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 13 

Abstract: The northeastern Tibetan plateau margin is the current expansion border, 14 

where growth of the plateau is ongoing. We analyse shear-wave splitting at 15 

ChinArray stations in the NE Tibetan Plateau and its margin with the stable North 16 

Chine Craton. The measurements provide important information on the seismic 17 

anisotropy and deformations patterns in the crust and upper mantle, which can be used 18 

to constrain the expansion mechanism of the plateau. Along the margin and within the 19 

craton, the dominant NW-SE fast polarization direction (FPD) is NW-SE, subparallel 20 

to the boundary between the plateau and the North China Craton. The shear-wave 21 

splitting measurements on the NE Tibetan Plateau itself generally reflect two-layer 22 

anisotropy. The lower-layer anisotropy (with NW-SE FPDs) is consistent in the whole 23 

region and FPDs are the same as those in the North China Craton.  The upper-layer 24 

FPDs are parallel to the boundary orogens and faults along the NE Tibetan Plateau 25 

margin and are parallel to crustal motion rather than surface structures within the high 26 

plateau. The two-layer anisotropy implies the presence of deformed Tibetan 27 

lithosphere above the underthrusting North China Craton. The NE Tibetan shows 28 

similar deformation patterns at the surface (inferred from GPS) and within the mantle 29 

(inferred from shear-wave splitting), but significant crustal anisotropy (parallel to 30 

crustal motion) requires mid-lower crustal channel flow or detachment to drive further 31 

tectonic uplift of the plateau. 32 

Keywords:  ChinArray; Tibetan Plateau; Shear-wave splitting; Seismic anisotropy; 33 
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Underthrusting lithosphere; Crustal channel flow/detachment 34 

 35 

1 Introduction 36 

The Tibetan Plateau has been forming in response to the Indo-Asian collision 37 

since ~50 Ma (Fig. 1a) (e.g., Royden et al., 2008; Yin and Harrison, 2000; Zhu et al., 38 

2015). Many different models have been proposed for its evolution, which generally 39 

include discrete intracontinental subduction coupled with lateral extrusion along 40 

major strike-slip faults (Tapponnier et al., 2001), underthrusting of Indian and Asian 41 

lithosphere beneath the Tibetan Plateau (e.g., Kind et al., 2002; Ye et al., 2015; Zhao 42 

et al., 2010, 2011), distributed shortening of the Asian crust or lithosphere (e.g., 43 

England and Houseman, 1986; Zhang et al., 2004), and lateral channel flow in the 44 

mid-lower crust (Clark and Royden, 2000; Royden et al., 1997, 2008). These models 45 

predict different deformation patterns and thus different patterns of seismic anisotropy 46 

in the crust and upper mantle (Silver, 1996).  47 

Seismic anisotropy arises from preferred orientations of minerals or micro-48 

structures in response to shearing (Karato et al., 2008). Dislocation creep aligns the 49 

constituent minerals such as amphibole and mica in the mid-lower crust and olivine in 50 

the upper mantle, causing lattice preferred orientation (LPO) (Ji et al., 2015; Karato et 51 

al., 2008). The fast orientation is generally parallel to the axis of maximum extension, 52 

which is aligned with the direction of maximum shear for large shear strains. It is 53 

often found to be subparallel to active strike-slip faults and orogenic fronts. For 54 
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simple mantle flow in the asthenosphere, the fast orientation generally reflects the 55 

mantle flow direction due to shearing in the asthenosphere (Karato et al., 2008). In the 56 

special case of channelized plastic flow in the mid-lower crust, the relationship 57 

between the fast orientation and the flow direction depends on the differential stress 58 

level and temperature (Ko and Jung, 2015). For the high differential stresses and high 59 

temperatures under the Tibetan Plateau, the fast orientation is sub-parallel to the flow 60 

direction (Ko and Jung, 2015).  61 

The different models introduced earlier produce different seismic anisotropy 62 

patterns in the crust and upper mantle beneath the Tibetan Plateau. Lateral extrusion 63 

along strike-slip faults would induce extensive deformation along the boundary faults, 64 

hence the anisotropy near the boundary would be expected to be much stronger than 65 

in the block interior. In contrast, the distributed shortening model suggests only 66 

slowly varying vertically coherent anisotropy in the whole region, both near the 67 

boundary and in the interior. Lithospheric underthrusting would introduce another 68 

layer of anisotropy beneath the deformed Tibetan lithosphere and thus give rise to 69 

multi-layer anisotropy. Finally, lateral channel flow in the mid-lower crust would also 70 

produce similar two-layer anisotropy, but the anisotropy would be closely related to 71 

the channelized ductile deformation rather than the lithospheric deformation caused 72 

by the India-Asian convergence.  73 

In this study, we analyze data from the ChinArray project, which deployed 74 

hundreds of broadband stations with a lateral spacing of ~20-30 km across the NE 75 
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Tibetan Plateau from 2013 to 2016. The dense array covered the eastern Qilian 76 

Orogen and West Qinling as well as the western North China Craton surrounding the 77 

NE Tibetan Plateau (Fig. 1a). The unprecedented high-quality data makes it possible 78 

to image high-resolution structures in the crust and upper mantle in this region. The 79 

NE Tibetan Plateau is of particular interest because here it interacts with the stable 80 

Eurasian Plate (e.g., North China Craton) (Fig. 1). Lateral extrusion along large 81 

sinistral strike-slip faults such as the Altyn-Tag Fault, the Kunlun Fault, and the 82 

