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Abstract: The northeastern Tibetan plateau margin is the current expansion border,
where growth of the plateau is ongoing. We analyse shear-wave splitting at
ChinArray stations in the NE Tibetan Plateau and its margin with the stable North
Chine Craton. The measurements provide important information on the seismic
anisotropy and deformations patterns in the crust and upper mantle, which can be used
to constrain the expansion mechanism of the plateau. Along the margin and within the
craton, the dominant NW-SE fast polarization direction (FPD) is NW-SE, subparallel
to the boundary between the plateau and the North China Craton. The shear-wave
splitting measurements on the NE Tibetan Plateau itself generally reflect two-layer
anisotropy. The lower-layer anisotropy (with NW-SE FPDs) is consistent in the whole
region and FPDs are the same as those in the North China Craton. The upper-layer
FPDs are parallel to the boundary orogens and faults along the NE Tibetan Plateau
margin and are parallel to crustal motion rather than surface structures within the high
plateau. The two-layer anisotropy implies the presence of deformed Tibetan
lithosphere above the underthrusting North China Craton. The NE Tibetan shows
similar deformation patterns at the surface (inferred from GPS) and within the mantle
(inferred from shear-wave splitting), but significant crustal anisotropy (parallel to
crustal motion) requires mid-lower crustal channel flow or detachment to drive further
tectonic uplift of the plateau.

Keywords: ChinArray; Tibetan Plateau; Shear-wave splitting; Seismic anisotropy;
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Underthrusting lithosphere; Crustal channel flow/detachment

1 Introduction

The Tibetan Plateau has been forming in response to the Indo-Asian collision
since ~50 Ma (Fig. 1a) (e.g., Royden et al., 2008; Yin and Harrison, 2000; Zhu et al.,
2015). Many different models have been proposed for its evolution, which generally
include discrete intracontinental subduction coupled with lateral extrusion along
major strike-slip faults (Tapponnier et al., 2001), underthrusting of Indian and Asian
lithosphere beneath the Tibetan Plateau (e.g., Kind et al., 2002; Ye et al., 2015; Zhao
et al.,, 2010, 2011), distributed shortening of the Asian crust or lithosphere (e.g.,
England and Houseman, 1986; Zhang et al., 2004), and lateral channel flow in the
mid-lower crust (Clark and Royden, 2000; Royden et al., 1997, 2008). These models
predict different deformation patterns and thus different patterns of seismic anisotropy
in the crust and upper mantle (Silver, 1996).

Seismic anisotropy arises from preferred orientations of minerals or micro-
structures in response to shearing (Karato et al., 2008). Dislocation creep aligns the
constituent minerals such as amphibole and mica in the mid-lower crust and olivine in
the upper mantle, causing lattice preferred orientation (LPO) (Ji et al., 2015; Karato et
al., 2008). The fast orientation is generally parallel to the axis of maximum extension,
which is aligned with the direction of maximum shear for large shear strains. It is

often found to be subparallel to active strike-slip faults and orogenic fronts. For
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simple mantle flow in the asthenosphere, the fast orientation generally reflects the
mantle flow direction due to shearing in the asthenosphere (Karato et al., 2008). In the
special case of channelized plastic flow in the mid-lower crust, the relationship
between the fast orientation and the flow direction depends on the differential stress
level and temperature (Ko and Jung, 2015). For the high differential stresses and high
temperatures under the Tibetan Plateau, the fast orientation is sub-parallel to the flow
direction (Ko and Jung, 2015).

The different models introduced earlier produce different seismic anisotropy
patterns in the crust and upper mantle beneath the Tibetan Plateau. Lateral extrusion
along strike-slip faults would induce extensive deformation along the boundary faults,
hence the anisotropy near the boundary would be expected to be much stronger than
in the block interior. In contrast, the distributed shortening model suggests only
slowly varying vertically coherent anisotropy in the whole region, both near the
boundary and in the interior. Lithospheric underthrusting would introduce another
layer of anisotropy beneath the deformed Tibetan lithosphere and thus give rise to
multi-layer anisotropy. Finally, lateral channel flow in the mid-lower crust would also
produce similar two-layer anisotropy, but the anisotropy would be closely related to
the channelized ductile deformation rather than the lithospheric deformation caused
by the India-Asian convergence.

