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Crustal anisotropy beneath 71 broadband seismic stations situated at the eastern Tibetan Plateau and
the Sichuan Basin is investigated based on the sinusoidal moveout of P-to-S conversions from the Moho
and an intra-crustal discontinuity. Significant crustal anisotropy is pervasively detected beneath the study
area with an average splitting time of 0.39 4 0.18 s. The resulting fast orientations are mostly parallel
to the major shear zones in the Songpan-Ganzi Terrane, and can be explained by fluid-filled fractures,

Editor: A Yin favoring the model of rigid block motion with deformations concentrated on the block boundaries.
Keywords: In the vicinity of the Xianshuihe-Xiaojiang Fault Zone in the southern Songpan-Ganzi Terrane, our
seismic anisotropy results, when combined with previously revealed high crustal Poisson’s ratio in the area, support the
crustal flow existence of mid/lower crustal flow. The Longmenshan Fault Zone and adjacent areas are dominated
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by strike-orthogonal fast orientations, which are consistent with alignments of cracks associated with
compressional stress between the Plateau and the Sichuan Basin. The observations suggest that crustal

thickening is the main cause of the high topographic relief across the Longmenshan Fault Zone.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The growth of the Tibetan Plateau, which has an average ele-
vation of ~5000 m, is widely considered to be the result of pro-
gressive collision between the Indian and Eurasian plates, starting
approximately 70 Ma (e.g., Yin and Harrison, 2000). N-S litho-
spheric shortening associated with the collision has resulted in
eastward extrusion of the Plateau since about 15-20 Ma (Royden
et al, 2008). Global Positioning System (GPS) velocity measure-
ments (Gan et al., 2007) show eastward extrusion of central Ti-
bet at a rate of about 15-20 mmy/yr relative to the Sichuan Basin
(Fig. 1). The bulk of the eastern Tibetan Plateau is the Songpan-
Ganzi Terrane located between the Kunlun-Muztagh Suture to the
north, the Jinsha River Suture to the south, and the Longmen-
shan Fault Zone to the east (Fig. 1). Blocks of the Songpan-Ganzi
Terrane, including Aba, Litang, and Longmenshan, move relatively
from each other along the sinistral Xianshuihe-Xiaojiang and dex-
tral Longriba faults (Fig. 1), partially due to the blockage by the
relatively rigid Sichuan Basin.

A recent study (Ji et al., 2015) suggests that the southeast-
ward movement of the Litang Block resulted in the transforma-
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tion of the E-W oriented, highly-foliated structures originally lo-
cated at the Eastern Himalayan Syntaxis into NW-SE oriented
tectonic fabrics. The present-day surface motion of the northern
Songpan-Ganzi Terrane is characterized by a northward decreas-
ing rate and a slight spatial variation of direction, indicating the
presence of both compression and strike-slip shear deformations,
which are also indicated by the pervasive thrust and strike-slip
faults (Fig. 1). The eastern margin of the Tibetan Plateau, the Long-
menshan Fault Zone, is characterized by a significant topographic
relief relative to the plateau interior and the Sichuan Basin, with a
low strike-orthogonal shortening rate of less than 3 mm/yr, but a
high compressional stress rate (Gan et al., 2007). As discussed be-
low, the fault zones contribute significantly to the observed crustal
anisotropy, together with lower crustal flow and the aforemen-
tioned tectonic fabrics developed from foliated structures.
Mechanisms responsible for the expansion and uplifting of the
eastern Tibetan Plateau remain enigmatic, in spite of numerous
studies (e.g., Molnar and Tapponnier, 1975; England and House-
man, 1986; Royden et al., 1997; Gan et al, 2007; Bai et al,
2010; Liu et al., 2014a). Proposed geodynamic models applicable
to eastern Tibet can be loosely divided into three groups. Those
in the first group suggest a dominant role of a channeled duc-
tile flow system in the mid/lower crust in the uplifting and lateral
expansion of the Plateau (e.g., Bird, 1991; Royden et al., 1997;
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Fig. 1. A topographic relief map of the study area showing the suture zones (dashed
purple lines), major faults (solid black lines), and seismic stations (triangles) used
in the study. Different colors are assigned based on the sub-area that the station
belongs to. Red: Kunlun-Muztagh Suture Zone; Green: Longmenshan Block and ad-
jacent areas; Blue: Xianshuihe-Xiaojiang Fault Zone; Orange: Sichuan Basin. Light
blue arrows show GPS velocities (Gan et al., 2007) relative to the solid blue cir-
cle in the Sichuan Basin. The Longriba Fault is digitized based on Ren et al. (2013),
and the other faults are based on Styron et al. (2010). Dashed line in the inset map
shows the location of the study area within Eurasia (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.).

