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Key Points:


P-wave traveltime anisotropy tomography is used to study fault deformation in the
upper crust by aftershocks of the 2013 Lushan earthquake



Two stripes of structure controlled anisotropy anomalies are imaged above
conjugate faults delineated by the distribution of aftershocks



The anisotropy strength distribution suggests the fault deformation extends to the
aseismic layer in the shallow crust from seismogenic zone
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Abstract
Seismic anisotropy is sensitive to the alignment of minerals, fluid-filled cracks and

fractures caused by fault deformation, thus providing a signature of fault deformation,
especially in the aseismic layer. In this study, we use seismic traveltime anisotropy
tomography to study the spatial distribution of azimuthal anisotropy in the region of the
2013 Mw 6.6 Lushan earthquake. Our analysis reveals both stress-induced and structurecontrolled seismic anisotropy mechanisms. The distribution of seismicity and anisotropy
clearly delineates conjugate faults in the seismogenic zone between depths of 8 and 15 km.
Two near-vertical stripes or zones of strong seismic anisotropy reveal the continuation of
these faults into the diagenetic or overlying aseismic crust. The anisotropic corridors
associated with the conjugate faults are interpreted in terms of the crystal preferred
orientation of fault rock minerals, which may be enhanced by shear-band compaction. Our
results demonstrate how seismic anisotropy can provide new insights into fault deformation.

Plain Language Summary
Fault deformation can be characterized by the distribution of seismicity in fault zones.

However, failure in the shallow crust is often aseismic due to the velocity strengthening
friction behavior of fault zone materials. Isotropic velocity tomography can be used to
delineate fault deformation in the aseismic or diagenetic layer, but only when there is a
sharp velocity variation across the fault. In comparison, seismic anisotropy is sensitive to
the alignment of minerals, fluid-filled cracks and fractures caused by fault deformation,
thus providing a signature of fault deformation, especially in the aseismic layer. In this
study, we use seismic traveltime anisotropy tomography to study the spatial distribution of
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azimuthal anisotropy in the region of the 2013 Mw 6.6 Lushan earthquake. A regional array
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of 29 temporary seismic stations captured a rich aftershock sequence, which we use to
image the fault system through the seismogenic zone and overlying aseismic region. In this
way, the fault deformation in the aseismic layer may be inferred. Compared to isotropic
velocity variations, two anisotropic stripes associated with the conjugate faults do a much
better job of delineating fault deformation along two faults, extending from deeper
seismogenic zone to the shallower aseismic zone.

1. Introduction
Faults move on time scales from centimeters per year to meters per second. How faults

respond to stress, through creep or earthquakes, depends on a range of factors including
geometry, stress, mineralogy, pressure, temperature and fluids. As a result, patterns of
failure vary along the length of large tectonic faults, and with depth in the crust (e.g. Zoback
et al., 1987; Pei et al., 2019). It is generally accepted that frictional faulting and large
earthquakes nucleate in the seismogenic zone, but rupture may extend into the overlying
diagenetic zone (Sibson, 1983). Surface rupture is seen for many large earthquakes, but not
all. Blind faults can cause significant damages with little previous evidence of their
existence (e.g., the Northridge earthquake: Shaw and Shearer, 1999). For earthquakes that
do not show clear rupture on the surface (e.g., the Haiti earthquake: Hayes et al., 2010),
there is a question of how deformation extends into the shallow crust and can we observe
in-situ evidence of this strain?
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The Longmenshan fault system (LFS) is a thrust fault system which runs along the
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base of the Longmen Mountains in Sichuan Province in southwestern China, between the
Eastern Tibetan Plateau and the Sichuan Basin. In the LFS, deformation is mostly
accommodated by thrust faults, but there also exist variable amounts of strike-slip
movements, which transitions from sinistral in the south to more dextral in the north. This
region was thought to be of low seismic hazard, but on the 12th May, 2008, a devastating
earthquake of magnitude Mw 7.9 occurred in Wenchuan County, Sichuan Province, along
the LFS, and led to a substantial loss of human life. Five years later, on the 20th April, 2013,
another strong earthquake of magnitude Mw 6.6 occurred in the Lushan County of Sichuan
Province, towards the southern end of the LFS. Its epicenter was about 80 km south of the
2008 Mw 7.9 Wenchuan earthquake, near the triple junction between the Longmenshan
Fault, the Anninghe Fault and the Xianshuihe Fault (Fig. 1a). Unlike the Wenchuan
earthquake, the Lushan earthquake occurred with little surface rupture (Hao et al., 2013;
Xu et al., 2013; Lu et al., 2017). Both the Wenchuan and Lushan earthquakes led to rich
aftershock sequences. It is worth noting that there is a gap in aftershocks in a ~60 km
segment between the Wenchuan earthquake and the Lushan earthquake on the LFS, the
potential seismic hazard of which has been debated (Pei et al., 2014; Liu et al., 2018).
Extensive researches have been published on the Lushan earthquake, including