Haiyuan Fault probably plays an important role in shaping the crustal tectonics in the 83 

expansion frontier (e.g., Burchfiel et al., 1989; Cheng et al., 2015; Duvall et al., 2013; 84 

Yuan et al., 2013). However, extensive thrust systems, which have developed mainly 85 

in the Qilian Shan thrust belt and to a minor degree also in West Qinling and the 86 

Liupan Shan, could have accumulated more than 50% of the crustal strain in the 87 

Cenozoic (e.g., Cheng et al., 2015; Craddock et al., 2014; Gao et al., 2013; Lease et 88 

al., 2012; Yin et al., 2008; Zuza et al., 2016). The strain rates inverted from 89 

continuous GPS measurements are much higher near these faults and thrust belts than 90 

adjacent regions (Fig. 1b) (Kreemer et al., 2014).  91 

Compared with the well documented crustal structures and tectonics, the 92 

structures and especially deformations in the upper mantle are less clear. Previous 93 

studies used shear-wave splitting method to reveal the general pattern of seismic 94 

anisotropy below the NE Tibetan Plateau (León Soto et al., 2012; Li et al., 2011; 95 

Wang et al., 2008, 2016; Wu et al., 2015; Ye et al., 2016; Zhang et al., 2012). In 96 
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general, the dominant fast orientations of seismic anisotropy follow the large-scale 97 

trend of the tectonic boundary. Pms splitting (conversions from teleseismic P to S 98 

waves at the Moho) at permanent stations shows some notable variations that were 99 

interpreted as evidence for mid-lower crustal flow (e.g., Kong et al., 2016; Shen et al., 100 

2015). These studies were based on sparse station sets, so they cannot provide details 101 

of the lateral variations especially in different blocks and their boundaries. Chang et al. 102 

(2017) measured shear-wave splitting with the data recorded by the ChinArray project 103 

in NE Tibetan Plateau. However, they assumed single-layer anisotropy and did not 104 

consider potential multi-layer anisotropy. In this study, we analyzed teleseismic shear-105 

wave splitting and obtained reliable splitting parameters to study seismic anisotropy 106 

in the crust and upper mantle in the NE Tibetan Plateau. We measured and compared 107 

the shear-wave splitting in different tectonic units, especially contrasting the 108 

measurements close to the tectonic boundaries or faults from those farther away. 109 

Furthermore, we carefully analyzed the measurements for backazimuthal variations to 110 

reveal two-layer anisotropy, which indicates depth-dependency of the deformation 111 

pattern. These observations provide new information on the crustal and upper mantle 112 

deformation patterns and thus help us to better understand the tectonic models of the 113 

Tibetan Plateau evolution. 114 

 115 

2 Data and Methods 116 

2.1 Data 117 
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The waveforms were recorded by 173 temporary broadband stations (Fig. 2a) 118 

deployed by the ChinArray project from October 2013 to March 2015. Each station 119 

was equipped with a Guralp CMG-3EPC three-component broadband seismometer 120 

and a Reftek-130 digitizer, all sampling at 100 Hz. We selected events with 121 

magnitudes greater than 5.5 and epicentral distances of 85°-150º. We visually 122 

inspected the core phases SKS, SKKS, and PKS phases and selected clear arrivals in 123 

the waveforms of 92 events (Fig. 2b) for further analysis. Most of the events are 124 

located near the Tonga and New Zealand subduction zones and in North America. 125 

Some mid-oceanic ridge events in the Atlantic and Indian oceans increase the back-126 

azimuthal coverage. 127 

2.2 Methods 128 

Shear-wave splitting analysis describes the phenomenon that a shear-wave splits 129 

into two perpendicular waves travelling with different speeds. By analyzing the 130 

horizontal components of one single event recorded at a station, we can obtain the 131 

splitting parameters, fast polarization direction (FPD), M, and delay time difference 132 

between the fast and slow waves, Gt, that represent the fast orientation of anisotropy 133 

and the strength of anisotropy or thickness of the anisotropic layer, respectively 134 

(Silver and Chan, 1991). Phases converted from P to S at the core-mantle boundary 135 

are the most popular phase to analyze for splitting because the core acts as a 136 

polarization filter, ensuring the waves are polarized in radial direction prior to 137 

encountering any anisotropic structure below the target region. 138 
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We used the minimum transverse energy method as implemented by the SplitLab 139 

toolbox to measure shear-wave splitting parameters (Figs. S1-S5) (Silver and Chan, 140 

1991; Wüstefeld et al., 2008). The method finds the optimal splitting parameter by 141 

minimizing the signal on the corrected transverse component with a grid search 142 

algorithm in a ray-coordinate based L–Q–T coordinate system. The search ranges for 143 

 and  are 0-180º with a step of 1º and 0-3.0 s with a step of 0.02 s, respectively. 144 

The uncertainties are estimated by the 95% confidence region of the F-test (Figs. S1f 145 

and S1i) with the updated calculation of the degrees of freedom (Walsh et al., 2013).  146 

We improved the process by selecting the time window automatically as well as 147 

changing the window lengths iteratively to find the splitting parameters with minimal 148 

uncertainties (i.e., 95% confidence region). We determined the beginning of the time 149 

window referring to the STA/LTA ratio (short-time to long-time average ratio) on the 150 

radial component around the theoretical arrival time of the used phase  (from -10 to 151 