Clark and Royden, 2000; Burchfiel et al., 2008; Zhao et al., 2012).
Those models are consistent with the general absence of upper-
crustal thrust faults in the area. The second group of models ad-
vocate broadly distributed deformation of crustal shortening and
thickening as a predominant mechanism (England and Houseman,
1986; Wang et al., 2008; Hubbard and Shaw, 2009). Those in the
third group attribute the uplifting to successive developments of
crustal thrust-wedges associated with the oblique subduction of
the lithospheric mantle along major fault zones (Tapponnier et
al., 1982, 2001; Replumaz and Tapponnier, 2003). One of the key
constraints on the various models is a high-resolution quantifica-
tion of crustal deformation, which can be characterized by seismic
anisotropy measurements.
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1.1. Formation mechanisms of crustal and mantle anisotropy

Numerous studies demonstrate that seismic azimuthal aniso-
tropy, as quantified by the polarization orientation of the fast shear
wave (¢) and the splitting delay time (5t) between the fast and
slow shear waves, is a nearly ubiquitous property of the Earth’s
crust and mantle (Silver, 1996; Savage, 1999). It is generally be-
lieved that azimuthal anisotropy in the continental upper crust is
mostly the result of shape preferred orientation of fluid-saturated
vertical cracks (Crampin, 1981), which are sub-parallel to the max-
imum horizontal compression direction. The resulting 8t is nor-
mally smaller than 0.2 s (Crampin, 1994), but can reach 0.5 s or
greater for stations located in or close to a fault zone (e.g., Savage
et al., 1990; Liu and Niu, 2012). Highly-deformed fabrics with a
vertical foliation plane formed by compressional folding are also
found to produce observable azimuthal anisotropy originating from
anisotropic minerals in the crust such as mica and amphibole (Ji et
al,, 2015).

In the mid/lower crust, due to the closure of cracks, azimuthal
anisotropy is mostly produced by the lattice preferred orientation
(LPO) of anisotropic crystals, primarily amphibole (Tatham et al.,
2008; Ko and Jung, 2015). A recent study of amphibole (Ko and
Jung, 2015) suggests that channelized plastic flow in the mid/lower
crust can result in azimuthal anisotropy. The relationship between
the resulting ¢ and flow direction is dependent on the differential
stress level and temperature (Fig. 2). Under the condition of high
differential stress and high temperature, which is possible for the
Tibetan Plateau due to significant crustal shortening and thickening
(Yin and Harrison, 2000), type II and III fabrics, for which ¢ is
sub-parallel to the flow direction, will dominate (Fig. 2).

Seismic anisotropy in the mantle is generally regarded as the
consequence of LPO of anisotropic minerals, primarily olivine
(Zhang and Karato, 1995). Mantle flow results in a fast orientation
that is sub-parallel to the flow direction, and for areas experienced
lithospheric shortening, the resulting ¢ is frequently observed in
accordance with the strike of the mountain belt (e.g., McNamara
et al.,, 1994; Silver, 1996; Bokelmann et al., 2013).