locating the mainshock and aftershocks, determining their focal mechanisms, and revealing
fault geometry and rupture process. These studies show that the mainshock of the Lushan
earthquake occurred at a depth of about 13 km and the aftershocks were mainly distributed
at depths below 8 km (Zhang et al., 2013; Pei et al., 2014). The geometry of the Lushan
earthquake fault has the character of conjugate faulting, revealed by a “y" type of
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aftershock locations; the mainshock is a thrust-type earthquake that occurred on the
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southeast blind reverse fault of the conjugate faults (Han et al., 2014; Li et al., 2014). The
rupture process revealed by coseismic slip distribution suggests that the mainshock of the
Lushan earthquake ruptured in the depth range of 5-20 km on a fault plane oriented N210°E
with dipping angle N40°W and that there was no apparent rupture at the surface (Hao et al.,
2013).
There are a number of seismic methods that can be used to image a fault and its stress

regime. Perhaps the most obvious approach is through the location of earthquakes on the
fault, especially aftershock sequences (e.g., Carena and Suppe, 2002). Solutions for focal
mechanisms offer insights into the stress regime and how it can vary through the earthquake
cycle. However, seismicity distribution does not illuminate regions where the crust slips in
a ductile manner, for example in the shallow crust. Seismic velocity tomography is another
approach that has been used extensively to characterize fault zone structure (e.g., EberhartPhillips and Michael, 1993; Zhang et al., 2009a; Allam et al., 2014). If the fault separates
two different tectonic blocks, as in the case of the San Andreas Fault, seismic velocity
tomography can be used to image the strong velocity contrast across the fault (Thurber et
al., 2004; Zhang et al., 2009a). In some cases, even the fault damage zone can be imaged
as a low velocity zone (Zhang et al., 2009a; Yang et al., 2014; Wang et al., 2019). However,
in many cases, seismic velocity tomography cannot image a clear velocity contrast across
the fault or low velocity anomalies near the fault (e.g., Bleibinhaus et al., 2007; Zhang et
al., 2009b). One possible reason is the lack of large velocity contrast across the fault.
Another approach is to look for evidence of seismic anisotropy in regions of faults.

Through laboratory measurements, Kelly et al. (2017) demonstrated the anisotropic effect
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on velocities of fault zone rocks are about 10~15% in the Carboneras fault zone. Both
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seismic and aseismic deformation will lead to the preferred orientation of rock forming
minerals (crystal preferred orientation or CPO) in the vicinity of faults, which leads to
seismic anisotropy (e.g., Lloyd and Kendall, 2005). This is sometimes called intrinsic or
structural anisotropy (e.g., Boness and Zoback, 2006). High stress will also lead to the
alignment of open cracks and fractures in the direction of maximum horizontal compressive
stress, which is also very effective in generating anisotropy in the shallow crust (< ~7km,
e.g., Maher and Kendall, 2018). This is a more extrinsic form of anisotropy, commonly
referred to as stress anisotropy or extensive dilatancy anisotropy (EDA) (Crampin, 1987).
The observations of two independent shear waves (i.e., shear wave splitting) is perhaps the
most unambiguous indicator of anisotropy. A range of seismic methods can be used to
study spatial distributions in anisotropy. For example, Kendall et al. (2006) used body
waves (teleseismic and local) and surface waves (Love and Rayleigh) to infer depth
variations in anisotropy in the Ethiopian Rift. Audet (2015) used teleseismic receiver
functions to evaluate anisotropy in the crust near the SAF. He interprets EDA in the upper
crust and a fossil or inherited CPO anisotropy in the deeper crust. With dense seismic arrays
and rich aftershock sequences, tomographic methods to estimate spatial variations in
anisotropy are now possible. This can be done using variations in shear wave splitting data
(e.g., Zhang et al., 2007; Hammond et al., 2014) or travel times (e.g., Toshiki et al., 1996;
Eberhart-Phillips and Henderson, 2004). Li et al. (2014) applied the shear wave splitting
tomography method of Zhang et al. (2007) to determine the seismic anisotropy structure of
the north Anatolian fault. The fault is delineated by a corridor of strong, but asymmetrical,
seismic anisotropy. In recent years, body wave travel time anisotropy tomography methods
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have been broadly applied to study variations in anisotropy structures. Wei et al. (2013)
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applied P-wave anisotropy tomography method to a dataset from southeast Tibet. Their
results reveal a localized distribution of fast directions in different areas, indicating
complex geological structure and active faults.
The anisotropy in the LFS fault region has been previously studied by using shear