10 s) (Fig. S1b). The length of the time window changes incrementally from 1 to 2.5 152 

times the dominant period; the window length step corresponds to 1/10 of the 153 

dominant period (Fig. S1b). The iteration terminates earlier if the ending otherwise 154 

falls into the window of the direct S wave. We applied an additional criterion to 155 

accelerate the process by comparing the average energy in the corrected transverse 156 

component for the N-th iteration (e.g., EN) with that for the previous (N-1-th) iteration 157 

(i.e., EN-1). If  , we consider that additional factors other than splitting 158 

influent the analysis so that we terminate the iteration. We plot original and corrected 159 
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particle motions (Figs. S1d and S1g) and radial and transverse components (Figs. S1e 160 

and S1h), the map of energy on the transverse component (Figs. S1f and S1i), as well 161 

as the splitting parameters of all iterations (Fig. S1c). We visually checked all the 162 

analysis results and classified them — mostly based on the linearity of the corrected 163 

particle motion and the consistency of the measurements for different time windows 164 

— into ‘good’, ‘fair’, ‘poor’ and ‘null’ measurements. Normally, the solution with the 165 

smallest estimated uncertainty (‘optimal’ solution) is taken as the final result, but 166 

sometimes this solution is deemed less stable, because it corresponds to a very short 167 

analysis window; in this case the measurement corresponding to the maximum length 168 

time window was chosen as the preferred one. In nearly all ‘good’ and ‘fair’ 169 

measurements, the differences are very small anyway. The semi-automatic shear-170 

wave splitting analysis accelerates the measurements, which makes it possible to 171 

measure shear-wave splitting in different frequency bands (discussed later) for the 172 

large number of stations in NE Tibet. At the same time, it estimates the possible 173 

influence of different time windows on the results and this helps to improve the 174 

reliability of the results. 175 

We search for potential models of two-layer anisotropy with a grid-search 176 

algorithm (Silver and Savage, 1994), where the parameters are the fast directions of 177 

the upper and lower layer,  and , and corresponding delay times  and . 178 

The method searches for the optimal model that minimizes the misfit ( ) between the 179 

synthetic and observational parameters, which is defined as: 180 
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 181 

where ( ) and ( ) are the -th ( ) observational and 182 

synthetic parameters, respectively,  and  are the corresponding 95% 183 

uncertainties. The search ranges for  and  are 0º-180º   1 with a step of 2º and 184 

0-1.5 s with a step of 0.05 s, respectively, for two-layer anisotropy. A fitting 185 

parameter  is used to estimate the degree to which two-layer models fit the 186 

observations better than a single-layer model with horizontal fast axis (Fontaine et al., 187 

2007): 188 

 189 

where  is the number of observations (i.e., 2N), and  is the number of model 190 

parameters, ) is the reduction of the misfits between observational 191 

and synthetic splitting parameters for the two-layer models ( ) compared with the 192 

optimal one-layer model ( ). We take models with  as valid two-layer 193 

models as they explain more than 20% of the variations in observations (Fontaine et 194 

al., 2007; Walker et al., 2005). However, no accurate uncertainties are calculated in 195 

the method. 196 

 197 

3 Results 198 

3.1 Shear-wave splitting measurements 199 

We measured shear-wave splitting in two different frequency or period bands, 200 
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i.e., low-frequency (LF) at 8-20 s and high-frequency (HF) at 2-8 s. From the 201 

viewpoint of finite-frequency seismology, the seismogram recorded by a station is 202 

influenced by the structure within a certain distance around the ray path. The 203 

approximate radius of the sensitivity range (i.e., 1st Fresnel zone) is ~100 km and ~50 204 

km in the uppermost mantle for typical SKS phases with a dominant period of 8 s and 205 

4 s, respectively (Favier and Chevrot, 2003; Rümpker and Ryberg, 2000). Thus results 206 

measured at 8-20 s are actually regional average measurements while those measured 207 

at 2-8 s could better reveal high-resolution lateral variations of anisotropy. 208 

Furthermore, the high-frequency seismograms tend to capture more structures in the 209 

shallow part (Favier and Chevrot, 2003) and so could be more sensitive to crustal 210 

anisotropy. 211 

We obtained 368 “good”, 482 “fair”, 753 “poor”, and 857 “null” measurements 212 

for LF waveforms (8-20 s) and 218 “good”, 609 “fair”, 248 “poor”, and 90 “null” 213 

measurements for HF waveforms (2-8 s). The dominant periods of the waveforms for 214 

LF and HF measurements are in the ranges of 9-14 s and 4-7 s, respectively (Fig. 3a); 215 

the corresponding radii of the 1st Fresnel zone of the shear-wave splitting 216 

measurements are 100-200 km and 50-100 km, respectively, in the crust and upper 217 

mantle. Dominant FPDs for both LF and HF measurements are NW-SE (Group I) (Fig. 218 

3d), which is consistent with the “null” measurements (Fig. 3b). However, a number 219 

of measurements show ENE-WSW to nearly E-W FPDs (Group II) (Fig. 3d), 220 

especially for the HF measurements. The FPDs deviate by ~20° from the absolute 221 
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plate motion (APM) direction in the NE Tibetan Plateau (Fig. 3d). Delay times ( ) of 222 

the HF measurements (i.e., dominantly 0.4-1.5 s) are generally smaller than those of 223 

the LF measurements (0.8-2.5 s) (Fig. 3c). We note that the uncertainties of the LF 224 

measurements are usually larger, which may cause more scattered measurements and 225 

some large  values. 226 

The overall FPDs in the NE margin of the Tibetan Plateau are mostly parallel to 227 

the strikes of the major tectonic boundaries (Figs. 4 and 5): they generally follow the 228 