1.2. Previous seismic anisotropy investigations in the study area

Crustal and mantle azimuthal anisotropy beneath the east-
ern Tibetan Plateau has been investigated by a number of stud-
ies (e.g., Sol et al, 2007; Wang et al., 2008; Sun et al, 2012;
Chen et al., 2013; Sun et al., 2015). Studies using the splitting of
XKS phases (including SKS, SKKS, and PKS), which measure the
integrated anisotropy of the crust and mantle, reveal an average
splitting time of about 1.0 s. The fast orientations from XKS are
mostly parallel to the strike of surface geological features (Fig. 3).
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Fig. 2. (a) Types of amphibole fabrics as a function of differential stress and temperature. (b) Predicted seismic anisotropy formed by a horizontal flow system for a vertically
propagating S-wave (Ko and Jung, 2015). On the top plane, the fast orientation is shown in red, and the flow direction is parallel to the gray bar. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Crustal anisotropy measurements (red) with orientation of the bars rep-
resenting the ¢, and the length proportional to the &t values. At stations MEK
and CD2, the blue bar shows anisotropy of the upper layer, and the purple bar
shows that of the lower layer. The gray bars are the station-averaged XKS splitting
results obtained from http://splitting.gm.univ-montp2.fr/DB/public/searchdatabase.
html. The area southwest of the green line is dominated by high Vp/Vs ratio (>1.78)
from Wang et al. (2010). The orange dashed arrows show the location of proposed
flow channel from Bai et al. (2010). The dashed line traversing the Longmenshan
Fault Zone separates areas with large and small splitting times. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Crustal anisotropy studies (e.g., Sun et al., 2012, 2015) suggest
that the crust at some sites can produce large splitting times com-
parable to the global average of 1.0 s from XKS studies, suggesting
a significant crustal contribution to the observed XKS splitting.
A crustal anisotropy investigation (Sun et al., 2015) in the vicinity
of the Longmenshan Fault Zone at 21 stations using the P-to-S con-
verted phases from the Moho reports significant crustal anisotropy,
with &t values ranging from 0.22 to 0.94 s. The observed anisotropy
is attributed to the LPO of mica or amphibole deformed by lower
crustal flow. The same formation mechanism of crustal anisotropy
has been suggested beneath the Xianshuihe-Xiaojiang Fault Zone
(e.g., Sun et al., 2012; Chen et al.,, 2013). In contrast, Ji et al. (2015)
proposes that sub-vertical foliation planes, which lead to trans-
verse isotropy with a horizontal axis of symmetry, are responsible
for the observed crustal anisotropy beneath the study area.

In this study, crustal azimuthal anisotropy beneath the eastern
Tibetan Plateau and adjacent areas is explored based on the sinu-
soidal moveout of the P-to-S converted phases from the Moho and
(at a few stations) an intra-crustal discontinuity (Rumpker et al.,
2014). The measurements have an average §t of 0.39 £+ 0.18 s, and
show dominantly fracture-parallel fast orientations.

2. Data and methods
2.1. Data

The broadband seismic data used in the study were recorded by
71 stations (Fig. 1), of which 53 were provided by the Data Man-
agement Centre of China National Seismic Network at Institute of
Geophysics, China Earthquake Administration for the recording pe-
riod of 2007-2011 (Zheng et al., 2010). Data from the other 18
stations were obtained from the Incorporated Research Institutions
for Seismology (IRIS) Data Management Center (DMC) for the pe-
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Fig. 4. Receiver functions recorded by station LTT. The black dots show the peak lo-
cations of the P,;s and the red line is the theoretical P,;s moveout calculated based
on Equation (1) using the optimal pair of splitting parameters. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

riod of 2003-2014. All the teleseismic events with magnitude >4.0
and epicentral distance in the range of 30°-180° are band-pass fil-
tered in the frequency band of 0.08-0.8 Hz, and those with visible
first P-arrivals on the vertical component are converted to radial
receiver functions (Ammon, 1991), which are visually inspected to
select the ones with clear P-arrivals and without anomalously large
arrivals in the P-wave coda. The two phases utilized in this study
include P,s, which is the P-to-S converted phase from the Moho
for measuring the bulk crustal anisotropy, and P;s, which is the
P-to-S converted phase from an intra-crustal interface for detect-
ing upper crustal anisotropy at a few stations where P;s is clearly
observed.

2.2. Detection of single layer of anisotropy

For a single layer of anisotropy with a horizontal axis of sym-
metry, the arrival times of the P-to-S converted phase (Pps or P;s)
vary systematically with the back-azimuth (BAZ) of the events (Liu
and Niu, 2012; Rumpker et al.,, 2014), i.e.,

t=tg+ At=tg— %cos[Z(a—qﬁ)], (1)

where ty represents the arrival time in the isotropic case, At is
the offset caused by crustal anisotropy along the raypath, §t is the
delay time which reflects the strength of crustal anisotropy, ¢ is
the fast orientation of crustal anisotropy measured clockwise from
the north, and « is the BAZ of the events.

