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Using broadband seismic records from regional networks, we determined the focal mechanisms and depths of 37 earthquakes
in the 2013 M7.0 Lushan earthquake sequence (3.4<<M,<5.1) by fitting the three-component waveform data. The results
show that the earthquakes are predominantly thrust events, with occasional strike-slip mechanisms. Most earthquakes occurred
at depths of 10-20 km. We derived the regional distribution of the average stress field in this area using the damped linear in-
version method and the focal mechanisms obtained in this study. The inversion results suggest that the Lushan region and the
adjacent area are mostly under compression. The orientations of the maximum principal axes trend NW-SE, with some local
differences in the stress distribution at different depths. Compared with the distribution of the stress field in the Wenchuan
earthquake area, the stress field in the southwest section of the Longmenshan Fault zone (LFZ) share similar characteristics,
predominantly thrust faulting with a few strike-slip events and the maximum compression axes being perpendicular to the

LFZ.
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The Longmenshan Fault zone (LFZ) is located in the east-
ern margin of the Tibetan Plateau. Because of the eastward
movement of the Tibetan Plateau as a result of the collision
between the Indian and Eurasian Plates modified by the
resistance of the rigid South China Block, strain energy in
the region has been accumulating for a long time (Zhang et
al., 2009; Royden et al., 2008). Numerical simulation sug-
gests that the bottom of the upper crust in the entire LFZ is
a high stress-growth area (Liu et al., 2012).

The M,,8 Wenchuan earthquake on 12 May, 2008 created
a 300 km rupture along most of the northeast-striking
Longmenshan thrust belt. The southwest segment of the
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fault zone, over a length of 100 km, experienced relatively
small movement and aftershocks were almost absent, indi-
cating that in the Lushan area the accumulated strain energy
had not been released. The Wenchuan earthquake had a
great impact on the faults around the LFZ. According to the
Coulomb stress change computed for models of perfect
elasticity and viscoelasticity (Shan et al., 2009; Shao et al.,
2010; Shi and Cao, 2010) the increment of the Coulomb
stress in the southern segment of the LFZ is about 0.01 MPa.
The results of the in-situ stress measurements in the south-
ern segment of the LFZ (Qin et al., 2013) also show that the
maximum principal stress in this area reached the critical
value, and the fault may be at a critical stage. Generally
speaking, earthquakes are triggered when the crustal stress
exceeds the limits of the rock strength, causing a rapid

earth.scichina.com  link.springer.com



LuoY, et al.

release of strain energy and rupturing the fault zone. Fol-
lowing the long period of strain accumulation and after the
strain release during the earthquake, crustal stress will ad-
just to reach a new balance. The Lushan earthquake may
may be triggered by fault movement caused by the shear
stress on the seismogenic fault exceeding the critical value.

Tectonic stress is the direct cause of earthquakes. Large
earthquakes are manifestations of sudden releases of tec-
tonic strain energy accumulated over time (Zhang et al.,
2009). The focal mechanism of an earthquake reflects the
regional stress field, thus providing a basis for studying
tectonic stress. Focal mechanisms also provide constraints
on the tectonic stress in the region surrounding the earth-
quake source. Various techniques for solving the unique
stress field using earthquake focal mechanisms have been
developed (McKenzie, 1969; Angelier, 1979, 1984; Gephart
and Forsyth, 1984; Michael, 1984, 1987). Recently, Harde-
beck and Michael (2006) introduced damping parameters
into the linear stress inversion with bootstrapping (LSIB)
approach of Michael (1984, 1987) so that the spatial-tem-
poral variation of the stress field can be incorporated into
the solution.

On 20 April, 2013 a magnitude 7.0 earthquake occurred
at the LFZ (hereinafter the “Lushan earthquake”). The seis-
micity in this region was extremely weak without earthquakes
above M6.5 and only two earthquakes above M6.0 (M6.0 on
12 June, 1941 and M6.2 on 24 February, 1970). Previous
studies in this area focused on its tectonic evolution and
present crustal deformation. With the increase in the num-
ber of digital seismic waveform records, it is necessary to
conduct a full analysis of the seismic data to shed more light
on the tectonic environment and evolution of this region
from a seismological perspective. The main shock of the
Lushan earthquake sequence was followed by a large num-
ber of aftershocks. Many broadband seismic instruments
with good azimuth coverage were deployed in this area, and
a large number of good-quality digital waveforms were rec-
orded and can be used to study the spatial-temporal stress
field in the southern segment of the LFZ.

