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Abstract The fast orientation and magnitude of crustal azimuthal anisotropy beneath the southeastern
Tibetan Plateau and adjacent areas are measured by analyzing the sinusoidal moveout of the P to S
converted phase from the Moho. Beneath the tectonically active plateau, the mean magnitude is

0.48 + 0.13 s, which is about twice as large as that observed in the stable Sichuan Basin (0.23 + 0.10 s). The
two areas are separated by the Longmenshan fault zone, a zone of devastating earthquakes including the
12 May 2008 M, 7.9 Wenchuan earthquake. Fault orthogonal fast orientations observed in the southern
Longmenshan fault zone, where previous studies have revealed high crustal V,/V, and suggested the
presence of mid-lower crustal flow, may reflect flow-induced lattice preferred orientation of anisotropic
minerals. Fault parallel anisotropy in the central segment of the fault zone is most likely related to fluid filled
fractures, and fault perpendicular extensional cracks are probably responsible for the observed anisotropy
in the northern segment. The crustal anisotropy measurements, when combined with results from previous
studies, suggest the existence of mid-lower crustal flow beneath the southeastern margin of the plateau.
Comparison of crustal anisotropy obtained before and after the Wenchuan earthquake suggests that the
earthquake has limited influence on whole crustal anisotropy, although temporal changes of anisotropy
associated with the earthquake have been reported using splitting of shear waves from local earthquakes
occurred in the upper crust.

1. Introduction

It is generally accepted that the Tibetan Plateau is the consequence of progressive continental collision
between the Indian and Eurasian plates initiated some 70 Ma ago (Molnar & Tapponnier, 1975). In spite of
numerous studies, the mechanisms responsible for the lateral expansion of the plateau remain debated. The
area adjacent to the eastern and southeastern margins of the plateau (Figure 1), including the tectonically
active Songpan-Ganzi-Kangding (SGK) and the Dianzhong blocks, and the relatively stable Yangtze Platform
which is mainly composed of the Sichuan Basin in the study area, is an ideal locale to explore processes related
to crustal deformation in response to continental collision. The actively deforming plateau is separated from
the stable Sichuan Basin by the Longmenshan (LMS) fault zone, which is seismically one of the most active
regions in China (Ma, 2002; H. Zhang et al., 2016). A number of great earthquakes, including the 2008 M, 7.9
Wenchuan and the 2013 M 7.0 Lushan earthquakes, have occurred in the LMS fault zone since the 1970s.

Many geodynamic models have been proposed to explain the deformation and uplift of the southeastern
Tibetan Plateau, and three of them have attracted the most attention, including motion of rigid crustal blocks
along major fault zones (Tapponnier et al., 1990, 2001), crustal shortening and thickening due to coherent
lithospheric deformation (Copley, 2008; England & Houseman, 1986; Silver, 1996; C. -Y. Wang et al., 2008), and
ductile channel flow in the mid-lower crust (Clark & Royden, 2000; Royden et al., 1997). While it has recently
been recognized that for a given area, more than one of the proposed mechanisms may operate (e.g., Bendick
& Flesch, 2007; Q. Liu et al., 2014; Yang & Liu, 2009), the relative importance of those mechanisms remains
controversial.

It has long been recognized that seismic azimuthal anisotropy can provide important insights into the strain
occurring at depth (Crampin et al., 1980; Lev et al., 2006; Mainprice & Nicolas, 1989), and thus can provide
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Figure 1. A topographic relief map of the southeastern Tibetan Plateau and adjacent areas showing stations used in this
study (green triangles), major geological boundaries (dashed purple lines), and major faults (solid black lines). The light
blue arrows indicate GPS velocities (Gan et al., 2007) with respect to the stable Eurasia, and the thick black arrows
represent the APM derived from the GSRM-APM-1 model (Kreemer, 2009). The red bars show previous crustal anisotropy
measurements (Chen et al,, 2013; Kong et al.,, 2016; Sun et al., 2015), and the thin gray bars are XKS splitting results
obtained from http://splitting.gm.univ-montp2.fr/DB/public/searchdatabase.html. The solid red rectangle in the inset
map indicates the location of the study area. Faults: ANH = Anninghe; HYS = Huayingshan; LJ-XJH = Lijiang-Xiaojinhe;
LMS = Longmenshan; LRB = Longriba; LT = Litang; RR = Red River; XJ = Xiaojiang; XSH = Xianshuihe.

important constraints on the geodynamic models for the uplifting and lateral expansion of the Tibetan
Plateau. As a proxy for subsurface deformation at depth, seismic azimuthal anisotropy is generally quanti-
fied by two parameters, including the fast orientation (¢) and magnitude (5t) of the transversely isotropic
medium (Crampin, 1987; Silver, 1996). In the upper crust, azimuthal anisotropy is mostly produced by microc-
racks (Crampin & Peacock, 2008; McNamara & Owens, 1993); and in the mid-lower crust beneath areas without
deep faults, due to the closure of the cracks, anisotropy is mainly caused by the lattice preferred orientation
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Figure 2. Distribution of teleseismic events used in the study. The circles representing the events are color coded by the
focal depths, and the magnitudes are proportional to the size of the circles. The blue star indicates the center of the
study area.

