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We use a multi-station stacking method to analyze receiver function data recorded by a large-scale dense 
seismic array covering the northeastern (NE) margin of the Tibetan plateau and its adjacent regions 
to estimate crustal thickness (H), V p/V s ratio (κ) and crustal anisotropy (fast polarization direction ϕ
and splitting time τ ). For each station of the array, we gathered all the receiver functions recorded by 
the station and its nearby stations located inside a circle with a radius of 0.5◦. We applied the H−κ
stacking technique and the joint inversion scheme to a total of 654 station clusters to measure the (H, κ) 
and (ϕ, τ ), respectively. The measured Moho depth varies from a peak value of 67 km beneath the 
northern-central plateau to 39–45 km beneath the surrounding blocks in the northeast. The front of the 
depressed Moho beneath the plateau margin exhibits a complicated geometry, which suggests that when 
the Tibetan plateau encroached upon the surrounding terranes, the front expanded unevenly depending 
on the strength of the encountering terranes. The thickened crust beneath the margin also has a very 
low V p/V s ratio, indicating that the crust is composed largely of felsic minerals. More than one third 
of the station clusters (221) have a splitting time significantly larger than 0.2 s. The average splitting 
times of the 221 measurements is 0.68 s, which is comparable to those measured from the SKS/SKKS 
(XKS) phases (0.94 s). The fast directions estimated from the Moho Ps and XKS phases recorded by the 
station clusters within the margin are very similar, and are also approximately parallel to the strikes 
of major faults, sutures and thrust fronts in the area. The low V p/V s ratio, together with the observed 
fast polarization directions from the Moho Ps and XKS phases, suggests that shortening of the entire 
lithosphere orthogonal to the compressional direction is likely the main cause for the observed crustal 
thickening occurring at the margin. We also found that the Moho Ps and XKS recorded by stations inside 
the western Hetao basin and the Yinchuan basin present very different anisotropy, which may suggest 
that the crust and mantle beneath the two basins have very different deformation patterns.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The high topography and thick crust of the Tibetan plateau are 
generally believed to be caused by the continuous collision be-
tween the Indian plate and the Eurasian plate since ∼50 Ma (e.g., 
Molnar and Tapponnier, 1975; Rowley, 1996; Yin and Harrison, 
2000). The plateau has served as one of the natural laboratories 
in which modern thinking developed about plateau formation, the 
relationships between plate tectonics and mountain building, and 

* Corresponding author.
E-mail address: niu@rice.edu (F. Niu).
https://doi.org/10.1016/j.epsl.2018.06.010
0012-821X/© 2018 Elsevier B.V. All rights reserved.
those between orogenesis, climate, erosion and uplift. Besides the 
Indian plate in the south, the Tibetan plateau is also bounded by 
several continental blocks with very little to no deformation, such 
as the Tarim basin to the northwest, the Alxa block to the north, 
the Ordos block to the northeast and the Sichuan basin to the east 
(Fig. 1). The NE margin of the Tibetan plateau is a tectonic tran-
sition zone between the uplifted Tibetan plateau and the stable 
Alxa block and the Ordos block, and plays an important role in its 
growing toward the northeast.