In this study, two pre-processing steps are applied to enhance
the reliability of the measurements. First, in order to eliminate the
moveout caused by epicentral distances, all the receiver function
traces are adjusted to a uniform epicentral distance of 60°. Sec-
ond, traces belonging to the same BAZ window of 10° wide are
stacked together to enhance the signal-to-noise ratio. The splitting
parameters, ¢ and dt, can be obtained by fitting the Py;s (or Pjs)
arrival times relative to the direct P-wave using Equation (1) based
on a non-linear least-squares fitting procedure. An example can be
found in Fig. 4.
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Fig. 5. Two-layer crustal anisotropy measurements using data recorded by stations MAQU (a)-(d) and MEK (e)-(h). (a) and (e) are the original receiver functions showing
both the Py;s and P;s phases; (b) and (f) show the P;s arrivals and the fitting curve; (c) and (g) are the original Pys arrivals, and (d) and (h) are Pp,s arrivals after correcting
for upper crustal anisotropy. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

To quantify the uncertainties of the resulting crustal anisotropy
measurements, we apply the bootstrap resampling procedure
(Efron and Tibshirani, 1986; Press et al., 1992) to estimate the
splitting parameters 10 times. The standard deviation (SD), o, for
the station is quantified by a unit-less value computed using
Ty On

= -t 2
90.0+1.0 2)

where oy and oy are the SD of ¢ and 6t, respectively, estimated
using the bootstrap procedure. Only results from stations with a
o < 0.4 are presented and discussed below.

2.3. Characterization of two layers of anisotropy

Two layers of crustal anisotropy are detected and characterized
at 3 of the stations where a P;s phase is clearly identified in addi-
tion to the Pps (Fig. 5), following the layer-stripping technique of
Rumpker et al. (2014). For a given station with both P;;s and Pjs
arrivals, the Pjs phases are used first to constrain the anisotropy in
the layer above the interface (“upper crust”). The Pps arrival times,
which reflect the integrated effects of anisotropy in both the upper
and lower crust, are then corrected using the resulting anisotropy
parameters of the upper crust to remove the contributions of up-
per crustal anisotropy. The anisotropy of the lower layer can then
be quantified by applying Equation (1) to the corrected P;,s travel-
times (Fig. 5).

In order to derive robust two layer crustal anisotropy measure-
ments, some preconditions need to be satisfied: (1) the existence
of an intra-crustal discontinuity, (2) clear and azimuthally vary-
ing Pjs and Pps arrivals, and (3) good back-azimuthal coverage
of high-quality radial receiver functions. Only three of the sta-
tions, CD2, MAQU, and MEK, which are all located in the vicinity
of known fault zones (Fig. 3), lead to reliable characterization of
two-layer crustal anisotropy structure.

3. Results

Well-defined crustal anisotropy is measured at a total of 71 sta-
tions (Fig. 3). While the resulting ¢ measurements are dominantly
parallel to the strike of major surface features, a sharp contrast
of the &t values, which have an average value 0.39 £ 0.18 s, is
observed between the Tibetan Plateau and the Sichuan Basin sep-
arated by the Longmenshan Fault Zone, with an mean value of
0.44 £ 0.18 s for the west, and 0.27 4 0.13 s for the east (Fig. 6).

Comparison between our results and those by Chen et al.
(2013) and Sun et al. (2015) are shown in Fig. 7. Chen et al.
(2013) provided 33 crustal anisotropy measurements in our study
area, and Sun et al. (2015) reported 21 measurements along the
Longmenshan Fault Zone. While some differences exist at some
stations (Fig. 7), the measurements from the 3 studies are gener-
ally consistent, in spite of the significantly larger spatial coverage
that this study provides. As detailed in the Discussion section, the
increased spatial coverage is essential for constraining anisotropy-
forming mechanisms, as well as for providing valuable constraints
for crustal deformation models.

Based on the major geologic features, we divide the study
area into four regions, including the Kunlun—-Muztagh Suture Zone,
Xianshuihe-Xiaojiang Fault Zone, Longmenshan Block and adjacent
areas, and the Sichuan Basin (Fig. 1).