wave splitting analysis (Chang et al., 2014; Gao et al., 2014; Liu et al., 2015;), revealing a
complex pattern of anisotropy with orientations both parallel and perpendicular to faults.
Liu et al. (2015) also used shear wave splitting tomography based on the delay times
between slow and fast shear wave to study the 3D distribution of the magnitude of
anisotropy in the upper crust, showing that the anisotropy is shallow (<8 km) and caused
by both the regional stress and fault-zone processes. These studies consider the
accumulated anisotropy along near-vertically travelling raypaths and cannot image the
spatial variations of anisotropy polarizations. Furthermore, this method is subject to the
number of the high-quality shear wave splitting data that is often available in limited
quantities, and therefore the resolution of shear wave splitting based tomography (e.g.
Zhang et al., 2007; Li et al., 2014; Liu et al., 2015) can be limited.
In order to better characterize the spatial variations of the anisotropic structure in the

upper crust in vicinity of the 2013 Lushan earthquake and infer the fault deformation
pattern, we apply 3D P-wave traveltime anisotropy tomography based on the aftershock
sequence of the 2013 Lushan earthquake in a region roughly 35 km x 35 km in extent. The
dense raypath coverage leads to a high-resolution 3D model of the azimuthal anisotropic
structure (both in orientation and magnitude). The results provide new insights into the
previously unknown deformation of the conjugated blind faults in the aseismic layer and
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present new opportunities to study the stress distribution around the faults. This is also the
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first time the two different anisotropic tomography methods can be directly compared and
evaluated.

2. Data and Method
Within one week of the 2013 Lushan Mw 6.6 earthquake, 29 short-period three-

component seismometers were deployed around the epicenter of the Lushan mainshock
(Fig. 1b; Liu et al., 2015). Almost 4200 aftershocks were recorded over a continuous 3week period between 04/24/2013 and 05/19/2013 (Fig. 1b). The aftershocks mostly
occurred below a depth of 8 km and are mainly distributed along the fault strike direction.
Nearly 53000 P-wave arrival times were manually picked. To ensure the quality of arrival
time picks in our anisotropy tomography, we only use reliable P-wave arrival time picks
within the main trend of travel time curves. In total, about 49500 P-wave arrival times were
selected for seismic anisotropy tomography (Fig. S1).
Assuming weak anisotropy, Hearn (1996) followed the Pn velocity expression of

Backus (1965) to develop a 2D Pn wave traveltime anistropy tomography method and
applied it to the Western United States. Considering the dipping angle of direct P-wave
raypath, Eberhart-Phillips and Henderson (2004) derived a more general azimuthal
anisotropic P-wave velocity formula and developed 3D direct P-wave traveltime
anisotropy tomography method. With some assumptions, Liu and Zhao (2016) extended
this approach to a joint P- and S-wave traveltime anisotropy tomography method and
applied it to the Japan subduction zone. In small scale problems, the reliability of
anisotropy tomography results highly depends on the quality and accuracy of arrival picks.
In general, the S-wave picks have larger uncertainties than P-wave picks. In addition, S-
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wave picks may differ significantly at different components of waveforms. For this reason,
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here we only consider the P-wave azimuth anisotropy following the same approach taken
by Eberhart-Phillips and Henderson (2004).
The P-wave slowness 𝑢𝑝 can be written as following:
𝑢𝑝 = 𝑢𝑝0 + 𝑃sin2 𝛿√𝐴2 + 𝐵 2 + cos 2 𝛿(𝐴cos2𝜙 + 𝐵sin2𝜙),

(1)

where 𝑢𝑝0 is the isotropic P-wave slowness, 𝐴 and 𝐵 are the anisotropic parameters, 𝛿
is the angle between the ray path and horizontal direction, and 𝜙 is the back azimuth angle.
P is the parameter that controls the P-wave velocity in the vertical direction.
We build the inversion system following the scheme in Eberhart-Phillips and

Henderson (2004), and use the LSQR algorithm of Paige and Saunders (1982) to solve the
equation. The fast direction, 𝜓𝑝 , and magnitude, 𝑀𝑎𝑔𝑝 , of P-wave azimuthal anisotropy
can be calculated from the inverted anisotropic parameters 𝐴 and 𝐵:
1

𝐵

𝜓𝑝 = 2 tan−1 (𝐴) + {

𝑀𝑎𝑔𝑝 =

𝑉𝑝𝑓 −𝑉𝑝𝑠
𝑉𝑝0

𝜋/2, 𝐴 > 0;
0,
𝐴 < 0.