NW strikes of the Qilian Orogen and Haiyuan Fault in the north and slightly rotate to 229 

be parallel to the NNW strike of the Liupan Shan in the east. These measurements are 230 

generally consistent with first-order patterns in previous results (Chang et al., 2017; 231 

León Soto et al., 2012; Li et al., 2011; Wang et al., 2016; Ye et al., 2016; Zhang et al., 232 

2012) and continue in Gobi-Altay and Central Mongolia (Fig. 1a)  ~1000 km north of 233 

NE Tibetan Plateau (Barruol et al., 2008; Qiang et al., 2017). The large-scale pattern 234 

of FPDs is parallel to anisotropy in the crust and upper mantle revealed by P-wave 235 

anisotropic tomography (Huang et al., 2014) and surface wave tomography (Pandey et 236 

al., 2015) in the NE Tibetan Plateau.  237 

In contrast, NE-SW and nearly E-W FPDs are observed beneath West Qinling at 238 

elevations above 3000 m (Figs. 4 and 5). Similar FPDs were also obtained in previous 239 

studies (e.g., Li et al., 2011; Wu et al., 2015; Ye et al., 2016), even near 94°E that is 240 

~800 km westward from West Qinling (León Soto et al., 2012). The orientations 241 

deviate from the strikes of surface geology (e.g., faults) significantly. Therefore, the 242 
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origin of anisotropy in West Qinling is probably different from that in the NE frontier 243 

(i.e., along the Qilian Orogen, Haiyuan Fault, and Liupan Shan). 244 

3.2 Two-layer anisotropy 245 

In addition to the lateral variations as described above, the shear-wave splitting 246 

measurements at many stations show notable azimuthal variations. Previous studies 247 

argued that the azimuthal variations can be explained by a two-layer anisotropy model 248 

under West Qinling (Li et al., 2011; Ye et al., 2016). Here, we fit the shear-wave 249 

splitting measurements with two-layer models in moving spatial windows (fixed to 250 

grid nodes), as there is an insufficient number of measurements at individual stations. 251 

Grid nodes are placed 0.5° intervals of latitude and longitude. All measurements 252 

whose raypaths at 0-200 km depth are completely contained within a cylinder of 50 253 

km radius around the grid node are taken into account for the estimate of the two-254 

layer splitting parameters. 255 

We applied the method to both the LF and HF measurements, and confirm the 256 

presence of two-layer anisotropy model for ten grid nodes for the HF measurements 257 

(Figs. 6 and S6),  nine of which are located in West Qinling and the Qilian Orogen. 258 

FPDs of upper and lower layers are fairly well constrained for reliable models 259 

( ) even though the delay times appear to scatter quite a bit (Fig. S6). The 260 

FPDs in the lower layer align NW-SE and are generally consistent with the regional 261 

pattern of measurements in the NE margin of the plateau. The fast orientations in the 262 

upper layer align between ENE-WSW and E-W, which is subparallel to surface 263 
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velocities determined from GPS observations (Gan et al., 2007). Delay times of the 264 

upper and lower layers are in the ranges of 0.5-0.8 s and 1.0-1.5 s, respectively. These 265 

two-layer splitting parameters are consistent with those obtained by Li et al. (2011) in 266 

the NE Tibetan Plateau.  The grid node close to Haiyuan Fault (grid node a in Fig. 6) 267 

is a special case, where the upper layer FPD is close to the fault and  is especially 268 

large (~1.5 s). A similar measurement is obtained for a grid node (marked b in Fig. 6) 269 

in West Qinling. We suspect that these anomalous  values are caused by a 270 

numerical instability as the statistics do not imply local peaks around these values 271 

(Fig. S6).  The observations near the Liupan Shan also require two-layer anisotropy. 272 

The lower-layer FPD follows the regional average (i.e., NW-SE) while the upper-273 

layer FPD (NNW-SSE) is approximately parallel to the strike of the Liupan Shan. 274 

We compare our results to Pms splitting measurements at permanent stations in 275 

the study area (Kong et al., 2016; Shen et al., 2015; Wang et al., 2016).  With the 276 

exception of a station near the Maxianshan Fault, where the Pms fast direction 277 

parallels to our estimate of the upper-layer anisotropy, Pms fast directions are 278 

generally not parallel to our upper layer results but instead align with the strikes of 279 

nearby faults (Fig. 7). The discrepancy may result from the different frequency bands 280 

used in the Pms measurements (~1.0 s) and our HF waveforms (2-8 s). Pms splitting 281 

is more sensitive to anisotropy in the upper crust (Favier and Chevrot, 2003). Most of 282 

the Pms splitting measurements are close to active faults; where complex crustal 283 

structures related to the fault activities may produce stronger anisotropy and affect the 284 
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observations (e.g., León Soto et al., 2012).   285 

We could not obtain a reliable two-layer model for any grid node for the LF 286 

measurements because of two effects. First, the uncertainties of the LF measurements 287 

are usually so large that the azimuthal variations of the splitting parameters are not 288 

compelling. Second, the LF waveforms have long wavelengths and so are less 289 

sensitive to small-scale structures, either horizontally or vertically.  290 

 291 

4 Discussion  292 

4.1 Seismic anisotropy beneath North China Craton 293 

The pattern of shear-wave splitting measurements in the North China Craton is 294 

simple, with few lateral variations. The NW-SE FPDs continue northward to the 295 

