs. 5
and 6). The rupture model also indicates that the slip propa-
gates to the southwest (Hao et al., 2013). Pei et al. (2014) be-
lieves that the seismicity gap between the Wenchuan and
Lushan earthquakes is weak and the upper crust is likely duc-
tile. Thus might act as a barrier for ruptures for the two earth-
quakes. Both the high dip angle of the fault in the northeastern
part and the ductile upper crust in the seismicity gap make it
difficult to rupture to the northeast.

Earthquake rupture studies show that the slip distribution
is dominated between 5 and 20 km depth range and the rup-
ture does not reach the surface (Hao et al., 2013; Y. Q. Zhang
et al., 2014). Geologic investigations following the Lushan
earthquake found no coseismic surface rupture (Xu et al.,
2013; Chen et al., 2014). Therefore, it is difficult to associate
the causative fault with any previously mapped faults. The seis-
mogenic fault of the Lushan earthquake remains controversial.
The southern part of the Longmenshan fault system is com-
posed of a series of imbricated reverse faults dipping to the
northwest. From southeast to northwest, these are the Dayi,
Xinkaidian, Dachuan–Shuangshi, and Yanjing–Wulong faults
(Fig. 5). Xu et al. (2013) speculate that the Lushan earthquake
occurred on a propagating blind thrust fault underneath a grow-
ing fold on the basis of relative positions between aftershock
distribution and anticline. Zhang and Lei (2013) infer that the
Lushan earthquake probably occurred at the intersection of the
detachment surface at the base of the Longmenshan fault zone
and the Shangshi–Dachuan fault. Xu and Xu (2014) analyzed
the landslide data in and around the Lushan source area. They
found that the landslide density changes suddenly about 1–2 km

from the western Shangli fault (Xinkaidian fault) to the north-
west, and the landslide density on the footwall of the fault is
clearly lower than that of the hanging wall. Xu and Xu (2014)
concludes that the seismogenic fault for the Lushan earthquake
is probably the western Shangli fault (Xinkaidian fault). The
distribution of the aftershocks indicates that the seismogenic
structure is a y-shaped fault system located to the east of the
Dachuan–Shuangshi fault (Fig. 6). We interpret the south-
east-dipping fault as a back-thrust fault. Seismic reflection pro-
files reveal that the back-thrust faults exist in the south segment
of Longmenshan fault (Li et al., 2014). The two intersecting
faults were activated during the Lushan earthquake. Most after-
shocks are confined between 5 and 20 km depth. Extrapolation
of the main thrust fault to the surface roughly aligns with the
surface trace of the Xinkaidian fault. The high-resolution after-
shock relocation results lend support to the inference that the
Lushan earthquake occurred on a blind thrust fault located to
the east of Dachuan–Shuangshi fault.

The source region of the Lushan earthquake is character-
ized by a low b-value of 0:7� 0:01. This b-value is consistent
with a previous study in the south segment of Longmenshan
fault zone (Yi et al., 2013). Wyss (1973) argues that there is a
negative correlation between the observed b-value and the level
of stress accumulated in and around the source volume. Re-
gions with low b-value may be interpreted as possible asperities
(stress concentrations) reflecting variations in frictional prop-
erties along the fault, which may control the recurrence of the
next large event (McNamara et al., 2013). Similar to the 1944
Northridge earthquake sequence (Hauksson et al., 1995), the
focal mechanisms of large aftershocks of the Lushan earth-
quake show relative uniformity of thrust type (Lü et al., 2013;
B. Zhao et al., 2013). This indicates that the stress release in the
mainshock was not complete. The hazard assessment based on
the change in the Coulomb failure stress and balancing seismic
moments in the Longmenshan fault zone indicate that the
Lushan earthquake released only about 1/3 of the estimated
moment deficit on the southern Longmenshan fault (Liu et al.,
2014). These results suggest that the potential seismic hazard
in the southern segment of Longmenshan fault zone remains
high.

CONCLUSIONS

We provided a detailed description of the aftershock observa-
tion and analysis of the 2013M s 7.0 Lushan earthquake based
on a combined dataset, including both permanent and tempo-
rary seismic stations. Our new relocation results provide a sen-
sible improvement on the existing ones in terms of earthquake
location accuracy and geometrical definition of the seismogenic
fault system.

The precisely relocated aftershocks define a rupture that
extends between approximately 5–20 km in depth and 55 km
along the strike of the fault plane. The aftershocks delineate
the geometry of the main thrust fault that strikes N48°E and
dips to the northwest around 50°. Extrapolation of the fault
plane of the main thrust fault to the surface roughly aligns with
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the surface trace of the Xinkaidian fault. A back thrust fault was
imaged in the source region that was seldom found elsewhere via
earthquake relocation. The y-shaped fault system should be con-
sidered when studying kinematic rupture models of the Lushan
earthquake. The aftershock relocation results, in conjunction
with geologic investigations, focal mechanism solutions, and
source rupture models, support the hypothesis that the seismo-
genic structure of the Lushan earthquake is a blind thrust fault
located to the east of the Dachuan–Shuangshi fault.

We presented a complete aftershock sequence catalog of
the Lushan earthquake for the period from 20 April 2013 to 20
April 2014. The catalog is of great importance for comparison
with automatic processing procedures and detection of missing
early aftershocks (Peng and Zhao, 2009). This study also paves
the way for future investigations of the Lushan earthquake,
such as statistical seismology (Jia et al., 2014), tomographic in-
version of deep velocity structure (Li et al., 2013; Lei et al.,
2014), and hazard assessment.
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