= 1/𝑉

2√𝐴2 +𝐵2

2
2
𝑝0 −𝑉𝑝0 (𝐴 +𝐵 )

(2)

(3)

where 𝑉𝑝𝑓 and 𝑉𝑝𝑠 are the P-wave velocity in the fast and slow directions, respectively.

3. Results
We used P-wave arrival times to simultaneously determine the P-wave azimuthal

anisotropy structure, the isotropic Vp model and event locations. Tomographic details can
be found in the Supporting Information (Text S1, Figs. S1-S4). Fault-normal cross-sections,
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horizontal sections and 3D view of the azimuthal anisotropy structures are shown in Figs.
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2c, 3a and 4, respectively. We comprehensively analyzed the model resolution (Text S2,
Figs. S5-S8, Fig. 3b) and uncertainty (Test S3, Figs. S9-S13, Table S1). These tests show
the derived models in the central regions are well resolved and robust.
Similar to Zhang et al. (2013), our derived Vp model (Fig. 2a) shows a predominantly

one-dimensional pattern, with low Vp in the aseismic zone and high Vp in the seismogenic
zone. The Vs model of Zhang et al. (2013) also shows similar one-dimensional pattern.
Aftershocks are mainly located below 8 km depth and their locations clearly delineate the
“y” shape of the conjugated thrust faults. In comparison, the azimuthal anisotropy strength
distribution does not show a similar 1D pattern as the isotropic velocity models (Fig. 2a &
2b). The strength of the azimuthal anisotropy is highest in the aseismic zone (above 8 km
depth), and it is also significant in the seismogenic zone (below 8 km depth). Fault-normal
cross-sections and 3D view (Fig. 2c & 4) show that the strong azimuthal anisotropy in the
seismogenic zone is located between the two conjugated faults delineated from aftershock
locations. From seismogenic zone to aseismic zone, the high anisotropy area is separated
into two stripes from deeper to shallower depths, which are also associated with two
conjugated faults, respectively. Compared to azimuthal anisotropy model inverted from
shear wave splitting tomography using the similar aftershock dataset (Liu et al., 2015),
seismic traveltime anisotropy tomography shows similarly high anisotropy anomalies
above ~9 km but more clearly separated stripes (Fig. S14). In addition, seismic traveltime
anisotropy tomography also better resolves the anisotropic anomalies in the seismogenic
region (Fig. 3b). This is likely because the number of high-quality shear wave splitting
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times is limited, which adversely affects the model resolution from shear wave splitting
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tomography (Fig. S14).
Horizontal sections and 3D view (Fig. 3a & 4) show that the areas of high anisotropy

are separated into two along-fault stripes at shallow depth (0~6 km), which converge at a
depth of about 9~12 km. The anisotropy decays sharply below the location of the 2013 Mw
6.6 Lushan earthquake. The fast directions of azimuthal anisotropy are nearly parallel to
the trend of the LFS especially in the areas of high anisotropy (Fig. 3a & 4, Fig. S15a). In
areas of moderate anisotropy, fast directions are distributed between the fault-parallel
direction and fault-normal direction (Fig. S15b). In areas of low anisotropy, fast directions
are deviated from the fault strike and some are nearly perpendicular to the fault strike (i.e.,
nearly parallel to the maximum horizontal compressive stress direction; Fig. S15c). The
distribution of fast directions in high anisotropic areas from P-wave anisotropy tomography
shows similar patterns with the shear wave splitting measurements (Fig. S15).