3.1. Kunlun-Muztagh Suture Zone and Xianshuihe-Xiaojiang Fault
Zone

Crustal anisotropy measurements from the 28 stations situated
in the Kunlun-Muztagh Suture Zone (Fig. 1) result in an average
St of 0.47 + 0.18 s. The ¢ measurements are dominantly ESE-
WNW, consistent with the strike of the major faults. Fault-parallel
fast orientations are also obtained at several stations in the same
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Fig. 6. (a) Splitting times from all stations with measurements plotted against the
distance from the Longmenshan Fault Zone (the dashed line in Fig. 3). Thick hori-
zontal bars represent mean values, and thin bars represent mean + SD. (b) Splitting
times from stations situated in the Kunlun-Muztagh Suture Zone plotted against
the distance of stations to the nearest fault. Red dots show the moving averages in
10 km windows. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 7. Comparison between results from this study (red bars) and previous crustal
anisotropy measurements from Chen et al. (2013) (black bars) and Sun et al. (2015)

(green bars). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

area by a recent crustal anisotropy study (Wang et al., 2016). Sta-
tion MAQU demonstrates the existence of two layers of anisotropy
(Fig. 5), with comparable ¢ and §t values between the 2 layers.
The similarity of anisotropy between the upper and lower crust

100° 102° 104° 106° 108°

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Splitting time (s)

Fig. 8. Spatial distribution of the splitting times of crustal anisotropy measurements.
To produce the data plotted here, a smooth surface was generated by fitting the
observed values, with a spatial sampling interval of 0.1°. (For interpretation of the
colors in this figure, the reader is referred to the web version of this article.)

may suggest that beneath the station, the entire crust deforms co-
herently.

Similarly, the Xianshuihe-Xiaojiang Fault Zone in the south-
ern Songpan-Ganzi Terrane also exhibits large 8t measurements
(0.53 £ 0.16 s) and strike-parallel fast orientations. The Kunlun-
Muztagh Suture Zone and Xianshuihe-Xiaojiang Fault Zone possess
the largest 8t values in the study area (Fig. 8).

3.2. Longmenshan Block and adjacent areas

The Longmenshan Block and adjacent areas between the Kun-
lun—-Muztagh Suture Zone and the Xianshuihe-Xiaojiang Fault Zone
are sampled by 20 stations. The ¢ measurements are dominantly
NW-SE and the rest are mostly consistent with the NE-SW strike
of faults (Fig. 3). The measurements from the 3 stations located
at the Longriba Fault Zone are characterized by small §t with a
mean value of 0.17 £ 0.03 s, and the fast orientations are either
parallel or orthogonal to the strike of the faults. Measurements at
station MEK (Fig. 5) suggest the presence of two anisotropic layers
with orthogonal ¢ and comparable §t measurements. The ¢ of the
lower layer is normal to the strike direction of the fault zone, and
is strike-parallel for the upper layer.

The ¢ measurements from the 3 stations situated in the Long-
menshan Fault Zone are parallel to the NE-SW strike of the faults,
while the 8 stations situated in the adjacent areas of the faults are
strike-orthogonal. The ¢ of the upper layer anisotropy beneath sta-
tion CD2 is parallel to the strike of the Longmenshan Fault Zone,
and that of the lower layer is orthogonal to it. Generally, the &t
values along the Longmenshan Fault Zone are smaller than those
obtained in the Kunlun-Muztagh Suture Zone and Xianshuihe-
Xiaojiang Fault Zone, and the average 4t is 0.35 4+ 0.13 s (Fig. 8).
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3.3. Sichuan Basin

The 15 stations located in the Sichuan Basin lead to a mean &t
value of 0.25 £ 0.13 s, with smaller 6t (<0.1 s) at stations in the
interior of the basin. The ¢ measurements are mostly parallel to
the surface fabric. The results are similar to those obtained by Sun
et al. (2015) at 3 stations in the Sichuan Basin.

4. Discussion

4.1. Formation mechanisms of the observed crustal anisotropy and
geodynamic implications

As discussed previously, a number of processes can lead
to observable crustal anisotropy, including fluid-filled fracture
zones, vertical foliation planes containing anisotropic minerals, and
mid/lower crustal flow that aligns anisotropic minerals. For a given
area, the relative importance of the processes is dependent on the
tectonic setting and crustal properties such as thickness and Vp/Vs
ratio (y) which is uniquely related to the better-known Poisson’s
ratio (o) by o =0.5[1 — 1/(y% — 1)]. In this section, we specu-
late on the formation mechanisms for each of the areas on the
basis of existing surface geology and crustal property observations,
as well as their relationship with the observed crustal anisotropy
parameters.