In this study, we first collected the regional broadband
waveforms recorded at the seismic stations in Sichuan
Province. We then determined the focal mechanisms of 37
earthquakes of the Lushan earthquake sequence, including
fault-plane solutions, focal depths, and moment magnitudes.
Finally, we derived the distribution of the stress field in this
region from the focal mechanisms by applying the Damped
Linear Stress Inversion (DLSI) method (Hardebeck and
Michael, 2006).

1 Earthquake focal mechanisms

Various methods have been developed to determine the fo-
cal mechanisms of earthquakes (Patton and Zandt, 1991;
Dreger and Helmberger, 1993; Romanowicz et al., 1993;
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Zhao and Helmberger, 1994; Zhu and Helmberger, 1996;
Herrmann et al., 2011). Recently, an improvement on the
Cut and Paste (CAP) method, the CAPJoint method, com-
bined local Pnl, surface waveforms, and teleseismic P and
SH waveforms to study earthquake source parameters
(Chen et al., 2012). The CAPtele method has also been used
to determine source parameters and to validate the reliabil-
ity of the regional CAP method using teleseismic depth
phases (Chen et al., 2012, 2013; Zhan et al., 2012).

In this study, we use the CAP method introduced by
Zhao and Helmberger (1994) and improved by Zhu and
Helmberger (1996). The CAP method adopts a grid search
procedure to find the best double-couple fault-plane solu-
tion, moment magnitude, and focal depth of an earthquake
by fitting the three components of the local and regional
waveforms. In the algorithm, the three-component seismic
waveform records are segmented into five windowed traces
including two Pnl wave traces on the vertical and radial
components and three S wave traces on the vertical, radial,
and transverse components. The synthetic seismograms are
computed using the frequency-wavenumber method (Zhu
and Rivera, 2002) with a one-dimensional (1D) earth model,
segmented into the same five traces as the observed wave-
form records. The Pnl and S waveform traces are bandpass
filtered in different frequency bands with the Pnl filter hav-
ing a slightly shorter period, and appropriate weights are
assigned to the Pnl and S waves so that the final focal
mechanism solution is not dominated by the much stronger
S waves. The match between the recorded and synthetic
waveforms is measured by cross-correlation, and a time
shift is allowed between each pair of recorded and synthetic
traces to account for the possible travel time anomaly
caused by errors in the event location and origin time and
the 3D heterogeneity inside the Earth. The enhanced con-
tribution by the Pnl waves helps improve the resolution to
the focal depth. The sPmP (or sPg) and sPn phases within
the Pnl wave are sensitive to the source depth, and the rela-
tive strength between Pnl and the surface waves also puts a
constraint on the source depth.

In recent years some achievements have been made using
this method in China (Zheng et al., 2009; Luo et al., 2010;
Luo et al., 2011; Zeng et al., 2013; Zhao et al., 2013).

Here, we use the CAP method to determine the earth-
quake focal mechanisms and depths of the Lushan earth-
quake sequence. The earthquake catalogs were provided by
the China Earthquake Networks Center, and the waveform
records are from the stations of the Sichuan Provincial Re-
gional Seismic Network. In practice, we selected the phases
used in the CAP solution based on the magnitude. For mag-
nitude 4 earthquakes, we used P waves within an epicentral
distance of 100 km and S waves within 200 km, whereas for
magnitude 5 earthquakes, we used P waves within a dis-
tance of 150 km and S waves within 300 km of the epicenter.
Traces with a low signal-to-noise ratio were discarded. We
deconvolved the instrument responses, removed the mean
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and linear trends, and then rotated the horizontal compo-
nents to the radial and transverse components. The focal
mechanism inversion was conducted through an iterative
process. After each iteration the traces with low cross-corre-
lation coefficients between the recorded and synthetic
waveforms were discarded. We set the thresholds of the
cross-correlation coefficients to be 70%. The earthquake
focal mechanisms are determined with a minimum of five
stations and at least 20 waveform segments.