In this study, we analyze data from the ChinArray project, which deployed

hundreds of broadband stations with a lateral spacing of ~20-30 km across the NE
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Tibetan Plateau from 2013 to 2016. The dense array covered the eastern Qilian
Orogen and West Qinling as well as the western North China Craton surrounding the
NE Tibetan Plateau (Fig. 1a). The unprecedented high-quality data makes it possible
to image high-resolution structures in the crust and upper mantle in this region. The
NE Tibetan Plateau is of particular interest because here it interacts with the stable
Eurasian Plate (e.g., North China Craton) (Fig. 1). Lateral extrusion along large
sinistral strike-slip faults such as the Altyn-Tag Fault, the Kunlun Fault, and the
Haiyuan Fault probably plays an important role in shaping the crustal tectonics in the
expansion frontier (e.g., Burchfiel et al., 1989; Cheng et al., 2015; Duvall et al., 2013;
Yuan et al., 2013). However, extensive thrust systems, which have developed mainly
in the Qilian Shan thrust belt and to a minor degree also in West Qinling and the
Liupan Shan, could have accumulated more than 50% of the crustal strain in the
Cenozoic (e.g., Cheng et al., 2015; Craddock et al., 2014; Gao et al., 2013; Lease et
al., 2012; Yin et al., 2008; Zuza et al.,, 2016). The strain rates inverted from
continuous GPS measurements are much higher near these faults and thrust belts than
adjacent regions (Fig. 1b) (Kreemer et al., 2014).

Compared with the well documented crustal structures and tectonics, the
structures and especially deformations in the upper mantle are less clear. Previous
studies used shear-wave splitting method to reveal the general pattern of seismic
anisotropy below the NE Tibetan Plateau (Leon Soto et al., 2012; Li et al., 2011;

Wang et al., 2008, 2016; Wu et al., 2015; Ye et al., 2016; Zhang et al., 2012). In
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general, the dominant fast orientations of seismic anisotropy follow the large-scale
trend of the tectonic boundary. Pms splitting (conversions from teleseismic P to S
waves at the Moho) at permanent stations shows some notable variations that were
interpreted as evidence for mid-lower crustal flow (e.g., Kong et al., 2016; Shen et al.,
2015). These studies were based on sparse station sets, so they cannot provide details
of the lateral variations especially in different blocks and their boundaries. Chang et al.
(2017) measured shear-wave splitting with the data recorded by the ChinArray project
in NE Tibetan Plateau. However, they assumed single-layer anisotropy and did not
consider potential multi-layer anisotropy. In this study, we analyzed teleseismic shear-
wave splitting and obtained reliable splitting parameters to study seismic anisotropy
in the crust and upper mantle in the NE Tibetan Plateau. We measured and compared
the shear-wave splitting in different tectonic units, especially contrasting the
measurements close to the tectonic boundaries or faults from those farther away.
Furthermore, we carefully analyzed the measurements for backazimuthal variations to
reveal two-layer anisotropy, which indicates depth-dependency of the deformation
pattern. These observations provide new information on the crustal and upper mantle
deformation patterns and thus help us to better understand the tectonic models of the

Tibetan Plateau evolution.

2 Data and Methods

2.1 Data
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The waveforms were recorded by 173 temporary broadband stations (Fig. 2a)
deployed by the ChinArray project from October 2013 to March 2015. Each station
was equipped with a Guralp CMG-3EPC three-component broadband seismometer
and a Reftek-130 digitizer, all sampling at 100 Hz. We selected events with
magnitudes greater than 5.5 and epicentral distances of 85°-150°. We visually
inspected the core phases SKS, SKKS, and PKS phases and selected clear arrivals in
the waveforms of 92 events (Fig. 2b) for further analysis. Most of the events are
located near the Tonga and New Zealand subduction zones and in North America.
Some mid-oceanic ridge events in the Atlantic and Indian oceans increase the back-
azimuthal coverage.

2.2 Methods

Shear-wave splitting analysis describes the phenomenon that a shear-wave splits
into two perpendicular waves travelling with different speeds. By analyzing the
horizontal components of one single event recorded at a station, we can obtain the
splitting parameters, fast polarization direction (FPD), ¢, and delay time difference
between the fast and slow waves, ot, that represent the fast orientation of anisotropy
and the strength of anisotropy or thickness of the anisotropic layer, respectively
(Silver and Chan, 1991). Phases converted from P to S at the core-mantle boundary
are the most popular phase to analyze for splitting because the core acts as a
polarization filter, ensuring the waves are polarized in radial direction prior to

encountering any anisotropic structure below the target region.
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We used the minimum transverse energy method as implemented by the SplitLab
toolbox to measure shear-wave splitting parameters (Figs. S1-S5) (Silver and Chan,
1991; Wiistefeld et al., 2008). The method finds the optimal splitting parameter by
minimizing the signal on the corrected transverse component with a grid search
algorithm in a ray-coordinate based L-Q-T coordinate system. The search ranges for
¢ and &t are 0-180° with a step of 1° and 0-3.0 s with a step of 0.02 s, respectively.
The uncertainties are estimated by the 95% confidence region of the F-test (Figs. S1f
and S1i) with the updated calculation of the degrees of freedom (Walsh et al., 2013).