Gobi-Altay and even into Central Mongolia ~1000 km north of NE Tibetan Plateau 296 

(Barruol et al., 2008; Qiang et al., 2017). Therefore there should be a generally 297 

applicable mechanism for seismic anisotropy in this broad region from the North 298 

China Craton to Central Mongolia. Three mechanisms could explain the shear-wave 299 

splitting observations: 1) “fossil” lithospheric anisotropy imprinted during the 300 

formation of the Central Asian Orogenic Belt since the Paleozoic; 2) anisotropy in the 301 

lithosphere due to present-day deformation; 3) anisotropy due to shearing in the 302 

asthenosphere driven by plate motion (Barruol et al., 2008).  303 

The Central Asian Orogenic Belt was formed by the accretions of micro-304 

continents and island arcs around the Siberian craton from late Cambrian to the 305 
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Triassic (e.g., Delvaux et a., 1995; Windley et al., 2007). The Sayan-Baikal fold belt 306 

was formed in western and central Mongolia accompanying the closure of the Paleo-307 

Asian Ocean in the Caledonian, which produced NW-SE trending crustal foliations 308 

and fault-related structures. The structures were strengthened by another NW-SE 309 

trending subduction (along the present Gobi-Altay range) during Devonian to 310 

Carboniferous. Located at the southern margin of the Central Asian Orogenic Belt, the 311 

lithosphere beneath the western North China Craton and the Gobi-Altay could still 312 

preserve the deformation history in the form of anisotropy frozen into the lithosphere 313 

(Barruol et al., 2008). Afterwards, the Central Asian Orogenic Belt was re-activated in 314 

the Cenozoic due to the India-Asian collision (Delvaux et a., 1995; Windley et al., 315 

2007). The present-day deformation may also produce significant anisotropy, which 316 

could be superimposed on the “fossil” anisotropy. However, the strain rates in the 317 

North China Craton and Gobi-Altay are mostly smaller than , which are 318 

only ~10% of those in the NE Tibetan Plateau (Fig. 1b) (Chang et al., 2017; Kreemer 319 

et al., 2014). Nevertheless, the shear-wave splitting delay times are similar in both 320 

these regions. Hence, the present-day deformations are unlikely to be the dominant 321 

mechanism for producing the lithospheric anisotropy.  322 

The average thickness of the lithosphere in the western North China Craton and 323 

Central Mongolia is mostly smaller than 100  km (An and Shi, 2006; Pasyanos et al., 324 

2014), which may account for shear-wave splitting of ~0.9 s assuming a typical 325 

anisotropy strength of 4% in the upper mantle (Silver and Chan, 1991). This value is 326 
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comparable to the HF splitting delay measurements but smaller than the LF 327 

measurements. Many delay times are 1.5-2.0 s in Central Mongolia (Barruol et al., 328 

2008; Qiang et al., 2017). Thus significant anisotropy in the asthenosphere is 329 

necessary to account for the shear-wave splitting in the North China Craton and 330 

Central Mongolia. The average difference between the shear-wave splitting FPDs and 331 

APM directions in this area is ~20°, but the asthenospheric flow is likely to be 332 

deflected around the deep roots of the stable Siberian craton and turns to be parallel to 333 

the FPDs (Barruol et al., 2008). Moreover, as discussed later, the Eurasian lithosphere 334 

is underthrusting beneath the NE Tibetan Plateau (Ye et al., 2016; Zuza et al., 2016), 335 

which could further modify the flow and cause deviation from the APM direction. 336 

A clearer indication of the asthenospheric anisotropy is the two-layer anisotropy 337 

model found in station ULN in eastern Mongolia (Fig. 1a) (Barruol et al., 2008), 338 

which belongs to the eastern segment of the Central Asian Orogenic Belt. Here, a NE-339 

SW trending orogen formed as a result of the closure of the Mongol-Okhotsk ocean 340 

during the Devonian to Triassic (Delvaux et a., 1995; Windley et al., 2007). The NE-341 

SW FPD of the upper-layer anisotropy is parallel to this local orogenic strike and thus 342 

reflects the fabric of the lithosphere. Instead, the NW-SE FPD of the lower-layer 343 

anisotropy is the same as the FPDs observed in Central Mongolia, which are better 344 

explained by the asthenospheric anisotropy (Barruol et al., 2008). 345 

4.2   1  Seismic anisotropy in the deformed NE Tibetan Plateau margin 346 

The shear-wave splitting measurements in the NE Tibetan Plateau and the North 347 
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China Craton show broadly similar FPDs and splitting delay times. Although the 348 

FPDs rotate from WNW-ESE in the Qilian Orogen to NNW-SSE in the Liupan Shan 349 

(Figs. 4 and 5), these rotations most likely are caused by variation of the shallow 350 

anisotropic structure (whose FPDs tends to align parallel to orogens and faults), 351 

whereas the deeper anisotropic layer is associated with nearly uniform NW-SE FPDs 352 

(Fig. 6).  The thrust faults developed in the eastern Qilian Shan and Liupan Shan 353 

could produce significant anisotropy in the crust (e.g., Burchfiel, 1989, 1991; Zhang 354 

et al., 1991; Zheng et al., 2006) sufficient to explain the upper-layer splitting delays.  355 