(LPO) of anisotropic minerals, primarily amphibole (Meissner et al., 2002; Tatham et al., 2008). Recent stud-
ies suggested that amphibolite symmetry is dependent on deformation type (Brownlee et al., 2017; Ji et al.,
2013, 2015), and the types of amphibole fabrics are related to the differential stress and temperature (Ko &
Jung, 2015; Kong et al., 2016). Under the conditions of high temperature and differential stress that are typi-
cal for the thickened crust on the Tibetan Plateau, fast orientations are expected to be subparallel to the flow
direction (Kong et al., 2016).

In the study area (Figure 1), source-normalized P to S converted waves from the Moho (P,,s), which are termed
as receiver functions (RFs), have been utilized by several studies to characterize crustal azimuthal anisotropy
(Figure 1). Chen et al. (2013) analyzed P,,s splitting from individual RFs and obtained an average splitting
time of about 0.19 s at 98 stations located in Sichuan and Yunnan Provinces, China. The P,,s splitting times
are much smaller than those obtained using the XKS phases (including SKS, PKS, and SKKS), which are P to
S converted phases from the core mantle boundary, and thus the resultant splitting parameters represent
the integrated anisotropy along the ray path from the core mantle boundary to the surface (Figure 1). Their
measurements suggested the presence of a lower crustal flow system which is obstructed by the Dianzhong
Block and supported a mechanically decoupled model between the upper crust and the mantle lithosphere
beneath the southeastern Tibetan Plateau. Sun et al. (2012) used a harmonic analysis method to suggest that
crustal anisotropy has an important contribution to XKS splitting. Sun et al. (2015) speculated that uplifting of
the LMS fault zone was the result of lower crustal flow extrusion and supported a coupled deformation model
from the lower crust to upper mantle underneath the LMS fault zone. Kong et al. (2016) utilized moveout time
variations of the P,,s phase to suggest that crustal thickening is the main mechanism of the high topographic
gradient across the LMS Fault, a conclusion that is inconsistent with that from Sun et al. (2015).
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Previous crustal anisotropy studies using RFs (e.g., Chen et al., 2013; Kong et al., 2016; Sun et al,, 2012, 2015)
have provided invaluable information on crustal structure and deformation beneath the southeastern Tibetan
Plateau and adjacent areas. However, considerable discrepancies are present among those studies (Figure 1).
More importantly, significantly different conclusions regarding a number of essential geodynamic problems,
such as the mechanisms responsible for the surface uplift of the LMS fault zone, crustal flow paths, and cou-
pling or decoupling between shallow and deep structures, have been reached by the previous studies. These
controversies are mostly due to the limited number of stations and the large (relative to this study) station
spacing used in previous studies. Another significant issue that has not been addressed by previous studies is
whether large earthquakes such as the 2008 M, 7.9 Wenchuan Earthquake, which ruptured the central and
northern segments of the LMS Fault (Shen et al., 2009; H. Zhang & Ge, 2010), can modify crustal anisotropy. Pre-
and post-earthquake differences in seismic anisotropy in the upper crust have been documented by splitting
analysis of direct S waves from local earthquakes occurred in the upper crust (e.g., Chang et al., 2014; Crampin
et al., 1999; Crampin & Zatsepin, 1997; Ding et al., 2008). However, possible influences of the earthquake on
whole crustal anisotropy have not been investigated.

This study takes advantage of a unique data set recorded by a dense portable array and several permanent
networks to characterize crustal anisotropy beneath the southeastern Tibetan Plateau and adjacent areas
with unprecedented spatial coverage and resolution. It is aimed at providing additional constraints on crustal
thickening and surface uplifting models and to investigate possible effects of the Wenchuan earthquake on
whole crustal anisotropy.

2. Data

Data used in this study were recorded by 344 broadband seismic stations (Figure 1) located on the south-
eastern Tibetan Plateau and the neighboring Yangtze Platform, among which 284 stations belong to the
Temporary Western Sichuan Array deployed between 2006 and 2009. Each of the Temporary Western Sichuan
Array stations was instrumented with a Guralp CMG-3ESPC (60 s—-50 Hz) sensor and a REFTEK-130B01 recorder,
and the interstation distance was 10-30 km. Additionally, data from 60 permanent Sichuan provincial seis-
mic stations were obtained for the period between 2010 and 2014. These stations were equipped with two
types of sensors: CMG-3ESPC and CMG-3ESPB (60 s—50 Hz). A total of 968 teleseismic events with magnitudes
greater than M; 5.5 within the epicentral distance range of 30-90° were selected. All the teleseismic events
were band-pass filtered in the frequency range of 0.02 to 1.0 Hz. These events provide a reasonably good
back-azimuthal coverage (Figure 2).

3. Methods

3.1. Calculation of RFs

In order to generate the RFs, the two horizontal components of the filtered seismograms are rotated into radial
(R) and transverse (T) components. The time-domain iterative deconvolution technique (Ligorria & Ammon,
1999) is employed to compute the RFs. A Gaussian low-pass filter with a Gaussian width factor of 2.5 Hz is
utilized to further remove high-frequency noise. A signal-to-noise ratio (SNR) RF selection procedure (S.S. Gao
& Liu, 2014) is applied to reject low-quality RFs. A total of 38,248 radial RFs are retained at 344 stations, with
the number of RFs per station ranging from 45 to 188.