We improved the process by selecting the time window automatically as well as
changing the window lengths iteratively to find the splitting parameters with minimal
uncertainties (i.e., 95% confidence region). We determined the beginning of the time
window referring to the STA/LTA ratio (short-time to long-time average ratio) on the
radial component around the theoretical arrival time of the used phase (from -10 to
10 s) (Fig. S1b). The length of the time window changes incrementally from 1 to 2.5
times the dominant period; the window length step corresponds to 1/10 of the
dominant period (Fig. S1b). The iteration terminates earlier if the ending otherwise
falls into the window of the direct S wave. We applied an additional criterion to
accelerate the process by comparing the average energy in the corrected transverse

component for the N-th iteration (e.g., Ex) with that for the previous (N-1-th) iteration
(i.e., Eng). If % > 1.2 | we consider that additional factors other than splitting

influent the analysis so that we terminate the iteration. We plot original and corrected
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particle motions (Figs. S1d and S1g) and radial and transverse components (Figs. Sle
and S1h), the map of energy on the transverse component (Figs. S1f and S1i), as well
as the splitting parameters of all iterations (Fig. S1c). We visually checked all the
analysis results and classified them — mostly based on the linearity of the corrected
particle motion and the consistency of the measurements for different time windows
— into ‘good’, ‘fair’, ‘poor’ and ‘null’ measurements. Normally, the solution with the
smallest estimated uncertainty (‘optimal’ solution) is taken as the final result, but
sometimes this solution is deemed less stable, because it corresponds to a very short
analysis window; in this case the measurement corresponding to the maximum length
time window was chosen as the preferred one. In nearly all ‘good’ and ‘fair’
measurements, the differences are very small anyway. The semi-automatic shear-
wave splitting analysis accelerates the measurements, which makes it possible to
measure shear-wave splitting in different frequency bands (discussed later) for the
large number of stations in NE Tibet. At the same time, it estimates the possible
influence of different time windows on the results and this helps to improve the
reliability of the results.

We search for potential models of two-layer anisotropy with a grid-search
algorithm (Silver and Savage, 1994), where the parameters are the fast directions of
the upper and lower layer, ®; and @, and corresponding delay times AT}, and AT,
The method searches for the optimal model that minimizes the misfit () between the

synthetic and observational parameters, which is defined as:
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4

synthetic parameters, respectively, o, ot

and o¢°" are the corresponding 95%
uncertainties. The search ranges for @y | and AT}, ; are 0°-180° with a step of 2° and
0-1.5 s with a step of 0.05 s, respectively, for two-layer anisotropy. A fitting
parameter R is used to estimate the degree to which two-layer models fit the
observations better than a single-layer model with horizontal fast axis (Fontaine et al.,

2007):

S URY
T Ny-k-1

x(1—R3?)

where N is the number of observations (i.e., 2N), and k(= 4) is the number of model
parameters, R? (= 1 —1,/1,) is the reduction of the misfits between observational
and synthetic splitting parameters for the two-layer models (r,) compared with the
optimal one-layer model (r;). We take models with R* > 0.20 as valid two-layer
models as they explain more than 20% of the variations in observations (Fontaine et
al., 2007; Walker et al., 2005). However, no accurate uncertainties are calculated in

the method.

3 Results
3.1 Shear-wave splitting measurements

We measured shear-wave splitting in two different frequency or period bands,

10
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i.e., low-frequency (LF) at 8-20 s and high-frequency (HF) at 2-8 s. From the
viewpoint of finite-frequency seismology, the seismogram recorded by a station is
influenced by the structure within a certain distance around the ray path. The
approximate radius of the sensitivity range (i.e., 1** Fresnel zone) is ~100 km and ~50
km in the uppermost mantle for typical SKS phases with a dominant period of 8 s and
4 s, respectively (Favier and Chevrot, 2003; Riimpker and Ryberg, 2000). Thus results
measured at 8-20 s are actually regional average measurements while those measured
at 2-8 s could better reveal high-resolution lateral variations of anisotropy.
Furthermore, the high-frequency seismograms tend to capture more structures in the
shallow part (Favier and Chevrot, 2003) and so could be more sensitive to crustal
anisotropy.

We obtained 368 “good”, 482 “fair”, 753 “poor”, and 857 “null” measurements
for LF waveforms (8-20 s) and 218 “good”, 609 “fair”, 248 “poor”, and 90 “null”
measurements for HF waveforms (2-8 s). The dominant periods of the waveforms for
LF and HF measurements are in the ranges of 9-14 s and 4-7 s, respectively (Fig. 3a);
the corresponding radii of the 1% Fresnel zone of the shear-wave splitting
measurements are 100-200 km and 50-100 km, respectively, in the crust and upper
mantle. Dominant FPDs for both LF and HF measurements are NW-SE (Group I) (Fig.
3d), which is consistent with the “null” measurements (Fig. 3b). However, a number
of measurements show ENE-WSW to nearly E-W FPDs (Group II) (Fig. 3d),

especially for the HF measurements. The FPDs deviate by ~20° from the absolute

11
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plate motion (APM) direction in the NE Tibetan Plateau (Fig. 3d). Delay times (5t) of
the HF measurements (i.e., dominantly 0.4-1.5 s) are generally smaller than those of
the LF measurements (0.8-2.5 s) (Fig. 3c). We note that the uncertainties of the LF
measurements are usually larger, which may cause more scattered measurements and
some large &t values.