Figure 1 displays an example of the CAP solution for the
20 April 2013 earthquake. Figure 1(a) shows the 1D model
used in this study, which is an average layered model
(Zheng et al. 2009) of the LFZ region. It incorporates the
features of the crustal structures of the Sichuan Basin to the
east and the Tibetan Plateau to the west. Figure 1(b) shows
the locations of the stations used in determining the earth-
quake focal mechanism of the M,,5.1 aftershock on 20 April,
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2013. The waveform residuals of the best fault-plane solu-
tions for all the trial focal depths are shown in Figure 1(c).
The solution with the minimum waveform mismatch, con-
sidered to be the optimal solution, was the depth of 13 km.
Figure 1(d) shows the waveform comparisons for the final
focal mechanism solution. The inversion results suggest that
the best double-couple solution of the earthquake is 221°,
51° and 90° for the strike, rake and dip, respectively, with a
focal depth of 13 km.

We determined the focal mechanisms for a total of 37
earthquakes (3.4<<M,<:5.1) using the CAP method. As
shown in Figure 2, most of the focal mechanisms of the
Lushan aftershocks display characteristics similar to those
of the mainshock. Generally, the aftershocks are primarily
thrust events distributed throughout the rupture zone. The
thrust events dominate, albeit with a few strike-slip events
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Figure 1 Example of focal mechanism inversion using the CAP method for the M,5.1 aftershock that occurred at 11:34 on 20 April, 2013. (a) 1D layered
model used for computing the synthetic seismograms. (b) Locations of stations used in the inversion. (c) The waveform mismatch of the best fault-plane
solutions for all the trial focal depths; the 13-km depth with the minimum waveform residual is taken as the optimal focal depth. (d) Comparison of observed
(black) and synthetic (red) waveforms at 12 stations. The waveform fit is evaluated independently for the maximum of five traces including the vertical and
radial traces for P waves (PV, PR) and the vertical, radial, and transverse traces for S waves (SurfV, SurfR, SH). The left column lists station codes and at
the top left is the beach ball (lower-hemisphere stereographic projection) of the fault-plane solution for the optical focal depth of 13 km.
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Figure 2 Beachball plots of 37 earthquakes (3.4<M,,<5.1) determined in this study. (a) Focal mechanisms distribution; size and color of the beachballs
indicate the moment magnitude and source depth, respectively. The bold black lines represent faults. (b) Focal mechanisms in cross-sectional view along the
AB section shown in (a). (¢) Focal mechanisms in cross-sectional view along the CD section shown in (a). The size and color of the beachballs indicate the
moment magnitude and source type, respectively. Blue indicates thrust events (55°<rake< 125°), green represents strike slip events (-35°<rake<35°, or
—180°<rake<-145°, or 145°<rake<180°), and black indicates mixed events (35°<rake<55°, or 125°<rake<145°, or —55°<rake<—35°, or —145°<rake<

—125°).

with a strike/dip/rake of: 348°/31°/20°, 180°/28°/31°, 336°/
53°/23°, respectively). There are five mixed events
(20130420: 174514, 20130420: 144320, 20130420:093934,
20130421:170154, and 20130421:221655, with a strike/
dip/rake of: 276°/63°/-46°, 348°/29°/47°, 0°/41°/44°, 360°/
39°/52°, 10°/31°/52°, respectively). As shown in Figure 3,
most of the strikes of the aftershocks are in the range of
180°-210°, the dips are in the range of 70°-90°, and the
rakes are 30°-60°. The dip angles of the thrust events are
consistent with the geological survey result (Yang et al.,
1999). The strike of event 20130420:155326 (strike/dip/
rake of 56°/60°/79°and 21 km source depth) trends ap-
proximately E-W, perpendicular to the main rupture zone of
the Wenchuan earthquake. This event may be a result of the
stress adjustment of deep small faults in the source region
triggered by the main shock. The 20130421:164538 event
is a thrust event with a strike-slip component. One nodal
plane of the fault-plane solution is strike-slip and the other
is thrust with a dipping angle, which may be caused by the
low-quality data. The strike/dip/rake of the two events of
20130420:091153 and 20130421:173027 is 181°/19°/70°
and 210°/10°/70°, respectively, with dip angles less than 20°,
displaying a low dip angle feature different from other events
of this earthquake sequence. The other nodal planes are
22°/72°/96°, 50°/80°/93°, and 22°/72°/96°, which may be