3.2. Measurement of Single Layered Anisotropy

Crustal anisotropy has been investigated using various techniques such as shear wave splitting from local
earthquakes (Crampin & Gao, 2008), splitting of Pto S conversions from the Moho (McNamara & Owens, 1993),
and systematic moveout of the P to S conversions (Levin & Park, 2000; H. Liu & Niu, 2012; Z. Liu et al,, 2015;
Z. Liu & Park, 2017; Rumpker et al.,, 2014). An array of assumptions including a single layer with a horizontal
axis of symmetry (Kong et al., 2016; Sun et al,, 2012, 2015), several horizontal layers (Z. Liu et al., 2015; Z. Liu &
Park, 2017), and a single dipping layer (Frederiksen & Bostock, 2000; Shiomi & Park, 2008) have been applied
in the studies. This study aims at quantifying the bulk crustal anisotropy under the assumption of a horizontal
symmetry axis and a flat interface (e.g., Kong et al., 2016; H. Liu & Niu, 2012; Nagaya et al., 2008; Rumpker
etal., 2014; Sun et al., 2012) using a unique data set recorded by a large (relative to similar studies in the area)
number of stations in a tectonically significant area. Assuming a single layer of anisotropy with a horizontal
axis of symmetry and a flat Moho, the arrival time of the P,s shifts systematically as a cosine function of the
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Figure 3. Crustal anisotropy measurements at station KXLO1 (100.24°E, 31.31°N). (a). Original RFs. The red trace shows
the result of simple time-domain summation of the individual RFs. (b). Back azimuth band averaged RFs plotted against
the back azimuth. The dot on each of the traces indicates the P,,s arrivals. The red curve is the theoretical moveout
calculated based on the optimal anisotropy parameters revealed in (d), and the blue curve is that obtained by fitting the
P,s moveout using equation (1). Note that all the RFs are corrected to a uniform equivalent epicentral distance of 60°
and a source depth of 0 km. (c). Same as (b) but for the time window of 6-9 s. (d). Stacking amplitudes corresponding
to all the candidate pairs of the anisotropy parameters. The black dot denotes the optimal pair of parameters associated
with the maximum stacking amplitude. RFs = receiver functions.

back azimuth (BAZ; H. Liu & Niu, 2012; Rumpker et al., 2014), that is,
t=t,+At=t,— %cos[Z(dJ—B)], M

where t, denotes the arrival time in the isotropic model, At represents the moveout of the arrival times due to
crustal azimuthal anisotropy along the ray path, 6t reflects the magnitude of anisotropy and is equivalent to
the delay time between the fast and slow shear waves in shear wave splitting analysis, ¢ is the fast orientation
(measured clockwise from the north) along which the P, s has the earliest arrival and is equivalent to the fast
polarization orientation in shear wave splitting analysis, and @ is the BAZ of the incoming ray. Obviously, the
azimuthal variation of the moveout has a 180° periodicity. The same technique can also be applied to P;s,
which is the P to S conversion from an intracrustal interface that is clearly observable at a few stations, to
quantify anisotropy above the interface.

Prior to applying equation (1), we take the following steps to preprocess and select the RFs. (a). Moveout cor-
rection (Kong et al,, 2016). The RFs are corrected to a uniform equivalent epicentral distance of 60° and source
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depth of 0 km so that the effects of the variations of P,,s arrival times associated with epicentral distance vari-
ations can be excluded. (b). Stacking the corrected traces. To enhance the SNR, RFs in the same BAZ band of
10° wide are stacked. (c). Checking the BAZ coverage. Stations with a poor BAZ coverage, which is defined
here as the number of stacked BAZ bands with data less than 12 out of the 36 possible bands, or there is a gap
of 180° or greater in the BAZ coverage, are not used in the study. (d). Manually checking the RFs especially the
clarity of the peak of the maximum stacking energy. The azimuthal variation of the P to S converted waves
should be clear, smooth, and coherent, and stations with significant bifurcations and sharp offsets of the P to
S conversions are rejected.

Some temporary stations have BAZ bands with only a few or no events in the 180-360° BAZ range (Figure 2),
and thus including the RFs in the BAZ range of 180-360° may generate results with large uncertainties.
Because the arrival time of the P,,s and P;s has a period of 180°, for these stations, we only use RFs in the BAZ
band of 0-180° to extract the anisotropy parameters.

While some of the previous studies on crustal anisotropy also used the transverse RFs (TRFs; H. Liu & Niu,
2012; Z. Liu & Park, 2017; Park & Levin, 2016; Sun et al., 2012; Q. Wang et al., 2016), a visual inspection of the
TRFs suggests that the arrival corresponding to the Moho on the TRFs has a SNR that is much lower than that
on the radial RFs, probably due to the thick, strongly attenuative, and structurally complex crust beneath the
Tibetan Plateau. The fact that most of the stations are portable rather than permanent ones (e.g., Z. Liu &
Park, 2017) and thus have a limited number of events also contributes to the low SNR on the TRFs (supporting
information Figure S1). Therefore, only radial RFs are used in the study. Additionally, some previous RF-based
crustal anisotropy studies (e.g., Levin & Park, 1998) consider time shifts on the direct P wave due to crustal
anisotropy. Because of the steep angle of incidence and the fact that the variation of arrival time on P wave
is usually much smaller than that of S wave, we conclude that the influence of V,, anisotropy on the resulting
crustal V; anisotropy is negligible.