The overall FPDs in the NE margin of the Tibetan Plateau are mostly parallel to
the strikes of the major tectonic boundaries (Figs. 4 and 5): they generally follow the
NW strikes of the Qilian Orogen and Haiyuan Fault in the north and slightly rotate to
be parallel to the NNW strike of the Liupan Shan in the east. These measurements are
generally consistent with first-order patterns in previous results (Chang et al., 2017;
Leon Soto et al., 2012; Li et al., 2011; Wang et al., 2016; Ye et al., 2016; Zhang et al.,
2012) and continue in Gobi-Altay and Central Mongolia (Fig. 1a) ~1000 km north of
NE Tibetan Plateau (Barruol et al., 2008; Qiang et al., 2017). The large-scale pattern
of FPDs is parallel to anisotropy in the crust and upper mantle revealed by P-wave
anisotropic tomography (Huang et al., 2014) and surface wave tomography (Pandey et
al., 2015) in the NE Tibetan Plateau.

In contrast, NE-SW and nearly E-W FPDs are observed beneath West Qinling at
elevations above 3000 m (Figs. 4 and 5). Similar FPDs were also obtained in previous
studies (e.g., Li et al., 2011; Wu et al., 2015; Ye et al., 2016), even near 94°E that is
~800 km westward from West Qinling (Leén Soto et al., 2012). The orientations

deviate from the strikes of surface geology (e.g., faults) significantly. Therefore, the
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origin of anisotropy in West Qinling is probably different from that in the NE frontier
(i.e., along the Qilian Orogen, Haiyuan Fault, and Liupan Shan).

3.2 Two-layer anisotropy

In addition to the lateral variations as described above, the shear-wave splitting
measurements at many stations show notable azimuthal variations. Previous studies
argued that the azimuthal variations can be explained by a two-layer anisotropy model
under West Qinling (Li et al., 2011; Ye et al., 2016). Here, we fit the shear-wave
splitting measurements with two-layer models in moving spatial windows (fixed to
grid nodes), as there is an insufficient number of measurements at individual stations.
Grid nodes are placed 0.5° intervals of latitude and longitude. All measurements
whose raypaths at 0-200 km depth are completely contained within a cylinder of 50
km radius around the grid node are taken into account for the estimate of the two-
layer splitting parameters.

We applied the method to both the LF and HF measurements, and confirm the
presence of two-layer anisotropy model for ten grid nodes for the HF measurements
(Figs. 6 and S6), nine of which are located in West Qinling and the Qilian Orogen.
FPDs of upper and lower layers are fairly well constrained for reliable models
(R" = 0.20) even though the delay times appear to scatter quite a bit (Fig. S6). The
FPDs in the lower layer align NW-SE and are generally consistent with the regional
pattern of measurements in the NE margin of the plateau. The fast orientations in the

upper layer align between ENE-WSW and E-W, which is subparallel to surface
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velocities determined from GPS observations (Gan et al., 2007). Delay times of the
upper and lower layers are in the ranges of 0.5-0.8 s and 1.0-1.5 s, respectively. These
two-layer splitting parameters are consistent with those obtained by Li et al. (2011) in
the NE Tibetan Plateau. The grid node close to Haiyuan Fault (grid node a in Fig. 6)
is a special case, where the upper layer FPD is close to the fault and ATy, is especially
large (~1.5 s). A similar measurement is obtained for a grid node (marked b in Fig. 6)
in West Qinling. We suspect that these anomalous AT, values are caused by a
numerical instability as the statistics do not imply local peaks around these values
(Fig. S6). The observations near the Liupan Shan also require two-layer anisotropy.
The lower-layer FPD follows the regional average (i.e., NW-SE) while the upper-
layer FPD (NNW-SSE) is approximately parallel to the strike of the Liupan Shan.

We compare our results to Pms splitting measurements at permanent stations in
the study area (Kong et al., 2016; Shen et al., 2015; Wang et al., 2016). With the
exception of a station near the Maxianshan Fault, where the Pms fast direction
parallels to our estimate of the upper-layer anisotropy, Pms fast directions are
generally not parallel to our upper layer results but instead align with the strikes of
nearby faults (Fig. 7). The discrepancy may result from the different frequency bands
used in the Pms measurements (~1.0 s) and our HF waveforms (2-8 s). Pms splitting
is more sensitive to anisotropy in the upper crust (Favier and Chevrot, 2003). Most of
the Pms splitting measurements are close to active faults; where complex crustal

structures related to the fault activities may produce stronger anisotropy and affect the
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observations (e.g., Ledn Soto et al., 2012).

We could not obtain a reliable two-layer model for any grid node for the LF
measurements because of two effects. First, the uncertainties of the LF measurements
are usually so large that the azimuthal variations of the splitting parameters are not
compelling. Second, the LF waveforms have long wavelengths and so are less

sensitive to small-scale structures, either horizontally or vertically.