thrust fault planes dipping southeastward with a high dip an-
gle or dipping northwestward with a dip angle of about 45°.
The depth distribution of the events in Figure 2(b), (c)
shows that most of the aftershocks occurred in the depth
range of 10-20 km, with six events deeper than 20 km. The
overall trend indicates that events that occurred east of the
LFZ are shallower than those that occurred west of the LFZ,
which may imply that the fault plane dips northwestward.
The events in the north segments are deeper than those in
the south, showing a distribution trend similar to that of the
aftershocks. From a seismogenesis point of view, the depth
distribution of the focal depths determined in this study
suggests that the upper crust of the LFZ is brittle and can
generate seismic events, while the deeper crust is in a state
of ductile deformation and the accumulated strain energy is
not sufficient to trigger earthquakes. Thus, the depth of the
deepest earthquake can be considered the depth where the
transition from a brittle regime to a ductile one occurs.
Figure 4 shows the horizontal projections of the P and T
axes of the focal mechanisms. Most of the P axes (Figure
4(a)) are oriented NW-SE, perpendicular to the LFZ, and
are nearly horizontal (plunge<35°) whereas the T axes (Fig-
ure 4(b)) are nearly vertical (plunge>55°). The events are
mostly thrust earthquakes, with a few strike-slip earth-
quakes. This is consistent with the surface horizontal veloc-
ity field from GPS observations (Shen et al., 2005; Wang et
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Figure 4 Horizontal projections of the P and T axis of the focal mechanisms. (a) Horizontal projections of the P axis. Circles indicate aftershocks, the
lengths of the lines indicate the horizontal projection components of the P axis. The color of the lines indicates the focal depths, gray bold lines represent

faults. (b) Horizontal projections of the T axis.

al., 2008; Zhang, 2013).

2 Spatial variation of the stress field

Earthquakes are caused by the buildup of regional stress in
the crust over an extended period. Therefore, the focal
mechanisms, i.e., the orientations of the P, B, and T axes,
are closely linked to the stress field. However, the focal
mechanism of an individual earthquake is also dependent on
the geometry of the fault plane. Therefore, though there is
usually no direct relation between the focal mechanism of a
particular earthquake and the stress field (McKenzie, 1969),
we can deduce the geometrical properties of the stress field
from the collective behavior of many earthquakes in a re-
gion. Several techniques were developed to determine the
spatially uniform stress field from the fault-plane solutions
of a group of earthquakes (Angelier, 1979; Gephart and
Forsyth, 1984; Michael, 1984, 1987). The variation of the
stress field can be resolved by subdividing the earthquakes
in space and time and solving for each subset separately.
Uniform stress field inversion is based on the assumption
that the slip vector on the fault plane of an earthquake is
parallel to the tangential traction. A linear relationship can
be established between the components of the unit slip vec-
tor and the stress tensor elements. If the stress field is con-

stant over a specific spatial-temporal range, then given a
sufficient number of focal mechanisms we can invert for the
stress tensor (Michael, 1984, 1987). Hardebeck and Michael
(2006) introduced spatial and temporal damping parameters
and developed the technique of damped regional-scale
stress inversion (DRSSI). In their damped linear inverse
problem, the stress field is a least-square solution of the
equation

(G'G+e’D'D)ym =G'd, (1)

where m is the model vector containing the stress tensor
elements at the grid points, d is the data vector that includes
the slip vector components of the earthquakes at the corre-
sponding grid points, and G is the data kernel matrix in-
volving the normal vector components of all the fault planes.
The damping matrix D is formed by blocks of zeros, the
identity matrix I, and its opposite —I, and e is the damping
parameter. The damping factor is chosen so as to achieve an
optimal trade-off between the data error and the model size.
Once the stress tensor elements are obtained on each grid
point, we can solve for the eigenvectors to derive the orien-
tations of the principal stress axes.

In this study, we used 37 focal mechanisms to determine
the regional stress field around the Lushan region using the
DRSSI method. Since the earthquakes we used occurred
over a short time interval, we do not divide the earthquakes
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in time; instead, we focus on inverting the focal mecha-
nisms for spatial variation. After several trial inversions
with different grid sizes, we selected a grid size of 0.05° in
both latitude and longitude. Taking into account the earth-
quake location errors and the fact that each earthquake is
influenced by the stress field in a certain area, for each grid
point we assigned the earthquakes within a distance of 0.05°.
Following the same approach as in Zhao et al. (2013), we
determined the optimal damping factor e by first calculating
the trade-off curve between the data error and model size
(Figure 5(a)), and then found the maximum curvature of the
trade-off curve (Figure 5(b)). The value of the optimal
damping factor was found to be e=0.3 for the 0.05° grid.
Larger grid spacing can retrieve the large-scale pattern of
the stress field, but will mask some obvious small scale
features. See Figure 6(a) for an example of a 0.2° grid in
both longitude and latitude.