Two approaches, fitting arrival times and stacking of amplitudes at predicted P,,s arrival times from candidate
¢ and &t pairs, are utilized to measure the crustal anisotropy parameters. For the first approach, we employ
equation (1) and adopt a nonlinear least squares fitting procedure to fit the P to S conversion arrival times
relative to the direct P wave (Kong et al., 2016). In the second approach, a grid search is performed to obtain
the optimal pair of parameters corresponding to the maximum stacking amplitude. Due to the fact that the
southeastern Tibetan Plateau possesses a thick crust and significant crustal anisotropy (Kong et al., 2016), the
searching range for t, is set as 4.5-9.0 s with a step of 0.1 s, that for ¢ is —90°-90° with an increment of 1°,
and that for 6t is 0.0-1.5 s with a time interval of 0.05 s. Most stations yield statistically consistent results
from the two approaches. For these stations, the averaged results from the two approaches are adopted.
For stations with large difference between the two approaches (the difference in ¢ is greater than 15°, or
that in 6t is greater than 0.15 s), results from the P,,s moveout fitting are used because we have found that
this approach usually produces more stable results. This is mostly because the amplitudes of the P s phase
used by the second approach vary more significantly than the arrival times (Han et al., 2017). In addition,
the significant trade-off between the crustal anisotropy, tilted axis of symmetry, and dipping interfaces may
lead to variations in the stacking amplitude, making it difficult to reliably extract anisotropy using stacking
amplitude. An example of single layered azimuthal anisotropy measurement using the two approaches is
shown in Figure 3.

3.3. Measurement of Double Layered Anisotropy

Anisotropy above an intracrustal interface can be quantified by the layer-stripping method (Kong et al., 2016;
Rumpker et al., 2014) beneath stations that clearly display such an interface. Because the P;s exhibits a char-
acteristic sinusoidal variation with the BAZ, azimuthal anisotropy above the intracrustal interface can be
obtained using the azimuthal moveout of the P;s phase by applying the single layer method described above.
The P,,s arrival times are affected by two anisotropic layers and thus reflect an integrated effect of anisotropy
in both the upper and lower layers. As demonstrated in the examples shown in Figure 4, once the upper layer
anisotropy parameters are determined, their contributions to the whole crustal anisotropy measured by the
P.,s can be removed to obtain the ¢ and 6t of the lower layer.

3.4. Evaluation of the Uncertainties of Crustal Anisotropy Measurements

We apply the bootstrap resampling technique (Efron & Irani, 1986; K. H. Liu & Gao, 2010; Vetterling et al., 1992)
to evaluate the mean and standard deviation (SD) of the ¢ and 6t of a given station. For a given bootstrap
integration, 1—1/e = 63% RFs are randomly selected, and about 60% of the chosen ones are used twice so
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Figure 4. Double layered crustal anisotropy measurements at stations KMR02 (a)-(d), CD2 (e)-(h), and KYAO5 (i)-(l). (a),
(e), and (i) are the bin-averaged receiver functions plotted against the back azimuth showing the P,,s (between the two
red dashed lines) and P;s (between the two blue dashed lines) arrivals. The blue curve in (b), (f), and (j) is the theoretical
moveout computed using the optimal anisotropy parameters from the P;s phase; the green curve in (c), (), and (k) is
the theoretical moveout computed using the optimal anisotropy parameters from the P,,s phase; and the red curve in
(d), (h), and (I} is the theoretical moveout computed after correcting the P,,s parameters with those obtained from the
P;s phase.

that the number of RFs is the same as that of the original set (K. H. Liu et al., 2003). The resulting SDs after 10
iterations for the two individual parameters are weighted to compute a combined SD for the station according
to the following equation

Ot %¢

= — R 2
=707 9.0 @

where o, is the linear SDfor 6t and o, is the circular SD of ¢. Stations with a ¢ > 0.4 are excluded in the analysis.
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Figure 5. Crustal anisotropy measurements from this study (red bars). The length and orientation of the bars represent
the 6t and ¢ measurements, respectively. For the seven stations with double layered anisotropy, the blue and purple
bars represent the upper layer and lower layer anisotropy, respectively. The black dashed line separates the Sichuan
Basin into two subunits, and the rose diagrams denote the distribution of the ¢ values in each of the five subareas
(SB = Sichuan Basin; SCB = South China Block). The thick black arrows show the mean maximum horizontal
compressional stress direction (Heidbach et al., 2016). SGK = Songpan-Ganzi-Kangding.
3.5. Computation of Average V Anisotropy
The resulting 6t can be used to estimate the average crustal V, anisotropy using
S5tV otV
Ay=—==—2, 3)
H H-k
where A is the average V; anisotropy in the crust, V, (6.1 km/s) and V; are the average P velocity and S
velocity, respectively, k is the crustal V,,/V; ratio, and H is the crustal thickness obtained by a previous study
(Q.Liuetal, 2014).
4. Results
Among the 344 stations analyzed, 201 stations have reliable single layered and 7 stations have double lay-
ered anisotropy parameters (Figures 5-6 and Tables S1-S52). Our measurements are generally consistent with
those from previous results at most of the stations (Figures 1 and 5), but both the number of stations and the
spatial coverage are significantly greater than the previous studies (Chen et al.,, 2013; Kong et al.,, 2016; Sun
etal, 2012, 2015). The averaged 6t is 0.43 + 0.11 s, which is about a half of the splitting times of ~1.0 s from
previous XKS splitting studies conducted in the area (e.g., Chang et al., 2008; Flesch et al., 2005; C. -Y. Wang
et al.,, 2007, 2008). A sharp contrast in 4t is revealed between the stable Sichuan Basin and the surrounding
tectonically active areas (Figure 7). The mean 4t for stations outside the Sichuan Basin is 0.48 + 0.13 s, which
is about twice as large as that observed at stations in the basin (0.23 + 0.10 s).
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Figure 6. Crustal anisotropy measurements along the LMS fault zone and surrounding areas. The two dashed lines
divide the fault zone into three segments. The green star is the initial rupture position of the Wenchuan earthquake, and
light blue dots are aftershocks of the Wenchuan earthquake. Purple bars show the fast orientations from previous upper
crustal anisotropy measurements from direct S wave splitting analyses (Y. Gao et al.,, 2013; Shi et al., 2013; Zheng et al.,
2017). The thick black arrows denote the mean principal compressional stress (Heidbach et al., 2016). The area south of
the orange line is dominated by high V,,/V; measurements (greater than 1.8; C. -Y. Wang et al., 2010). The rose diagrams