4.1.1. Kunlun-Muztagh Suture Zone

Significant crustal anisotropy is observed throughout the Kun-
lun-Muztagh Suture Zone, with the ¢ measurements being dom-
inantly parallel to the major faults in the suture zone. Previous
receiver function studies of the crust report Vp/Vs values of about
1.73 which are lower than the global average of 1.76 for continen-
tal crust (e.g., Wang et al., 2010; Sun et al., 2015), suggesting the
absence of large-scale crustal partial melting, which would lead to
much higher Vp/Vs values (e.g., Reed et al., 2014). Vertically co-
herent crustal-mantle deformation and a possible absence of lower
crustal flow beneath this area are also suggested by a recent study
of Wang et al. (2016), who observed low crustal Vp/Vs ratio and
strong fault-parallel crustal and mantle anisotropy.

To explore the relationship between crustal anisotropy mea-
surements and the faults, we plot the observed splitting times
against the distance of the stations from the nearest fault. As
shown in Fig. 6b, for stations within 20 km from the nearest fault,
the splitting times are the largest (about 0.6 s) and are not varying
with the distance, implying the existence of a broad shear zone at
depth. For stations that are more than 20 km away from the fault,
there seems to be a gradual decrease in the splitting times with
increasing distance. This relationship, together with the fact that
the fast orientations are mostly parallel to the strike of the faults
in the suture zone, suggests that crustal anisotropy in this area is
mostly related to fractures associated with the suture zone.

4.1.2. Xianshuihe-Xiaojiang Fault Zone

Similar to the Kunlun-Muztagh Suture Zone, the Xianshuihe-
Xiaojiang Fault Zone is characterized by fault-strike-parallel fast
orientations (Fig. 3) and large splitting times (Fig. 8). However, un-
like the former, an inverse relationship between the splitting times
and the distance to the nearest fault is not robustly observed. This
could indicate that unlike those in the suture zone, fractures in the
Xianshuihe-Xiaojiang Fault Zone have a limited lateral extent and
thus contribute insignificantly to the observed crustal anisotropy.

Another difference between the two areas is that while the
former has lower than normal crustal Vp/Vs values, the latter is
dominated by high Vp/Vs values (>1.78; Fig. 3) and thus may indi-
cate the existence of crustal partial melting (e.g., Wang et al., 2010;

Sun et al.,, 2015). This is independently evidenced by the high elec-
trical conductivity observed beneath this area (Bai et al., 2010), and
may reflect plastic flow in the mid/lower crust toward the south-
east (Clark and Royden, 2000; Bai et al., 2010). The consistency
between the fast orientations and the predicted flow direction sug-
gests that the dominant LPO of amphibole in the area is Type Il or
Type III (Fig. 2), which results in a flow-parallel fast orientation for
a vertically propagating S-wave (Ko and Jung, 2015).

Besides faults in the upper crust and plastic flow in the
mid/lower crust, another potential contributor to the observed
anisotropy in this area is shear-related mineral lineation. A re-
cent study (Ji et al., 2015) reveals sub-vertically aligned foliation
planes with nearly horizontal lineations in the southeastern Ti-
betan Plateau, which are being rotated through strike-slip shear
around the Himalayan Syntaxis. The NW-SE oriented foliation
planes contain mica- and amphibole-bearing metamorphic rocks,
leading to significant transverse isotropy with a horizontal axis of
symmetry. The resulting fast orientation for a vertically propagat-
ing S-wave is in the foliation plane and parallel to the lineation
direction.

4.1.3. Longmenshan Block and adjacent areas

Relative to other areas of the eastern Tibetan Plateau, this area
has the weakest crustal anisotropy (Fig. 8), in spite of the fact that
it is experiencing a high rate of NW-SE directed compressional
stress (Gan et al., 2007). The consistency between the fast orien-
tations and the direction of the maximum horizontal compression
suggests that NW-SE oriented extensional cracks in the upper crust
are mostly responsible for the observed anisotropy. Such a mech-
anism is commonly involved to explain crustal anisotropy in areas
dominated by compressional tectonics (Crampin, 1981, 1994). Sta-
tion LORI in the Longriba Fault Zone and a few stations along
the Longmenshan Fault show fault-parallel fast orientations and
small splitting times, probably related to fluid-filled fractures in
the fault zones. This mechanism can also explain the NE-SW di-
rected fast orientation of the upper layer at stations MEK and CD2.
Alternatively, the 90° difference between upper and lower crustal
anisotropy can be caused by a previously revealed 90° flip as a
result of pore pressure exceeding the maximum horizontal com-
pressional stress (Crampin et al., 2003). This mechanism implies a
high pore pressure in the upper crust at the stations with two-
layer anisotropy.