After obtaining the stress tensors at the grid points using
the DRSSI, we obtain the principal stress axes at each grid
point by calculating the eigenvalues and eigenvectors of the
stress tensor. Figure 6(b) shows the 2D map of the stress
field. The horizontal projections of the maximum and min-
imum principal axes oy and o3 are shown for each grid point,
respectively. The minimum principal stress axis o3 (mini-
mum compression) is depicted with a hollow line segment,
while the maximum principal stress axis oy (maximum com-
pression) is represented by a solid green or blue line seg-
ment according to the corresponding faulting type. A solid
green line segment indicates strike-slip faulting with both o
and o3 nearly horizontal (plunge<35°), whereas a solid blue
line segment indicates thrust faulting with a nearly horizon-
tal oy and a nearly vertical o3 (plunge>55°). A solid gray
line segment represents a mixed type that cannot be catego-
rized as simple strike-slip, normal, or thrust.

The focal mechanism inversion results in Figure 6(b)
show that around the Lushan region the tectonic stress field
is predominantly in a thrust faulting environment with
nearly horizontal maximum compression in the NW-SE
direction and nearly vertical minimum compression. The
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stress field also shows local spatial variation. In the northern
part of the Lushan region the stress field environment dis-
plays strike-slip fault features. In southern Lushan the ori-
entation of the maximum compression axes changes from
NW, NNW to nearly EW. However, since the distribution
of the earthquakes (circles in Figure 6(b)) is not adequate to
constrain the stress field inversion, the inconsistent orienta-
tion may be caused by the lack of suitable data.

To study the stress environment at different depths, we
divided the earthquakes into two groups: those with focal
depths of 5-15 km and those with focal depths of 16-25 km.
Figure 6(c) displays the horizontal projection of the maxi-
mum and minimum principal axes oy and o3, respectively,
at the depth range of 5-15 km, and Figure 6(d) shows the
projections for depths of 16-25 km. Generally, the stress
environment for both sets of focal depths are mainly thrust
faulting with the orientations of the maximum compression
axes primarily trending NW-SE, except for some local dif-
ferences in the faulting style and orientation of the stress
field. However, the number of earthquakes in those regions
(circles in Figure 6) may not be sufficient for obtaining re-
liable average stress field results using our method. There-
fore, the stress difference may be an artifact of inversion
and more focal mechanism solutions are required to verify it.

3 Discussion

The steep terrain and strong velocity contrast across the
Longmenshan fault affect the propagation of high-frequency
seismic waves in this region (Li et al., 2011, 2012, 2013;
Zheng et al., 2013). Low-pass filtering and time shifting
between real and synthetic waveforms were applied to re-
duce the effects of heterogeneity. In this study, focal mech-
anisms of 37 earthquakes were obtained with the CAP
method. The majority of the fault-plane solutions of the
aftershocks are consistent with those of the main shock. The
strike angles concentrate around 180°-210° while most of
the aftershocks are thrust events. There are also a few thrust

04 L L L L 1 L L 1 L 1 L
Damp=0.3 (b)

0.3

0.2 L

0.1 L

Curvature

0 1 2 3 4 5 6 7 8 9 10 A1
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Figure 5 Determining the optimal damping factor. (a) Trade-off curve for the damped regional-scale stress inversion using the 37 fault-plane solutions in
Figure 6(b). Crosses show the trade-off between the data misfit and model length for different values of the damping parameter e. From left to right along the
trade-off curve, the damping parameter e runs from 0 to 20. (b) Curvature of the trade-off curve as a function of damping parameter e. The optimal damping

parameter e=0.3 is chosen where the trade-off curve has the maximum curvature.
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of 16-25 km.

earthquakes with different strike or strike-slip angles. The
variation of the focal mechanisms may be due to the com-
plicated seismogenic fault system. The seismogenic fault
system consists of a main detachment and several sub-faults
at the hanging wall. The slip of the main detachment results
in the failure of the sub-faults. There are parallel strike-slip
sub-faults as well as several thrust sub-faults with different
strike angles. The aftershocks with different focal mecha-
nisms may have occurred on these thrust sub-faults.