4 Discussion

4.1 Seismic anisotropy beneath North China Craton

The pattern of shear-wave splitting measurements in the North China Craton is
simple, with few lateral variations. The NW-SE FPDs continue northward to the
Gobi-Altay and even into Central Mongolia ~1000 km north of NE Tibetan Plateau
(Barruol et al., 2008; Qiang et al., 2017). Therefore there should be a generally
applicable mechanism for seismic anisotropy in this broad region from the North
China Craton to Central Mongolia. Three mechanisms could explain the shear-wave
splitting observations: 1) “fossil” lithospheric anisotropy imprinted during the
formation of the Central Asian Orogenic Belt since the Paleozoic; 2) anisotropy in the
lithosphere due to present-day deformation; 3) anisotropy due to shearing in the
asthenosphere driven by plate motion (Barruol et al., 2008).

The Central Asian Orogenic Belt was formed by the accretions of micro-

continents and island arcs around the Siberian craton from late Cambrian to the
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Triassic (e.g., Delvaux et a., 1995; Windley et al., 2007). The Sayan-Baikal fold belt
was formed in western and central Mongolia accompanying the closure of the Paleo-
Asian Ocean in the Caledonian, which produced NW-SE trending crustal foliations
and fault-related structures. The structures were strengthened by another NW-SE
trending subduction (along the present Gobi-Altay range) during Devonian to
Carboniferous. Located at the southern margin of the Central Asian Orogenic Belt, the
lithosphere beneath the western North China Craton and the Gobi-Altay could still
preserve the deformation history in the form of anisotropy frozen into the lithosphere
(Barruol et al., 2008). Afterwards, the Central Asian Orogenic Belt was re-activated in
the Cenozoic due to the India-Asian collision (Delvaux et a., 1995; Windley et al.,
2007). The present-day deformation may also produce significant anisotropy, which
could be superimposed on the “fossil” anisotropy. However, the strain rates in the
North China Craton and Gobi-Altay are mostly smaller than 10x10° /yr, which are
only ~10% of those in the NE Tibetan Plateau (Fig. 1b) (Chang et al., 2017; Kreemer
et al., 2014). Nevertheless, the shear-wave splitting delay times are similar in both
these regions. Hence, the present-day deformations are unlikely to be the dominant
mechanism for producing the lithospheric anisotropy.

The average thickness of the lithosphere in the western North China Craton and
Central Mongolia is mostly smaller than 100 km (An and Shi, 2006; Pasyanos et al.,
2014), which may account for shear-wave splitting of ~0.9 s assuming a typical

anisotropy strength of 4% in the upper mantle (Silver and Chan, 1991). This value is
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comparable to the HF splitting delay measurements but smaller than the LF
measurements. Many delay times are 1.5-2.0 s in Central Mongolia (Barruol et al.,
2008; Qiang et al., 2017). Thus significant anisotropy in the asthenosphere is
necessary to account for the shear-wave splitting in the North China Craton and
Central Mongolia. The average difference between the shear-wave splitting FPDs and
APM directions in this area is ~20°, but the asthenospheric flow is likely to be
deflected around the deep roots of the stable Siberian craton and turns to be parallel to
the FPDs (Barruol et al., 2008). Moreover, as discussed later, the Eurasian lithosphere
is underthrusting beneath the NE Tibetan Plateau (Ye et al., 2016; Zuza et al., 2016),
which could further modify the flow and cause deviation from the APM direction.

A clearer indication of the asthenospheric anisotropy is the two-layer anisotropy
model found in station ULN in eastern Mongolia (Fig. 1a) (Barruol et al., 2008),
which belongs to the eastern segment of the Central Asian Orogenic Belt. Here, a NE-
SW trending orogen formed as a result of the closure of the Mongol-Okhotsk ocean
during the Devonian to Triassic (Delvaux et a., 1995; Windley et al., 2007). The NE-
SW FPD of the upper-layer anisotropy is parallel to this local orogenic strike and thus
reflects the fabric of the lithosphere. Instead, the NW-SE FPD of the lower-layer
anisotropy is the same as the FPDs observed in Central Mongolia, which are better
explained by the asthenospheric anisotropy (Barruol et al., 2008).