represent the fast orientations and regional maximum horizontal compressional stress in the three segments of the LMS
fault zone. LMS = Longmenshan.

To facilitate discussion, the study area is divided into five subareas based on major geologic features, including
the SGK blocks that occupy approximately the NW half of the study area, the Dianzhong Block that occupies
the SW corner of the study area, the Sichuan Basin, the South China Block, and the LMS fault zone which sepa-
rates the SGK blocks from the Sichuan Basin and consists of three (southern, central, and northern) segments.
In addition, the Sichuan Basin is further divided into the western and eastern parts according to the charac-
teristics of the anisotropy measurements (Figure 5). Table 1 shows the averaged anisotropy parameters and
other relevant measurements for each of the subareas.
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Figure 7. (a). Spatial distributions of the 5t measurements. The individual 5t observations at the stations (triangles) are fitted using a continuous curvature
surface gridding algorithm (Smith & Wessel, 1990) with a tension factor of 0.5 and a sampling interval of 0.1°. (b). Spatial distributions of the V anisotropy
according to equation (3).This quantity depends on Moho depth, crustal V,/V ratio, and ét. The average P velocity in the crust is set as 6.1 km/s.

SGK = Songpan-Ganzi-Kangding.

4.1. SGK Blocks

The azimuthal anisotropy measurements beneath the SGK blocks demonstrate dominantly NW-SE ¢ measure-
ments, with an average 6t value of 0.51 + 0.12 s. Similar to most other subareas, the resulting ¢ measurements
are mostly consistent with the strike of the active faults (Figure 5). Two nearby stations, KMR02 and MEK,
exhibit the existence of double layered anisotropy, and the anisotropy parameters from the two stations are
similar. The fast orientation of the upper layer is similar to the strike of the Longriba Fault, and that of the lower
layer is orthogonal to the fault.

4.2. The Dianzhong Block
The ¢ measurements in the Dianzhong Block are dominantly NW-SE, which are inconsistent with the mostly
N-S or NE-SW strike of the faults (Figure 5). The average §t value from stations located in the Dianzhong Block is

Table 1
Averaged Anisotropy Parameters From P,,s Moveout and XKS Splitting, and APM and GPS Directions for the Subareas
South Western Eastern Northern Central Southern

SGK Dianzhong China SB SB LMS LMS LMS
Pnsd (%) 120.5 110.7 99.5 116.4 61.6 1283 67.6 128.1
P s 6t (s) 0.51 0.47 0.48 0.22 0.31 0.40 0.37 0.46
XKS ¢ (°) 117.8 91.9 108.5 136.8 94.3 123.0 137.9 162.7
XKS 6t (s) 1.03 0.93 0.94 0.93 0.83 0.95 0.77 0.79
APM (°) 103 120 102 100 101 100 100 100
GPS (°) 109 145 122 121 119 117 122 120

Note. SGK = Songpan-Ganzi-Kangding blocks; SB = Sichuan Basin; LMS = Longmenshan fault zone.
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0.47 +0.13 5. The western region of the Dianzhong Block demonstrates E-W fast orientations and anomalously
small 6t values that are less than 0.25 s (Figure 7).

4.3. The LMS Fault Zone

Both the ¢ and 6t measurements show spatially systematic variations along the NE-SW trending LMS fault
zone. The southern and northern segments of the fault zone show dominantly NW-SE ¢ measurements,
which are fault perpendicular. In contrast, the central segment is dominated by fault-parallel ¢y measurements
(Figure 6).

4.4. The South China Block

The South China Block shows spatially varying ¢ measurements which are mostly consistent with the trend of
the northern and western edges of the block. The largest average 6t value of 0.63 + 0.08 s in the study area is
obtained at stations located at the intersection among the different tectonic units (Figure 7) and is responsible
for the large average 6t value of 0.48 + 0.14 s for the South China Block.