Our results are consistent with previous studies of
mainshock focal mechanism (Xie et al., 2013; Zeng et al.,
2013). Lu et al. (2013) also used the CAP method to invert
focal mechanisms of aftershocks. To compare these results
we used the Kagan angle rotation method (Kagan, 1991).
The Kagan Angle is defined as the angle between two slip
vectors. A smaller Kagan Angle denotes a smaller differ-
ence between two focal mechanisms. The Kagan Angle of
most of the aftershocks was less than 30° (Table 1). The
larger differences in focal mechanisms of three of the events

may have been caused by a low signal-to-noise ratio.

An earthquake is the result of strain energy accumulation
that is increased by tectonic stress loading. When the stress
exceeds the strength of the rock, rock failure will release
strain energy as an earthquake. Post-seismic changes in the
stress field have been reported (Guo et al., 2009; Wu et al.,
2010). During the 2008 Wenchuan earthquake the northern
part of the Longmenshan Fault ruptured while the southern
part was seismically inactive. The strain energy in the
source region of the Lushan earthquake had not been re-
leased. The change of stress induced by the Wenchuan
earthquake may have been up to 0.1 MPa (Parsons et al.,
2008; Toda et al., 2008; Wan et al., 2009; Shan et al., 2009;
Shao et al., 2010). In-situ stress measurements in 2003,
2008, and 2010 suggested that the stress in the southern part
of the Longmenshan fault was still high (Qin et al., 2013).
The maximum horizontal stress was observed close to the
lower boundary of the failure in the southwest end of the
Longmenshan Fault. Our results are consistent with the axis
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Table 1 Comparison of our focal mechanism results and those of Lu et al. (2013)

origin time Longitude (E) Latitude (N) Depth (km) M, Strike/dip/rakd (°) Depth (Lu) (km) M, (Lu) Strike/dip/rake (Lu) (°) KA (°)
20140420:080247 103.00° 30.30° 16 6.64 210/47/90 14 6.60 209/46/94 4.85
20140420:090258 102.93° 30.28° 21 4.56 199/31/72 18 4.40 186/19/81 24.61
20140420:091153 102.83° 30.25° 16 4.72 181/19/70 15 4.60 204/14/102 12.81
20140420:092010 102.99° 30.17° 14 4.59 55/44/81 12 4.50 228/42/94 17.09
20140420:092601 102.95° 30.19° 15 4.27 19/77/81 12 4.20 152/8/42 16.66
20140420:093729 102.99° 30.28° 15 4.71 360/61/77 12 4.60 357/72/80 12.09
20140420:093934 102.86° 30.13° 13 4.47 0/41/44 10 4.30 215/54/91 27.84
20140420:101905 102.92° 30.33° 21 4.15 348/31/20 17 4.00 245/60/124 20.48
20140420:102947 102.81° 30.18° 16 4.00 197/33/82 11 3.80 186/29/83 12.52
20140420:103836 103.01° 30.25° 12 4.54 241/50/84 10 4.40 213/50/92 33.69
20140420:113416 102.94° 30.24° 12 5.06 228/51/90 14 5.00 212/50/98 21.99
20140420:151833 103.00° 30.39° 14 4.16 191/37/58 10 4.00 219/33/104 28.12
20140420:155326 102.90° 30.32° 21 3.66 256/60/79 17 3.50 266/51/80 13.06
20140420:174514 103.04° 30.31° 16 3.92 276/63/-46 14 3.80 203/61/-159 87.00
20140420:185903 103.00° 30.40° 9 3.96 207/39/60 12 3.90 253/60/124 51.15
20140420:191250 103.02° 30.35° 14 4.32 43/50/78 11 4.20 242/31/129 26.63
20140421:001435 102.85° 30.15° 16 3.97 190/36/82 12 3.80 198/24/96 14.44
20140421:023207 103.01° 30.35° 16 3.95 32/37/78 10 3.80 232/30/114 26.61
20140421:035446 102.97° 30.23° 12 4.01 190/50/71 9 3.90 192/40/78 11.53
20140421:045345 103.09° 30.34° 23 4.68 177/49/73 16 4.50 200/30/106 27.96
20140421:092932 102.91° 30.26° 17 3.62 19/80/63 17 3.50 292/20/-171 16.04
20140421:115940 103.00° 30.20° 13 4.81 210/54/75 11 4.70 213/53/99 22.37
20140421:123918 102.89° 30.22° 16 3.87 39/61/90 13 3.70 238/22/134 28.81
20140421:170525 103.00° 30.30° 14 5.07 41/41/81 10 4.90 202/40/90 27.60
20140421:173027 103.00° 30.30° 15 421 210/10/70 9 4.10 174/21/62 30.34
20140421:184825 103.00° 30.30° 13 4.07 170/30/69 9 4.00 203/21/106 17.91
20140421:221655 102.90° 30.30° 19 4.22 10/31/52 16 4.10 247/57/121 16.14
20140421:232523 102.84° 30.25° 21 3.66 191/51/78 17 3.60 203/30/103 27.23

of maximum horizontal stress (Qin et al., 2013).