4.2 Seismic anisotropy in the deformed NE Tibetan Plateau margin

The shear-wave splitting measurements in the NE Tibetan Plateau and the North

17
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China Craton show broadly similar FPDs and splitting delay times. Although the
FPDs rotate from WNW-ESE in the Qilian Orogen to NNW-SSE in the Liupan Shan
(Figs. 4 and 5), these rotations most likely are caused by variation of the shallow
anisotropic structure (whose FPDs tends to align parallel to orogens and faults),
whereas the deeper anisotropic layer is associated with nearly uniform NW-SE FPDs
(Fig. 6). The thrust faults developed in the eastern Qilian Shan and Liupan Shan
could produce significant anisotropy in the crust (e.g., Burchfiel, 1989, 1991; Zhang
et al., 1991; Zheng et al., 2006) sufficient to explain the upper-layer splitting delays.
A straightforward explanation for these observations is that the North China
Craton is underthrusting the NE Tibetan Plateau, so that the NW-SE trending
anisotropy in the North China Craton continues to be recorded even under the plateau.
S wave receiver functions imaged an inclined lithosphere-asthenosphere-boundary
(LAB) that deepens from 120 km below the North China Craton to 150 km below the
West Qinling (Ye et al., 2015). The image of a ~30 km offset between the Eurasian
LAB and the Tibetan LAB (~120 km) under the West Qinling Fault supports the
notion of Eurasian lithosphere (i.e., the North China Craton) having underthrust the
NE Tibetan Plateau for a considerable distance (Ye et al., 2015; Zuza et al., 2016).
Our observations of two-layer splitting in West Qinling imply significant
anisotropy in the Tibetan mantle lithosphere and underlying asthenosphere (Fig. 6).
As discussed later, the upper layer is probably located in the mid-lower crust. The

NW-SE FPDs for the lower-layer anisotropy are similar to the measurements in the
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North China Craton. However, the underthrusting Eurasian lithosphere terminates
under the West Qinling Fault and does not continue southward in S wave receiver
function images (Ye et al., 2015). Hence the lower-layer NW-SE FPDs in West
Qinling result from anisotropy in the Tibetan mantle lithosphere and asthenosphere.
The good correlation between the continuous surface deformation field (inferred from
GPS observations and fault slip data) and shear-wave splitting FPDs appears to
suggest that the anisotropy in NE Tibetan Plateau is produced by vertically coherent
deformation in the lithosphere (e.g., Chang et al., 2017). However, the weak mid-
lower crust cannot transport the stresses in the upper crust into the upper mantle or
vice versa. Instead, similar surface and upper-mantle deformation patterns can be
maintained by applying the same boundary forces laterally. Distributed lithospheric
deformation could thus produce the same NW-SE trending anisotropy (e.g., Chang et
al., 2017; England and Houseman, 1986; Zhang et al., 2004) in the upper crust and
mantle lithosphere (Huang et al., 2014; Pandey et al., 2015) in spite of a weak mid-
lower crustal layer in between.

Deformation in the mantle lithosphere cannot explain the whole splitting delay.
The thickness of the NE Tibetan mantle lithosphere is only ~60 km (subtracting ~60
km crust from ~120 km total lithosphere), which could produce splitting delay times
of ~0.5 s, only about half of the observed lower-layer delay times (1.0-1.5 s; Fig. 6).
Another possible cause for anisotropy is in the asthenospheric flow driven by APM or

induced by the advancing front of the underthrusting lithosphere. The average misfit
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between APM and lower layer FPD is ~10° (Fig. 6), which generally lies within in the
confidence regions of shear-wave splitting measurements and APM directions.
Meanwhile, the APM-driven asthenospheric flow may be modified by the geometry
of the underthrusting Eurasian lithosphere, in particular the ~30 km step between the
NE Tibetan and Eurasian LAB (Ye et al., 2015) would direct the flow along the front
of the underthrusting cratonic lithosphere, i.e., in general, being parallel to the
tectonic boundaries visible at the surface.

4.3 Mid-lower crustal channel flow or detachment

The upper-layer anisotropy obtained in West Qinling ( in places with elevations
of more than 3000 m) (Fig. 6) requires other mechanisms, as the observed FPDs
(between ENE-WSW and E-W) differ significantly (>20°) from those predicted by
coherent lithospheric deformation (Chang et al., 2017) and also deviate from the
strikes of the major faults and orogenic fronts. Instead, the FPDs (i.e., between ENE-
WSW and E-W) are sub-parallel to the crustal motion determined from GPS
observations (Fig. 6). Surface wave tomography revealed low S-velocities with
positive radial anisotropy (i.e., Vsg>Vsy) in the mid-lower crust (Figs. 7 and 8) (Bao
et al., 2013; Xie et al., 2017). P wave anisotropic tomography also found anisotropic
layers with NE-SW to ENE-WSW fast velocity directions at 40 and 65 km depths
(Huang et al., 2014), which is equivalent to the upper-layer anisotropic layer found in
this study (Fig. 8c).

Mid-lower crustal channel flow originating from the central and southern Tibetan
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Plateau (e.g., Clark and Royden, 2000; Royden et al., 1997, 2008) provides a
plausible explanation for these observations. Shear-wave anisotropy in the mid-lower
crust can be induced by LPO of mica and amphibole developed in the channel flow (Ji
et al., 2015; Ko and Jung, 2015; Shapiro et al., 2004). Mineral experiments show that
the difference between the fast and slow S-wave velocity in mica- and amphibole-
bearing metamorphic rocks may be as high as 0.377 km/s for samples from East Tibet
(Ji et al., 2015). This difference is equivalent to an S-wave anisotropy of >10%
assuming an average S-wave velocity of 3.5 km/s in the anisotropic layer (Fig. 7).
Then a crustal layer of 20-30 km (Fig. 8) is easily sufficient to produce the inferred
upper-layer splitting delay of 0.5-0.8 s in this study.