4.5. The Sichuan Basin

The tectonically stable Sichuan Basin has the smallest mean 6t of 0.26 + 0.13 s in the entire study area, with
smaller 6t values in the interior and larger values along the southern and western edges of the basin. A sharp
contrast of the measured ¢ is revealed between the western and eastern portions of the basin, with mostly
NW-SE measurements for the western part and NE-SW for the eastern part (Figure 5).

5. Discussion

5.1. Alternative Causes of the Observed P, s Azimuthal Variation

The technique employed by this study assumes that the periodic moveout of the P to S converted phases
is caused by a single layer of anisotropy with a horizontal axis of symmetry. While the periodic azimuthal
variation of the P s (and P;s) arrival times with a 180° periodicity as well as the spatial consistency of the
resulting crustal anisotropy (Figures 5-7) strongly suggest that the assumption of horizontal axis is probably
valid, alternative explanation may exist for the observed moveout.

Z.Liu et al. (2015) and Z. Liu and Park (2017) suggested that the thick crust in Tibet may have strong layering
that leads to P to S conversions from many internal interfaces, in addition to P to S conversions from the
Moho. Using RFs from long-running permanent stations, Z. Liu and Park (2017) examined the situation where
the effects of P to S conversion at the top and bottom of an anisotropic layer at the base of the crust could
be mistaken for P to S conversion birefringence. While this is a possibility, the fact that only one robust P,,,s
arrival in the expected time window is observed at the vast majority of the stations (e.g., Figure 3) suggests
that the resultant anisotropy reflects that of the whole crust rather than an anisotropic layer at the base of the
crust. Similarly, the single robust P,,,s arrival also suggests the absence of significant intracrustal layering at the
majority of the stations. Such layering has been observed at long-running stations which usually have much
more RFs and better azimuthal coverages than portable stations used in this study (e.g., Z. Liu et al., 2015).

To estimate the influence of a plunging fast axis on the measurements (e.g., Park & Levin, 2016; Schulte-Pelkum
& Mahan, 2014), the RAYSUM code (Frederiksen & Bostock, 2000) is applied to generate the synthetic RFs
(Figure S2). A fast axis with a large plunge (30°) from the horizontal plane has obvious effect on the amplitudes
of the radial and TRFs, while the influence on the P,s arrival times in the R components is insignificant. The
reason is that the P to S conversions propagate near-vertically and polarize near-horizontally. The synthetic
results indicate that the tilted fast axis does not significantly affect the measured crustal fast orientation and
the splitting time. We conclude that the measurements obtained from the P,,s moveout can approximate the
actual azimuthal anisotropy even in the presence of two lobed variation behavior of P to S conversions with
a tilted axis of symmetry.

5.2. Stress-, Fracture-, and Crustal Flow-Induced Anisotropy in the LMS Fault Zone

The abrupt topographic relief across the LMS fault zone of about 500 km in length, where various studies have
revealed distinct properties in different segments of the fault zone, suggests strong crustal deformation and
complex geological structure. Geological studies (Arne et al., 1997; Burchfiel et al., 2008; Ma, 2002; Xu et al.,
2009) revealed that significant variations of the surface topography and rock property exist beneath different
segments of the LMS fault zone. A recent tomographic model (Z. Wang et al., 2017) further indicated that the
fault zone is separated into three segments by two crustal bodies with anomalously low seismic velocity and
high electric conductivity. In addition, Y. Gao et al. (2013) used direct S wave splitting analysis, which mainly
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measures upper crustal anisotropy, to reveal a segmented pattern of the fast polarization orientations along
the LMS fault zone (Figure 6). The upper crustal delay times beneath the LMS fault zone are generally less
than 0.1 s revealed by previous studies using splitting of shear waves from local earthquakes (Chang et al.,
2014; Ding et al., 2008; Zheng et al., 2017) and are significantly smaller than the 6t of about 0.42 s obtained
in the fault zone based on P to S conversions from the Moho, indicating that relative to the upper crust, the
mid-lower crust is strongly anisotropic.

For the southern segment of the LMS fault zone (Figure 6), high V,,/V, measurements with values ranging
from 1.80 to 1.86 (Sun et al., 2015; C. -Y. Wang et al., 2010) are suggestive of the presence of partial melting in
the mid-lower crust. Mineral physics studies (e.g., Christensen, 1996) suggested that V,,/V; ratio in the crust
can provide important constraints on crustal bulk average composition. Z. Zhang et al. (2009) suggested that
high V,,/V; ratio in the LMS fault zone may be caused by the overall mafic composition of the crust and the
existence of fluids in the lower crust, probably moving southeastward beneath the SGK blocks from central
Tibet (Clark & Royden, 2000). In addition, low resistivity (Bai et al., 2010) and low seismic velocities (Q. Liu et al.,
2014) in the mid-lower crust beneath this area also imply the existence of crustal flow and partial melting.
Based on the previous observations and the fact that the ¢ observations in this segment of the LMS fault zone
are mostly consistent with the anticipated SE-ward flow direction (Figure 5), we speculate that the principal
cause of the observed crustal anisotropy in this area is the LPO of anisotropic minerals associated with the
plastic flow in the mid-lower crust (Ji et al., 2015; Kong et al., 2016).