Our investigation of the tectonic features of the LFZ
raised some important questions. What is the compressional
stress axis? Is the stress field in the shallow crust consistent
with that in the middle crust? We aim to answer these ques-
tions based on our results of the stress field after the Lushan
earthquake.

The 2D inversion using the 0.05° grid shows that the
stress field in Lushan is dominated by the thrust component.
The axis of the maximum horizontal stress lies NW-SE.
There are some local variations of the stress field. To the
north of Baoxing, the dominant component is strike-slip
while thrust dominates the stress field between Baoxing and
Lushan. Although the dominant component of the stress
field in the southern part of Lushan is thrust, the axis of the
maximum horizontal stress shows a slight rotation, becom-
ing NNW-SSW or N-S. The 3D inversion result also sug-
gests that the stress field changes with depth. Since the cen-
troid depth of the mainshock is 15 km, the main detachment
may slip at the same depth. Thrust sheets in the hanging
wall ruptured after the Lushan aftershock. To the west of
the Shuangshi-Dachuang fault, the thrust sheets are NWW
strike-slip rotating to NW. To the south of the Lushan blind

fault, the orientation changes to N-S. The ruptures beneath
the main detachment occurred at secondary faults and have
similar orientation. However, the resolution in the deeper
part is limited by available data and more focal mechanisms
are needed to verify this hypothesis.

We also inverted the focal mechanism solution of some
of the Wenchuan earthquake’s aftershocks and compared
the stress field in the source regions of the Lushan and
Wenchuan earthquakes. The southwestern part of the Long-
menshan Fault was divided into four segments (Figure 7).
The principal stress axes at each segment were inverted
with the LSIB (Linear Stress Inversion with Bootstrapping)
method (Michael, 1984, 1987). To reach 95% confidence
interval, we ran 2000 inversions. In Figure 7, o; was pro-
jected onto the horizontal plane and shown as a solid orange
line. The three principal stress axes are projected onto the
hemisphere and shown as colored dots. In segments A, B,
and D, the stress field is dominated by thrust components.
The maximum stress axis is almost horizontal while the
minimum one is nearly vertical. The orientation of o is
NW-SE which is perpendicular to the Longmengshan Fault
whereas the axes of o in segments A, B, and D are a little
different. The average ojs in segments A and B are different
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Figure 7 Average stress in the southwest segment of the LFZ. The study region is divided into four segments: A, B, C, and D, illustrated as ellipses, the
bold orange lines represent the horizontal projection of the maximum compression axes of the average stress in each segment. The results of the LSIB inver-
sion are displayed in circles next to the corresponding ellipse segments. Red indicates the maximum principal stress axes, blue represents the minimum prin-

cipal stress axes, and green represents the middle axes.

from that in segment D. The plunge of o7 in segment D
(15.3°) is much larger than in A (3.0°) and B (9.5°) while
the orientation rotates from NE-SW to NWW-SE. The
stress field in the Xiaoyudong Fault (segment C) shows a
different pattern. The dominant component is strike-slip
while the axis of oy is NE-SW.

The primary stress field is defined as one controlled by
compressional forces loading at plate boundaries. The Long-
menshan Fault is the boundary between two primary stress
fields in mainland China. The stress field in the Tibetan
Plateau is predominantly a SSW-NNE compressional envi-
ronment but the maximum compression stress shows a rota-
tion at the eastern margin. From the north to south, the axis
rotates from NE to SE (Xu, 2001; Xie et al., 2004). The
collision between the Indian and Eurasia plates, which re-
sults in the uplift of the Tibetan Plateau, dominates the

stress field variation (Xu, 2001).