4. Discussions
4.1. Formation mechanisms of the azimuthal anisotropy in the upper crust
Generally, two major mechanisms are known to be responsible for seismic anisotropy

in the crust: stress-induced anisotropy due to the preferential alignment of fluid-saturated
cracks that are sub-parallel to the direction of maximum horizontal compressive stress, and
the structure-controlled anisotropy where the fast polarization direction parallels to the
strike of the structural fabric and is due to the alignment of parallel planar features including
macroscopic fractures, sedimentary bedding planes, or minerals/grains (Boness and
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Zoback, 2006). Within the fault zones, structure-controlled anisotropy is likely dominated
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by the rock fabric caused by the relative movement between two fault blocks (Lloyd and
Kendall, 2005).
The direction of maximum horizontal compressive stress (N55∘ W, Zhao et al., 2013)

in this region is nearly perpendicular to the trend of the LFS. The P-wave anisotropy
tomography shows that the fast directions in the areas of low anisotropy clearly deviate
from the main fault trend and are much closer to the direction of the maximum horizontal
compressive stress (Fig. 3-4, Fig. S15). This indicates that stress-induced anisotropy exists
around the aftershock zone of the 2013 Lushan earthquake. However, both the SWS
observations (Liu et al., 2015) and P-wave anisotropy tomography results reveal nearly
fault-parallel fast directions of anisotropy, dominant in both the aseismic and seismogenic
layers. Thus, we conclude that the azimuthal anisotropy in the Lushan aftershock zone is
mainly structurally controlled and is likely due to the alignment of the fabric caused by
fault deformation extending from the deeper to shallower zones.
4.2. Fault deformation delineated by seismic anisotropy
The Lushan earthquake occurred on a blind fault, and although there was little

evidence of a clear surface rupture zone (Xu et al., 2013), local damage was seen at the
surface in some places. If there also exists fault deformation in the aseismic layer in the
shallow part, the azimuthal anisotropy can be used to delineate it. Around the aftershock
zone of the Lushan earthquake, the strongest anisotropy is observed in the aseismic zone
at shallower depths, directly above the deeper conjugate faults mapped by relocated
earthquakes. Furthermore, above the depth of 6 km, the strength of anisotropy in the
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northwest (stripe 1) is greater than that in the southeast (stripe 2). At face value, the
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anisotropy appears to map the aseismic parts of the conjugated faults as they rotate to a
more vertical direction near the surface. It is likely that this reveals a damage zone of
fractured rocks in the aseismic zone due to the fault deformation, which may or may not
be fluid rich. This aligned damage zone will be very effective in generating seismic
anisotropy with a fast direction parallel to the plane of the fractures, especially if they are
water rich. This is because slip on the faults aligns the fault materials, including fluid-filled
cracks and fractures. In this case, the anisotropy should be strongest near the more heavily
damaged region. This explains why the two high anisotropy stripes are associated with
conjugated faults, which extend from deep to shallow in the crust. Furthermore, the more
localized deeper conjugated faults may splay into more minor faults towards the near
surface, further enhancing the magnitude of the anisotropy. Therefore, our results show
that deformation around the conjugate faults does not stop in the seismogenic zone. The
faults are listric-like, extending to the surface in an aseismic zone. The shallow anisotropic
stripes reveal the conjugated faults in the subsurface aseismic zone.
4.3. The importance of delineating fault deformation from seismic anisotropy
Aftershock locations are often used to study the fault deformation (Carena and Suppe,

2002). But in the Lushan aftershock zone, it was not possible to investigate fault
deformation in the aseismic shallow crust above ~8 km depth from aftershocks (Li et al.,
2013; Zhang et al., 2013; Fang et al., 2015). Similarly, many other fault zones are generally
aseismic in the shallow zone because the materials there have the slip characteristics of
velocity strengthening, prohibiting the occurrence of earthquakes (Liu and Rice, 2005;
Harbord et al., 2017). Another approach is to use isotropic Vp and Vs models to
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characterize fault zone structure where there is a sharp velocity contrast across the fault
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(Zhang et al., 2009a; Yang et al., 2014; Wang et al., 2019). However, not all fault
deformation leads to a velocity contrast. At Lushan, no clear velocity contrast is observed
across the faults (Fig. 2, Zhang et al., 2013). In comparison, seismic anisotropy in the crust
is very sensitive to fault-related fabric, and is thus more sensitive to fault deformation. This
can be due to the alignment of phyllosilicate minerals in the deeper fault zone or the
alignment of fluid rich cracks and fractures in shallower regions. Therefore, seismic
anisotropy provides a means of delineating fault deformation even in the aseismic layer. In
this study we have benefitted from the dense ray path coverage from a rich aftershock
sequence and strong lateral variations in seismic P-wave anisotropy. Cumulatively, this has
provided high-resolution of 3D azimuthal anisotropy structure and fault deformation, even
in the shallow aseismic layer. This has not been previously inferred.