For the central segment of the LMS fault zone, the ¢ measurements are dominantly consistent with the
strike of the fault zone and also with the fast orientations obtained using splitting of shear waves from local
earthquakes (Figure 6). The average 6t is the smallest among the three segments of the fault zone (Table 1),
which may imply the absence of strong mid-lower crustal flow beneath the central segment, although this
study alone cannot rule out partial melting in the mid/lower crust. However, the normal V; velocities in the
mid-lower crust (Q. Liu et al., 2014; Z. Wang et al., 2017) observed in the area place doubts on the existence of
significant crustal partial melting. Those characteristics can be explained by crustal anisotropy caused by fluid
filled fractures in the fault zone. Double layered anisotropy is observed at two of the stations in this area (YZP
and CD2), at which the fast orientation of the top layer is parallel to the strike of the fault zone, and that of
the lower layer is orthogonal to it. Fluid-filled fractures in the fault zone can probably explain the NE-SW fast
orientation of the upper layer. The 90° difference between the fast orientation of the upper and lower layers
could be caused by complex crustal structure beneath the fault zone with a broad shear zone at depth.

Relative to the other segments of the LMS fault zone, the northern segment has low V,,/V; values (ranging
from 1.68t0 1.74; Sun etal., 2015), suggesting the absence of crustal flow. The consistency between the ¢ mea-
surements and the direction of the maximum horizontal compression (Figure 6), which is fault-orthogonal,
suggests that NW-SE oriented extensional cracks are mostly responsible for the observed anisotropy. The lack
of fault-parallel fast orientations in this area may imply that stress-induced anisotropy is significantly greater
than that caused by fractures in the fault zone.

5.3. Evidence for Crustal Channel Flow Beneath the SGK Blocks

Similar to the southern section of the LMS fault zone, the ¢ observations on the SGK blocks are dominantly
fault-parallel (NW-SE) and the mean 6t values are the largest among all the tectonic units (Table 1). As dis-
cussed above, the 6t measured using the P,;s phase is mainly from the mid-lower crust. Crustal V,,/V, studies
(Chenetal, 2013;Sun etal,, 2012, 2015; C.-Y. Wang et al., 2010) revealed that this area is dominated by higher
than average V), /V; values, and magnetotelluric observations (e.g., Bai et al., 2010) showed a high electrical
conductivity at lower crust depth beneath this area. In addition, the previously observed large-scale low veloc-
ity zone in the lower crust (e.g., Q. Liu et al., 2014; Yao et al., 2010) and strong radial anisotropy with V,,, > V,,
(Huang et al., 2010) are also consistent with the existence of mid-lower crustal flow. The dominantly NW-SE
¢ observations in this area (Figure 5) provide additional evidence for the existence of the crustal channel
flow system. The consistency between the ¢ observations and the previously proposed southeast direction
of the flow system (Clark & Royden, 2000) suggests that the LPO of amphibole in this area is Type Il or Type
Il (Ko & Jung, 2015; Kong et al., 2016), for which the fast orientations are subparallel to the flow direction.
In addition, some other possible mechanisms (Connolly & Podladchikov, 2013; Z. Liu et al., 2015) for gener-
ating anisotropy were proposed, such as fluid-flow in the lower crust, facilitated by vertical vein structures
that cut through the internal shear zones, or vertically aligned rock volumes with alternating hydration levels,
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Figure 8. Pre- and post-Wenchuan earthquake crustal anisotropy measurements. The top (a-d), middle (e-h), and
bottom (i-l) rows show all, pre-earthquake, and post-earthquake receiver functions plotted against the back azimuth,
respectively. The first column from the left shows receiver functions from station KMY04 at which a single layered
anisotropy model is revealed; the second to fourth columns are the same as the right-most three columns of Figure 4
but for station KYAO5 which is characterized by a double layered crustal anisotropy model.
specifically alternating amphibolite and granulite rock masses. Besides faults in the upper crust and mid-lower
crustal flow, shear-related mineral lineation may be a possible contributor to the observed anisotropy in the
southeastern Tibetan Plateau. Ji et al. (2015) revealed that highly deformed fabrics with a subvertical foliation
plane formed by compressional folding can lead to significant crustal anisotropy originating from anisotropic
minerals. The resulting fast orientations are in the foliation plane and parallel to the lineation direction for a
vertically propagating S wave (Ko & Jung, 2015).
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5.4. Crustal Anisotropy from Regional Compression in the Dianzhong Block

The ¢ measurements in the Dianzhong Block are inconsistent with the strike of the active faults but are
comparable to the maximum horizontal compressional stress, suggesting that extensional fluid-saturated
microcracks associated with the regional compression is mostly responsible for the observed anisotropy. The
measured 5t values in the area between 26°N and 27°N show significant variations relative to the surrounding
stations. Because results from GPS, P,,s moveout, and XKS splitting are measures of surface velocity vec-
tors, crustal anisotropy, and upper mantle anisotropy, respectively, the discrepancies among the three types
of measurements obtained in most part of the Dianzhong Block (Table 1) suggest that crustal and mantle
deformation are largely decoupled. A recent study (Yang et al., 2018) has revealed widespread rotations of
maximum compressional stress in the upper crust and significant differences between upper crustal stress
field and seismic anisotropy. Similar to this study, Yang et al. (2018) support a decoupled deformation between
the crust and upper mantle by a series of detachments, during crustal thickening resulted from the resistance
to eastward expansion of the plateau by the rigid Sichuan Basin.