A straightforward explanation for these observations is that the North China 356 

Craton is underthrusting the NE Tibetan Plateau, so that the NW-SE trending 357 

anisotropy in the North China Craton continues to be recorded even under the plateau. 358 

S wave receiver functions imaged an inclined lithosphere-asthenosphere-boundary 359 

(LAB) that deepens from 120 km below the North China Craton to 150 km below the 360 

West Qinling (Ye et al., 2015). The image of a ~30 km offset between the Eurasian 361 

LAB and the Tibetan LAB (~120 km) under the West Qinling Fault supports the 362 

notion of Eurasian lithosphere (i.e., the North China Craton) having underthrust the 363 

NE Tibetan Plateau for a considerable distance (Ye et al., 2015; Zuza et al., 2016). 364 

Our observations of two-layer splitting in West Qinling imply significant 365 

anisotropy in the Tibetan mantle lithosphere and underlying asthenosphere (Fig. 6). 366 

As discussed later, the upper layer is probably located in the mid-lower crust.  The 367 

NW-SE FPDs for the lower-layer anisotropy are similar to the measurements in the 368 
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North China Craton. However, the underthrusting Eurasian lithosphere terminates 369 

under the West Qinling Fault and does not continue southward in S wave receiver 370 

function images (Ye et al., 2015). Hence the lower-layer NW-SE FPDs in West 371 

Qinling result from anisotropy in the Tibetan mantle lithosphere and asthenosphere. 372 

The good correlation between the continuous surface deformation field (inferred from 373 

GPS observations and fault slip data) and shear-wave splitting FPDs appears to 374 

suggest that the anisotropy in NE Tibetan Plateau is produced by vertically coherent 375 

deformation in the lithosphere (e.g., Chang et al., 2017). However, the weak mid-376 

lower crust cannot transport the stresses in the upper crust into the upper mantle or 377 

vice versa. Instead, similar surface and upper-mantle deformation patterns can be 378 

maintained by applying the same boundary forces laterally. Distributed lithospheric 379 

deformation could thus produce the same NW-SE trending anisotropy (e.g., Chang et 380 

al., 2017; England and Houseman, 1986; Zhang et al., 2004) in the upper crust and 381 

mantle lithosphere (Huang et al., 2014; Pandey et al., 2015) in spite of a weak mid-382 

lower crustal layer in between.  383 

Deformation in the mantle lithosphere cannot explain the whole splitting delay. 384 

The thickness of the NE Tibetan mantle lithosphere is only ~60 km (subtracting ~60 385 

km crust from ~120 km total lithosphere), which could produce splitting delay times 386 

of ~0.5 s, only about half of the observed lower-layer delay times (1.0-1.5 s; Fig. 6). 387 

Another possible cause for anisotropy is in the asthenospheric flow driven by APM or 388 

induced by the advancing front of the underthrusting lithosphere. The average misfit 389 
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between APM and lower layer FPD is ~10° (Fig. 6), which generally lies within in the 390 

confidence regions of shear-wave splitting measurements and APM directions. 391 

Meanwhile, the APM-driven asthenospheric flow may be modified by the geometry 392 

of the underthrusting Eurasian lithosphere, in particular the ~30 km step between the 393 

NE Tibetan and Eurasian LAB (Ye et al., 2015) would direct the flow along the front 394 

of the underthrusting cratonic lithosphere, i.e., in general, being parallel to the 395 

tectonic boundaries visible at the surface.  396 

4.3 Mid-lower crustal channel flow or detachment 397 

The upper-layer anisotropy obtained in West Qinling ( in places with elevations 398 

of more than 3000 m) (Fig. 6) requires other mechanisms,  as the observed FPDs 399 

(between ENE-WSW and E-W) differ significantly (>20°) from those predicted by 400 

coherent lithospheric deformation (Chang et al., 2017) and also deviate from the 401 

strikes of the major faults and orogenic fronts. Instead, the FPDs (i.e., between ENE-402 

WSW and E-W) are sub-parallel to the crustal motion determined from GPS 403 

observations (Fig. 6). Surface wave tomography revealed low S-velocities with 404 

positive radial anisotropy (i.e., VSH>VSV) in the mid-lower crust (Figs. 7 and 8) (Bao 405 

et al., 2013; Xie et al., 2017). P wave anisotropic tomography also found  anisotropic 406 

layers with NE-SW to ENE-WSW fast velocity directions at 40 and 65 km depths 407 

(Huang et al., 2014), which is equivalent to the upper-layer anisotropic layer found in 408 

this study (Fig. 8c).  409 

Mid-lower crustal channel flow originating from the central and southern Tibetan 410 
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Plateau (e.g., Clark and Royden, 2000; Royden et al., 1997, 2008) provides a 411 

plausible explanation for these observations. Shear-wave anisotropy in the mid-lower 412 

crust can be induced by LPO of mica and amphibole developed in the channel flow (Ji 413 

et al., 2015; Ko and Jung, 2015; Shapiro et al., 2004). Mineral experiments show that 414 

the difference between the fast and slow S-wave velocity in mica- and amphibole-415 

bearing metamorphic rocks may be as high as 0.377 km/s for samples from East Tibet 416 

(Ji et al., 2015). This difference is equivalent to an S-wave anisotropy of >10% 417 

assuming an average S-wave velocity of 3.5 km/s in the anisotropic layer (Fig. 7). 418 