Crustal anisotropy studies (Shi et al., 2009; Gao et al., 2014) us-
ing shear waves from local earthquakes show mostly fault-parallel
fast orientations at stations located in the north-most 100 km of
the Longmenshan Fault zone, while our results are mostly fault-
orthogonal in the same area. This apparent discrepancy could be
caused by the fact that the former studies measure the anisotropy
of the seismogenic upper crust, while our results are integrated
over the whole crust. The fact that the crustal anisotropy has a
fault-orthogonal fast orientation suggests that the lower crust has a
NW-SE oriented anisotropy with a much larger splitting time than
the upper crust.

The small splitting times may suggest the absence of strong
mid/lower crustal flow beneath this area. The blockage of the
Sichuan Basin might be responsible for the absence, although the
study alone cannot rule out the existence of partial melting in the
mid/lower crust. However, the normal Vp/Vs values observed in
most of the area (Wang et al., 2010) place doubts on the exis-
tence of significant crustal partial melting (e.g., Clark and Royden,
2000; Zhao et al., 2012), but support a crustal thickening model
for the dramatic topographic relief and recent large earthquakes
in the Longmenshan Fault Zone (e.g., Hubbard and Shaw, 2009;
Wang et al., 2012).
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4.14. Sichuan Basin

The crust beneath the Sichuan Basin is weakly anisotropic, as
indicated by the smallest average splitting time in the entire study
area (Fig. 8), an observation that is consistent with the previ-
ously suggested strong lithosphere beneath the basin (Huang et al.,
2015). Most of the fast orientations in the basin are NE-SW which
might reflect the strike of crustal fabrics formed by ancient tec-
tonic events. The several stations near the SW edge of the basin
show edge-parallel fast orientations and could indicate the exis-
tence and reflect the effects of major boundary faults.

4.2. Implications on mantle deformation

For all of the study area, with possible exception of the Sichuan
Basin, the fast orientation of crustal anisotropy is dominantly con-
sistent with that of the XKS measurements, which represent the
integrated anisotropy of both the crust and mantle. As shown in
Fig. 3, in which the Pj;s and XKS splitting parameters are plotted
using the same scale, although crustal anisotropy is a significant
contributor to the observed XKS anisotropy for most areas, the fact
that XKS splitting times are constantly greater than P;;s splitting
times suggests that the mantle is also anisotropic.

The observed mantle anisotropy can be explained by two mod-
els. The first is the coherent lithospheric deformation model for
which both the crustal and mantle portions of the lithosphere de-
form as an entity (Silver, 1996; Wang et al., 2008). For the mantle
portion, this model attributes the suture- or fault-parallel man-
tle anisotropy to strike-orthogonal compression, which orients the
olivine a-axis to the strike direction (Silver, 1996). Because the
dominant faults are strike-slip, and strike-slip faults are inefficient
in re-orienting mantle anisotropic minerals (e.g., Liu et al.,, 2014b
for the San Andreas Fault), it is difficult to attribute the observed
mantle anisotropy to coherent lithospheric deformation.

The second and our preferred model is that mantle anisotropy
is caused by simple shear in the upper-most asthenosphere due
to its differential movement with the lithosphere. Such a mecha-
nism is widely used to explain XKS anisotropy (e.g., Refayee et al.,
2014 for central North America, and Lemnifi et al., 2015 for North
Africa). The differential movement can be induced by lithospheric
movement along the strike-slip faults over a stationary astheno-
sphere, or by a faster- or slower-moving asthenospheric flow in
the direction of the major fault zones.

5. Conclusions

P-to-S conversion from the Moho and an intra-crustal discon-
tinuity reveals strong and spatially varying crustal anisotropy be-
neath the eastern Tibetan Plateau and Sichuan Basin, with unprece-
dented spatial resolution. For most of the study area, the resulting
fast orientations are dominantly parallel to the strike of major
strike-slip faults, and the largest splitting times are found in major
shear zones. Beneath the vicinity of the Xianshuihe-Xiaojiang Fault
Zone, our results support the existence of mid/lower crustal flow.
The pervasive strike-orthogonal fast orientations in the vicinity of
the Longmenshan Fault Zone suggest a significant contribution of
fault-normal compressional stress to the large topographic relief
across the fault.
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