The east to southeastward movement of the Bayan Har
block loads a perpendicular compression force on the
Longmengshan Fault. With similar tectonic loading, differ-
ent tectonic environments will lead to different stress fields.
The stress field in the southwest segment has a similar SE
compression stress as the primary stress field. The Xiaoyudong
Fault was considered as a tear fault and accommodated dif-
ferent amounts of shortening in different segments of the
Longmengshan Fault. Because the shortened amount of the
southern segment of the Longmengshan Fault is much larger
than that of the northern segment, this fault is a left-lateral
slip fault as our focal mechanism solution shows. Due to
strong compression in the southern Longmengshan Fault,
the Xiaoyudong Fault also carries a compression component.
Normal slip earthquakes may occur in this region at anti-
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clines that rupture under compressional loading.

The stress field can be obtained from different datasets,
such as focal mechanisms, in-situ stress measurements, and
shear wave splitting. The focal mechanism dataset only
samples the deeper part of the fault; therefore, it reflects the
stress field of the middle crust. Combining earthquakes at
different faults, the regional scale stress field, which is con-
trolled by tectonic loading, could be inverted. The in-situ
stress measurements reflect the stress field near the surface
(<hundreds of meters). Different S phases can sample dif-
ferent parts of the crust. The splitting of the teleseismic
phase is controlled by anisotropy of the uppermost mantle
and the crust beneath station while the regional phase could
sample the path between the station and the source. Xu et al.
(2001) combined earthquake focal mechanisms and in-situ
measurement and provided a stress map of East Asia. Xie et
al. (2011) discussed the tectonic stress field of the eastern
margin of the Tibetan Plateau based on the China mainland
crust stress database. Both studies concluded that the axis of
the maximum horizontal stress lies NW-SE. Dense sam-
pling of the regional shear wave splitting enables the detec-
tion of small-scale heterogeneities in the stress field. Previ-
ous studies suggest that the axes of the maximum compres-
sive stress beneath the MDS and L5503 stations lie NW-SE
(Shi et al., 2009, 2013). A recent study also reveals the o
rotated from a NW orientation to nearly E-W in the Lushan
region (Gao et al., 2013). A teleseismic shear wave splitting
study provided a similar result (Wang et al., 2007). In
summary, both large- and small-scale stress field studies
have shown that the NW-SE thrust component dominates
the stress field in the southwestern Longmengshan Fault.

4 Conclusions

Using regional broadband waveform records from seismic
stations in Sichuan province, we determined the focal
mechanisms, focal depths, and moment magnitudes of 37
earthquakes in the Lushan earthquake sequence using the
CAP method. The earthquakes are mainly thrust events and
several are thrust events with a few strike-slip components

(20140421:164538 and 20140420:101905) in the Lushan
central section; the strikes are approximately in the NE di-
rection, consistent with the LFZ. We also observed a thrust

event (20140420:155326) with a strike perpendicular to the
LFZ, which may have been triggered after the main shock
by the stress adjusting around the source region. Most of the
earthquakes occurred at depths of 10-20 km. The overall
pattern is that events east of the LFZ are shallower than
those west of the fault, suggesting a northwestward- dipping
fault plane. The events in the northern section are deeper
than those in the south, suggesting that the faults may be
segmented.

After obtaining stable and reliable earthquake focal
mechanisms, we calculated the 2D spatial variation of the
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stress field using the Damped Linear Stress Inversion
method in two grid sizes: grid spacing of 0.2° and 0.05°, in
both latitude and longitude. The larger-spaced grid of 0.2°
can reflect the large-scale pattern of the stress field, but may
conceal some obvious local features. The results with a grid
size of 0.05° showed that the tectonic stress field is pre-
dominantly in a thrust faulting environment with a nearly
horizontal maximum compression in the NW-SE direction
and nearly vertical minimum compression, but shows spa-
tial variations on a local scale. In the region around Baoxing,
the stress environment occasionally has strike-slip faulting
features, and the orientations of the maximum compression
axes change from NW-SE to NNW-SSE. To study the stress
environment at different depths, we divided the earthquakes
into two groups based on the focal depths: 5-15 km (shal-
lower group) and 16-25 km (deeper group). Both sets of
stress fields retrieved from the two groups of focal mecha-
nisms have primarily thrust-faulting features with the max-
imum compression axes at a NW-SE orientation, except for
some local differences in the faulting type and stress field
orientation.

Comparing the average stress fields between the Lushan
earthquake source region and Wenchuan earthquake source
region, the stress environment in the Lushan region is simi-
lar to that of the Wenchuan region, predominantly thrust
fault type with nearly horizontal oy and nearly vertical oz.
The orientation of the maximum compression axes is NW-
SE, approximately perpendicular to the LFZ.
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