Then a crustal layer of 20-30 km (Fig. 8) is easily sufficient to produce the inferred 419 

upper-layer splitting delay of 0.5-0.8 s in this study. 420 

The structures in and around the Longzhong Basin are of particular interest. The 421 

crust may be extruding southeastward along the Haiyuan and Qinling faults above a 422 

ductile shear zone in the middle crust (Cheng et al., 2015; Gan et al., 2007; Guo et al., 423 

2016). Significant uplift occurs around the edges of the basin with uplift rates of 2-4 424 

mm/yr while much lower uplift rates or even subsidence are found in the interior of 425 

the Longzhong Basin (Liang et al., 2013) (Fig. 6). Low velocity bodies in the mid-426 

lower crust beneath the West Qinling spread across West Qinling Fault in a narrow 427 

finger and reach approximately the Maxianshan Fault in the SW Longzhong Basin 428 

(Fig. 7) (Bao et al., 2013). These lower velocities correlate with significant uplift and 429 

a local high in the topography (> 2000 m). The uplift rates (~4 mm/yr) are much 430 

higher than the rates (~2 mm/yr) in West Qinling (Fig. 6) (Liang et al., 2013), which 431 
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indicates that the crustal flow is blocked and thickened when it meets a strong crust.  432 

These observations support mid-lower crustal flow as a mechanism that protrudes into 433 

the stable Longzhong Basin and expands the high plateau.  434 

An alternative process for generating mid-lower crustal anisotropy (i.e., crustal 435 

motion parallel FPDs with positive radial anisotropy) is displacement along a mid-436 

lower crustal detachment (Klemperer, 2006). In this scenario, the upper crust moves 437 

relative to the upper mantle and drives simple shear on a weak mid-lower crust. 438 

Shortening along the Laji-Jishi and West Qinling thrust faults may account for the 439 

Cenozoic crustal thickening in the NE Tibetan Plateau (Lease et al., 2012), as found 440 

in the Qilian Shan thrust belt (e.g., Gao et al., 2013; Zuza et al., 2016). Motion along 441 

the thrust faults can induce strong uplift in West Qinling (hanging wall) and 442 

subsidence in the Longzhong Basin (footwall), which cannot be explained exclusively 443 

by the channel flow model. 444 

Based on our results, we cannot finally conclude whether mid-lower crustal 445 

channel flow or detachments is more important because they result in almost the same 446 

seismological observations. In both cases, a 20-30 km thick anisotropic mid-lower 447 

crust is necessary to explain the shear-wave splitting observations. Klemperer (2006) 448 

showed that a combination the simple channel flow and the mid-lower crustal 449 

detachment better explains the geophysical observations in northern Tibetan Plateau. 450 

As a driving force, gravitational loading can produce horizontal extension and induce 451 

channel flow in the mid-lower crust, given the weak mid-lower crust and the 452 



23  

topographic gradient in West Qinling (Figs. 7 and 8) (Shapiro et al., 2004). Therefore, 453 

we suggest both processes operate in the NE Tibetan Plateau (margin) and affect its 454 

evolution. 455 

 456 

5   1  Conclusions 457 

The overall pattern of shear-wave splitting anisotropy in the NE Tibetan Plateau 458 

is dominated by NW-SE oriented FPDs, which are subparallel to its tectonic 459 

boundaries with the North China Craton. In contrast to strong lateral variations of the 460 

crustal strain rates, there are no notable differences in shear-wave splitting (especially 461 

delay times) near the faults and thrust belts compared with the adjacent less deformed 462 

blocks. This pattern contradicts the prediction of the intracontinental subduction and 463 

lateral extrusion hypothesis (Tapponnier et al., 2001). Instead, the relative uniformity 464 

of the splitting measurements is consistent with distributed shortening in the 465 

lithosphere, or —alternatively or in addition — anisotropy could have developed in 466 

the asthenosphere. In west Qinling, the NE-SW FPDs measured where elevations 467 

exceed 3000 m deviate markedly from the surface texture and orientation of known 468 

faults. Two-layer anisotropic models there hint at mid-lower crustal flow or 469 

detachment as possible mechanisms for outward expansion of the plateau.  470 

We summarize our conceptual model of the 3-D structure and deformation of the 471 

crust and upper mantle below the NE Tibetan Plateau and its margin in Fig. 9. Overall, 472 

the NE Tibetan Plateau consists of deformed lithosphere above the underthrusting 473 



24  

Eurasian lithosphere (i.e., North China Craton). The initial uplift of the plateau is 474 

caused by extensive thrust systems in the Qilian Shan and Liupan Shan and is 475 

accompanied by sinistral shear deformation along the Haiyuan Fault. We emphasize 476 

that the weak mid-lower crust found under the plateau is important for its further 477 

evolution. For the model with a mid-lower crustal channel below the Tibetan Plateau, 478 

the crustal flow would eventually intrude beneath the margin and cause further uplift 479 

there. For the model where the upper crust is detached and moves freely with respect 480 

to the upper mantle, strong shear is induced in the mid-lower crust. Both mechanisms 481 

require a thick mid-lower crust (20-30 km) to account for the obtained azimuthal 482 

anisotropy (parallel to crustal motion from GPS observations) and the positive radial 483 

anisotropy (VSH>VSV). Significant asthenospheric flow in front of the underthrusting 484 