The structures in and around the Longzhong Basin are of particular interest. The
crust may be extruding southeastward along the Haiyuan and Qinling faults above a
ductile shear zone in the middle crust (Cheng et al., 2015; Gan et al., 2007; Guo et al.,
2016). Significant uplift occurs around the edges of the basin with uplift rates of 2-4
mm/yr while much lower uplift rates or even subsidence are found in the interior of
the Longzhong Basin (Liang et al., 2013) (Fig. 6). Low velocity bodies in the mid-
lower crust beneath the West Qinling spread across West Qinling Fault in a narrow
finger and reach approximately the Maxianshan Fault in the SW Longzhong Basin
(Fig. 7) (Bao et al., 2013). These lower velocities correlate with significant uplift and
a local high in the topography (> 2000 m). The uplift rates (~4 mm/yr) are much

higher than the rates (~2 mm/yr) in West Qinling (Fig. 6) (Liang et al., 2013), which
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indicates that the crustal flow is blocked and thickened when it meets a strong crust.
These observations support mid-lower crustal flow as a mechanism that protrudes into
the stable Longzhong Basin and expands the high plateau.

An alternative process for generating mid-lower crustal anisotropy (i.e., crustal
motion parallel FPDs with positive radial anisotropy) is displacement along a mid-
lower crustal detachment (Klemperer, 2006). In this scenario, the upper crust moves
relative to the upper mantle and drives simple shear on a weak mid-lower crust.
Shortening along the Laji-Jishi and West Qinling thrust faults may account for the
Cenozoic crustal thickening in the NE Tibetan Plateau (Lease et al., 2012), as found
in the Qilian Shan thrust belt (e.g., Gao et al., 2013; Zuza et al., 2016). Motion along
the thrust faults can induce strong uplift in West Qinling (hanging wall) and
subsidence in the Longzhong Basin (footwall), which cannot be explained exclusively
by the channel flow model.

Based on our results, we cannot finally conclude whether mid-lower crustal
channel flow or detachments is more important because they result in almost the same
seismological observations. In both cases, a 20-30 km thick anisotropic mid-lower
crust is necessary to explain the shear-wave splitting observations. Klemperer (2006)
showed that a combination the simple channel flow and the mid-lower crustal
detachment better explains the geophysical observations in northern Tibetan Plateau.
As a driving force, gravitational loading can produce horizontal extension and induce

channel flow in the mid-lower crust, given the weak mid-lower crust and the
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topographic gradient in West Qinling (Figs. 7 and 8) (Shapiro et al., 2004). Therefore,
we suggest both processes operate in the NE Tibetan Plateau (margin) and affect its

evolution.

5  Conclusions

The overall pattern of shear-wave splitting anisotropy in the NE Tibetan Plateau
is dominated by NW-SE oriented FPDs, which are subparallel to its tectonic
boundaries with the North China Craton. In contrast to strong lateral variations of the
crustal strain rates, there are no notable differences in shear-wave splitting (especially
delay times) near the faults and thrust belts compared with the adjacent less deformed
blocks. This pattern contradicts the prediction of the intracontinental subduction and
lateral extrusion hypothesis (Tapponnier et al., 2001). Instead, the relative uniformity
of the splitting measurements is consistent with distributed shortening in the
lithosphere, or —alternatively or in addition — anisotropy could have developed in
the asthenosphere. In west Qinling, the NE-SW FPDs measured where elevations
exceed 3000 m deviate markedly from the surface texture and orientation of known
faults. Two-layer anisotropic models there hint at mid-lower crustal flow or
detachment as possible mechanisms for outward expansion of the plateau.

We summarize our conceptual model of the 3-D structure and deformation of the
crust and upper mantle below the NE Tibetan Plateau and its margin in Fig. 9. Overall,

the NE Tibetan Plateau consists of deformed lithosphere above the underthrusting
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Eurasian lithosphere (i.e., North China Craton). The initial uplift of the plateau is
caused by extensive thrust systems in the Qilian Shan and Liupan Shan and is
accompanied by sinistral shear deformation along the Haiyuan Fault. We emphasize
that the weak mid-lower crust found under the plateau is important for its further
evolution. For the model with a mid-lower crustal channel below the Tibetan Plateau,
the crustal flow would eventually intrude beneath the margin and cause further uplift
there. For the model where the upper crust is detached and moves freely with respect
to the upper mantle, strong shear is induced in the mid-lower crust. Both mechanisms
require a thick mid-lower crust (20-30 km) to account for the obtained azimuthal
anisotropy (parallel to crustal motion from GPS observations) and the positive radial
anisotropy (Vsp>Vsy). Significant asthenospheric flow in front of the underthrusting
North China Craton is indicated by our observations of strong splitting in a lower

layer.
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Figure captions.