5. Conclusions
Relocated aftershocks from the 2013 Mw6.6 Lushan earthquake reveal a conjugate set

of hidden faults along the Longmenshan fault system. The seismicity is confined to the
seismogenic zone between 8 and 15 km in depth. A rich aftershock sequence of ~4200
events were recorded by a local array of 29 stations. Using these aftershocks, we apply
seismic P-wave traveltime anisotropy tomography to study the three-dimensional
distribution of seismic anisotropy in the upper crust around these faults. The tomographic
results characterized by P-wave traveltime anisotropy tomography show a dominant faultparallel fast azimuthal anisotropy direction, indicating seismic anisotropy in the aftershock
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zone is controlled by fault zone structure. There exist two stripes of fault-parallel
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anisotropy up to 3% in magnitude above the conjugate faults mapped by the aftershocks.
The anisotropy maps the locations of the faults even into the aseismic diagenic zone. The
anisotropy is strongest in the aseismic layer of the shallow crust, which may be due to the
enhanced effects of cracks and fracture alignments. The P-wave anisotropy decreases away
from the faults.
Cumulatively, these results indicate that the regions of high anisotropy correlate with

deformation associated with the conjugated faults. Long term slip on the faults causes the
development of rock fabric and crystal preferred orientation of phylosilicate minerals in
fault zones, which is further enhanced by aligned cracks and fractures in the shallow
aseismic region. Isotropic velocity inversions do not delineate the fault deformation
revealed in seismic anisotropy models. This study suggests that fault deformation can occur
in both seismogenic zone and aseismic zone, and it can be more diffusive and stronger in
the shallow part. Collectively, these results show how the distribution of aftershocks and
images of seismic anisotropy can be used to better understand fault geometry and fault
deformation, especially in the aseismic layer.
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Figure Captions
Fig. 1. (a) Topography map of Sichuan Basin and adjacent areas. Blue circles represent
earthquakes occurring between 1980 and 2016 with Mw >= 5.0. Black thick lines denote
main faults in the area: GZF, Ganzi Fault; LTF, Litang Fault; XSHF, Xianshuihe Fault;
LXJF, Lijiang-xiaojinhe Fault; ANHF, Anninghe Fault; ZMHF, Zemehe Fault; LZJF,
Lvzhijiang Fault; LMSF, Longmenshan Fault. White rectangle box outlines the study area
as shown in (b). Grey and yellow filled stars represent the mainshocks of the 2008
Wenchuan Mw 7.9 earthquake and the 2013 Lushan Mw 6.6 earthquake, respectively. (b)
Distribution of aftershocks and stations used in this study. The 2013 Lushan Mw 6.6
mainshock is marked as a yellow star. Aftershocks are shown as dots with color indicating
event depth. Stations are marked as green triangles. Main faults (Xu et al., 2013) are plotted
as black lines: YJWLF, Yanjin-Wulong Fault; SHDF, Shuangshi-Dachuan Fault; SHDF1,
Shuangshi-Dachuan Fault Branch; YJF, Yingjing Fault; and MSDYF, Mingshan-Dayi
Blind Fault.
Fig. 2. Fault-normal cross sections of Vp (left column), Vs (middle column) and 3-D Pwave azimuthal anisotropy strength model (right column) at Y= -10, -5, 0, and 5 km,
respectively. The X-Y coordinate is shown in the supporting information (Fig. S3). Red
star indicates the mainshock of 2013 Lushan Mw 6.6 earthquake. Black dots represent
aftershocks within ±2.5 km to each cross section. Note that Vp and P-wave anisotropy
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models are derived from P-wave travel time anisotropy tomography. The Vs model is from
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the double difference tomography of Zhang et al. (2013).
Fig. 3. (a) Horizontal sections of 3-D P-wave azimuthal anisotropy model derived from Pwave travel time anisotropy tomography at Z= 0, 3, 6, 9, 12 km depth, respectively. The
length and orientation of black short line indicate the anisotropy strength and fast direction
of azimuthal anisotropy. Grey thick lines represent the main faults in the study area. (b)
The associated checkerboard resolution test at Z= 0, 3, 6, 9, 12 km depth, respectively. Red
and grey bars represent the recovered and true azimuthal anisotropy model. White open
circles show fast direction differences between two models.
Fig. 4. 3D view of P-wave azimuthal anisotropy model with horizontal sections at Z= 0, 3,
6, 9 km and normal-fault section at Y= 5 km. Other Symbols are the same as Fig. 3a.
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