5.5. Contrasting Crustal Anisotropy Between Western and Eastern Sichuan Basin

The tectonically stable Sichuan Basin, beneath which a thick and strong lithosphere is revealed (e.g., Hu et al.,
2011, Shan et al.,, 2014), has the smallest average 6t in the entire study area (Figure 7 and Table 1), imply-
ing that the observed crustal anisotropy is closely associated with the degree of crustal deformation which
is in turn related to lithospheric strength and the magnitude of the deformation induced by the stress field.
Near the southwestern edge of the basin, the 5t measurements are larger than those observed in the inte-
rior of the basin, and the ¢) measurements show an edge-parallel pattern, which reflects the effect of major
boundary faults.

A sharp contrast in the observed ¢ measurements is revealed between the western and eastern parts of
the basin, with dominantly NW-SE ¢ values for the western and NE-SW for the eastern parts of the basin
(Figure 5). The ¢ values in the former are consistent with the direction of the principal compressional stress,
suggesting that the observed anisotropy could be explained as extensional cracks related to the regional
compression. For the eastern part, on the other hand, the ¢ values are consistent with the strike of the Huay-
ingshan Fault, which may suggest a close relationship between the observed crustal anisotropy and fractures
in the fault zone.

5.6. Possible Effects of the Wenchuan Earthquake on Crustal Anisotropy

Many shear wave splitting studies using local earthquakes, which occur mostly in the seismogenic zone in the
upper crust, have detected significant temporal changes in the splitting parameters associated with major
earthquakes (e.g., Chang etal., 2014, Crampin et al., 1999, Y. Gao & Crampin, 2003). Similar changes in both the
fast orientation and splitting time have been revealed before and after the Wenchuan earthquake occurred
in the central segment of the LMS fault zone (Ding et al., 2008).

In the LMS fault zone, shear wave splitting from local earthquakes that are confined in the depth range of
5-15kminthe crustis mainly caused by microcracks in the upper crust (Ding et al., 2008; Y. Gao et al., 2013; Shi
etal,, 2013). As described in section 5.2, the upper crustal delay times from the local earthquakes are generally
less than 0.1 s and are significantly smaller than the delay times of about 0.42 s obtained from P,,s moveout,
indicating that the mid-lower crust is strongly anisotropic relative to the upper crust. In order to explore the
possible impact of the Wenchuan earthquake on the anisotropy of the whole crust quantified by the P,s
moveout, we perform anisotropy analysis using RFs recorded before and after the earthquake for two of the
permanent stations (KMY04 and KYAO5), which have recorded the maximum amount of useful data among
all the stations in the aftershock zone of the Wenchuan earthquake during both periods (Figure 6). As shown
in Figure 8, station KMY04 exhibits a single layered and KYAO5 shows a double layered model of anisotropy.

For station KMY04 situated in the northern segment of the LMS fault zone, at which splitting measurements
using local earthquakes (focal depth 5-15 km; Ding et al., 2008) show a clear difference in both the fast ori-
entations and splitting times before and after the earthquake, the pre- and post-earthquake whole crustal
anisotropy parameters are similar (Figures 8e and 8i), indicating that although the earthquake has modified
the anisotropic properties of the upper crust, its effects on whole crust anisotropy is below the detection level
of the RF-based anisotropy analysis technique used in this study. In comparison, at station KYAO5 located in the
southern segment of the LMS fault zone, which was not ruptured by the Wenchuan mainshock, both the upper
and lower layer anisotropy parameters are consistent before and after the Wenchuan earthquake, suggesting
that the impact of the Wenchuan earthquake on upper and lower crustal anisotropy beneath the southern
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segment is limited. This is consistent with previous Wenchuan earthquake studies (Shen et al., 2009; H. Zhang
& Ge, 2010) which suggested that the rupture propagated unilaterally northeastward by about 300 km in the
central and northern segments, while rupture propagation in the southern segment was limited.

6. Conclusions

P to S converted phases from the Moho and from an intracrustal discontinuity are used to investigate crustal
anisotropy beneath the southeastern Tibetan Plateau and adjacent areas, with unprecedented spatial cover-
age. Our results reveal that the ¢ measurements observed in the vicinity of major active faults are dominantly
consistent with the strike of the faults. A sharp contrast in 5t between the plateau region and the Sichuan
Basin indicates that crustal anisotropy is mostly related to the degree of crustal deformation which is a func-
tion of stress magnitude and lithospheric strength. Differences in anisotropy parameters obtained from XKS
splitting, P,,s moveout, and local shear wave splitting suggest that the mid-lower crust is highly anisotropic,
and crustal anisotropy is an important contributing factor to previously observed XKS splitting.

The observed crustal anisotropy in the southern segment of the LMS fault zone and the SGK blocks, when
combined with the larger than normal V,, /V; observations, supports the existence of crustal flow moving from
central Tibet toward the southeast. In contrast, crustal anisotropy underneath the central segment of the LMS
fault zone is mostly the result of fluid filled fractures, and fault-orthogonal extensional cracks in the upper
crust beneath the northern segment of the LMS fault zone are mostly responsible for the observed anisotropy.
The results show significant differences in crustal anisotropy between the western and eastern Sichuan Basin,
and no detectable variation in whole crustal anisotropy is inferred from RFs recorded before and after the M,,,
7.9 Wenchuan earthquake.
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