North China Craton is indicated by our observations of strong splitting in a lower 485 

layer. 486 
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Figure captions. 697 

Fig. 1: (a) Tectonics in and around the Tibetan Plateau. Dashed lines denote major 698 
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tectonic boundaries. Red arrows denote GPS observations relative to stable 699 

Eurasia (Gan et al., 2007). (b) The strain rates inverted from GPS measurements 700 

in and around the Tibetan Plateau (Kreemer et al., 2014). Purple lines show the 701 

major sinistral faults in the NE Tibetan Plateau, i.e., the Altyn-Tagh Fault (ATF), 702 

the Kunlun Fault (KLF), and the Haiyuan Fault (HYF).  1�   1�  703 

Fig. 2: (a) Distribution of 173 stations (blue triangles) used in this study. Yellow 704 

lines denote active faults (Deng et al., 2003). Gray lines denote smoothed 705 

topography for reference in later figures. Circles and red stars show the 706 

earthquakes of magnitudes  and , respectively, occurring 707 

from 1920 to 2017 (https://earthquake.usgs.gov). (b) Distribution of 92 events 708 

( ; blue circles) used in this study. Magenta lines denote major plate 709 

boundaries (Bird, 2003). 710 

Fig. 3: Statistics of (a) the dominant periods, (b) backazimuths and their orthogonal 711 

directions of null measurements, (c) delay times , and (d) fast polarizations φ 712 

for the measurements in the high- (HF: 2-8 s; red) and low-frequency bands (LF: 713 

8-20 s; blue). Black arrows in (b) and (d) denote the absolute plate motion (APM) 714 

of stable Eurasia in the HS3-NUVEL-1A model (Gripp and Gordon, 2002).  715 

Fig. 4: “Good” (red) and “fair” (blue) splitting parameters measured at 8-20 s (LF). 716 

The orientations of the short bars denote the fast polarizations ( ) while the 717 

lengths denote the delay times ( ) according to the scale in the bottom-left inset. 718 

Gray bars denote SKS splitting measurements in Chang et al. (2017). The large 719 

https://earthquake.usgs.gov)/
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black arrow denotes the APM direction of stable Eurasia. For the other labeling, 720 

see Fig. 2. 721 

Fig. 5: The same as Fig. 4 but for measurement in 2-8 s (HF) band.  722 

Fig. 6: Two-layer splitting measurements. Magenta arrows and circles denote lateral 723 

and vertical GPS velocities, respectively, of crustal motions (Gan et al., 2007; 724 

Liang et al., 2013), with scale shown in inset. Cyan and orange circles indicate 725 

crustal uplift and subsidence relative to ITRF2008, respectively. Blue and red 726 

rose diagrams show histograms of lower-layer and upper-layer fast polarizations 727 

for the two-layer anisotropy models with  (see the text for details), 728 

respectively. (inset) Distribution of the parameters of two-layer anisotropy 729 

models. Circles and crosses denote splitting parameters of the lower and upper 730 

layers, respectively. Green symbols show the model of Li et al. (2011) for 731 

reference. Yellow rose diagrams show the histograms of fast polarizations for HF 732 

measurements at 2-8 s (HF) (Fig. 3d). For the other labeling, see Fig. 1. 733 

Fig. 7: Comparison between HF measurements at 2-8 s (orange bars) and the 734 

average S-wave velocity in the mid-lower crust based on a published surface 735 

wave tomographic model (Bao et al., 2013). Dark gray bars denote the 736 

measurements based on Pms phases (Kong et al., 2016; Shen et al., 2015; Wang 737 

et al., 2016); note that the scale for delay times of Pms measurements is twice as 738 

that of the shear-wave splitting measurements in this study. The dashed line 739 

denotes the profile shown in Fig. 8. For the other labeling, see Fig. 2. 740 
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Fig. 8: Topography and seismological results along a SW-NE profile extending from 741 

the Tibetan Plateau to the North China Craton (profile location in Fig. 7). (a) 742 

Topography along the profile. Vertical red lines denote the major faults along the 743 

profile. (b) Section of S-wave velocity along the profile from surface waves (Bao 744 

et al., 2013). Dashed line denotes the Moho derived from the 4 km/s contour of 745 

the surface wave velocity model. (c) Red and blue circles with short bars denote 746 

fast polarizations (with 95% confidence regions) of the “good” and “fair” 747 

splitting measurements (HF: 2-8 s) within 100 km along the profile, respectively. 748 

Yellow and gray histograms show the distributions of the upper- and lower-layer 749 

fast polarizations for the valid models ( ) at two grid nodes along the 750 

profile. Note that in the region of two-layer splitting (Tibetan Plateau) the 751 

(single-layer) HF measurements are more sensitive to the upper-layer anisotropy. 752 

Crosses show P-wave velocity anisotropy at 40 km depth along the profile 753 

(Huang et al., 2014). Magenta circles denote GPS observations (Gan et al., 2007). 754 

(d)  Delay times of “good” (red) and “fair” (blue) HF measurements at 2-8 s. The 755 

lengths of the short bars denote the uncertainties of individual measurements. 756 

Fig. 9: A 3-D block model explaining the depth-dependent anisotropy in NE Tibetan 757 

Plateau revealed in this study. Ellipses denote the strain field in different layers 758 

under different tectonic regions. The subfigure in the top left corner shows 759 

alternatives—possibly operating at the same time—for explaining both the uplift 760 

and splitting patterns. 761 
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