Fig.1: (a) Tectonics in and around the Tibetan Plateau. Dashed lines denote major
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tectonic boundaries. Red arrows denote GPS observations relative to stable
Eurasia (Gan et al., 2007). (b) The strain rates inverted from GPS measurements
in and around the Tibetan Plateau (Kreemer et al., 2014). Purple lines show the
major sinistral faults in the NE Tibetan Plateau, i.e., the Altyn-Tagh Fault (ATF),

the Kunlun Fault (KLF), and the Haiyuan Fault (HYF).

Fig.2: (a) Distribution of 173 stations (blue triangles) used in this study. Yellow

lines denote active faults (Deng et al., 2003). Gray lines denote smoothed
topography for reference in later figures. Circles and red stars show the
earthquakes of magnitudes M 4.5 — 6.0 and > M6.0, respectively, occurring

from 1920 to 2017 (https://earthquake.usgs.gov). (b) Distribution of 92 events

(= M5.5; blue circles) used in this study. Magenta lines denote major plate

boundaries (Bird, 2003).

Fig. 3: Statistics of (a) the dominant periods, (b) backazimuths and their orthogonal

directions of null measurements, (c) delay times §t, and (d) fast polarizations ¢
for the measurements in the high- (HF: 2-8 s; red) and low-frequency bands (LF:
8-20 s; blue). Black arrows in (b) and (d) denote the absolute plate motion (APM)

of stable Eurasia in the HS3-NUVEL-1A model (Gripp and Gordon, 2002).

Fig.4: “Good” (red) and “fair” (blue) splitting parameters measured at 8-20 s (LF).

The orientations of the short bars denote the fast polarizations (¢) while the
lengths denote the delay times (&t) according to the scale in the bottom-left inset.

Gray bars denote SKS splitting measurements in Chang et al. (2017). The large
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black arrow denotes the APM direction of stable Eurasia. For the other labeling,

see Fig. 2.

Fig.5: The same as Fig. 4 but for measurement in 2-8 s (HF) band.

Fig. 6: Two-layer splitting measurements. Magenta arrows and circles denote lateral

and vertical GPS velocities, respectively, of crustal motions (Gan et al., 2007;
Liang et al., 2013), with scale shown in inset. Cyan and orange circles indicate
crustal uplift and subsidence relative to ITRF2008, respectively. Blue and red
rose diagrams show histograms of lower-layer and upper-layer fast polarizations
for the two-layer anisotropy models with R* > 0.20 (see the text for details),
respectively. (inset) Distribution of the parameters of two-layer anisotropy
models. Circles and crosses denote splitting parameters of the lower and upper
layers, respectively. Green symbols show the model of Li et al. (2011) for
reference. Yellow rose diagrams show the histograms of fast polarizations for HF

measurements at 2-8 s (HF) (Fig. 3d). For the other labeling, see Fig. 1.

Fig.7: Comparison between HF measurements at 2-8 s (orange bars) and the

average S-wave velocity in the mid-lower crust based on a published surface
wave tomographic model (Bao et al.,, 2013). Dark gray bars denote the
measurements based on Pms phases (Kong et al., 2016; Shen et al., 2015; Wang
et al., 2016); note that the scale for delay times of Pms measurements is twice as
that of the shear-wave splitting measurements in this study. The dashed line

denotes the profile shown in Fig. 8. For the other labeling, see Fig. 2.
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Fig.8: Topography and seismological results along a SW-NE profile extending from

the Tibetan Plateau to the North China Craton (profile location in Fig. 7). (a)
Topography along the profile. Vertical red lines denote the major faults along the
profile. (b) Section of S-wave velocity along the profile from surface waves (Bao
et al., 2013). Dashed line denotes the Moho derived from the 4 km/s contour of
the surface wave velocity model. (c) Red and blue circles with short bars denote
fast polarizations (with 95% confidence regions) of the “good” and “fair”
splitting measurements (HF: 2-8 s) within 100 km along the profile, respectively.
Yellow and gray histograms show the distributions of the upper- and lower-layer
fast polarizations for the valid models (R* > 0.20) at two grid nodes along the
profile. Note that in the region of two-layer splitting (Tibetan Plateau) the
(single-layer) HF measurements are more sensitive to the upper-layer anisotropy.
Crosses show P-wave velocity anisotropy at 40 km depth along the profile
(Huang et al., 2014). Magenta circles denote GPS observations (Gan et al., 2007).
(d) Delay times of “good” (red) and “fair” (blue) HF measurements at 2-8 s. The

lengths of the short bars denote the uncertainties of individual measurements.

Fig.9: A 3-D block model explaining the depth-dependent anisotropy in NE Tibetan

Plateau revealed in this study. Ellipses denote the strain field in different layers
under different tectonic regions. The subfigure in the top left corner shows
alternatives—possibly operating at the same time—for explaining both the uplift

and splitting patterns.
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