Several models have been proposed to explain the geodynamic 
mechanism of the crustal thickening and deformation of the Ti-
betan plateau. Zuza et al. (2016) provides a nice summary on 
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Fig. 1. Topographic map showing the seismic stations used in this study, and the tectonic units, main faults (after Wu et al., 2016). Stations located in different blocks are 
indicated with different symbols. Inset shows the sketch tectonic setting of the Tibetan plateau and its adjacent blocks. The blue rectangular shows the location of the 
study region. The black thick arrowhead indicates the absolute plate motion (APM) direction from GSRM v2.1 model (Kreemer et al., 2014). The bold black lines mark the 
boundaries of the major tectonic units: OR (the Ordos Block), AL (the Alxa Block), QD (the Qinling–Dabie Orogen), QL (the Qilian Mountain belt), ST (the Songpan–Ganzi 
Terrane), SB (the Sichuan Basin), CP (the Chuandian Plateau), QB (the Qaidam Basin), TB (the Tarim Basin). The two Cenozoic Hetao and Yinchuan grabens located at the 
northwestern corner of the Ordos block are labeled with HG and YG, respectively. S1: the North Qilian Suture; S2: the South Qilian Suture; S3: the Ayimaqin–Kunlun Suture. 
F1: the Taohualashan–Ayouqi fault; F2: the Yabulaishan Fault; F3: the Bayanwulashan–Langshan Fault; F4: the Dengkou–Benjing Fault; F5: the Huanghe Fault; F6: the Haiyuan 
Fault; F7: the Qinling Fault; F8: the Longmenshan Fault. Black triangles represent stations of the second phase deployment of the ChinArray project. The red squares in the 
red circle at the low-left corner are considered as the cluster of station 62316 for multi-station gathering.
these various models and how they specifically apply to the north-
ern and northeastern margin of the plateau. Among these models, 
two end-member models, the whole-lithosphere-shortening model 
(England and Houseman, 1986; Dewey et al., 1988; Meyer et al., 
1998) and the middle-to-lower crustal flow model (Royden et al., 
1997, 2008; Clark and Royden, 2000), are well discussed in the 
solid earth science community. In the first model, deformation is 
accommodated coherently across the entire lithosphere, while in 
the second model deformation along the plateau margins is ac-
complished through the intrusion of the middle and lower crustal 
material from the central plateau to the margins. The two de-
formation models predict very different velocity and anisotropy 
structure of the lithosphere beneath the margins. While these two 
models focus on crustal thickening and uplift, they do not address 
the development of the large strike-slip fault system in the margin. 
Tapponnier et al. (2001) proposed an intracontinental subduction 
model, in which multiple subduction of the Asian lithosphere oc-
curred in coupled with lateral extrusion of different tectonic blocks 
along the major strike-slip faults. As this block extrusion model 
does not offer specifics on the deformation within the blocks and 
involves intracontinental subductions that require deep seismic 
imaging technique to resolve, hence the primary focus of this study 
is to constrain the above two end-member models.

Recently, many seismologists have investigated the crustal and 
upper mantle structure with different types of techniques and 
data in order to diagnose the dominant mechanism responsible 
for the deformation along the margins of the plateau. The issue 
is, however, still not fully resolved. Ambient noise tomographic 
images (Yao et al., 2008; Yang et al., 2012; Chen et al., 2014)
show continuous lower S-wave velocity anomalies in the middle 
and lower crust depths beneath the SE margin of the plateau, a 
scenario seems to be consistent with the middle-to-lower crust 
flow model. Receiver function studies, on the other hands, show 
a moderate to low crustal V p/V s ratio beneath the NE margin, 
together with a crustal azimuthal anisotropy that is more consis-
tent with the whole crustal shortening model (Pan and Niu, 2011;
Li et al., 2015; Ye et al., 2015, 2016; Wang et al., 2016, 2017a; 
Huang et al., 2017). Many other seismic studies, however, found 
that crust and upper mantle structures beneath these margins are 
far more complicated, and are difficult to be explained by one of 
these end-member mechanisms. For example, the distribution of 
the low-velocity anomalies beneath the NE margin is rather com-
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plicated and could be discontinuous, and thus the low-velocity 
anomalies cannot be explained by a simple middle-to-lower crustal 
flow (Li et al., 2014; Liu et al., 2014; Zheng et al., 2016).

Seismic anisotropy study can greatly improve our understand-
ing of lithospheric deformation due to its close relationship with 
the subsurface stress and/or strain field (Crampin and Lovell, 1991;
Silver, 1996). While the whole-lithosphere-shortening model sug-
gests that deformation inside the crust and lithospheric mantle 
should be coherent, the mid-lower crustal flow model, on the 
other hand, implies that the flow-induced fabrics in the mid-
dle and lower crust could be significantly different from those 
in the mantle. Knowledge on the vertical distribution of seis-
mic anisotropy thus can offer potential answers to the underlying 
physical processes responsible for the observed deformation. Both 
body wave (e.g., Zhao et al., 2017) and surface wave (e.g., Pandey 
et al., 2015) data have been used to estimate azimuthal seismic 
anisotropy inside the crust and mantle lithosphere beneath the Ti-
betan plateau and its surrounding regions. Seismic anisotropy of 
the upper mantle is commonly measured by waveform splitting of 
the core phases, SKS, SKKS, and PKS, which are referred to as XKS 
hereafter. Li et al. (2011) and Chang et al. (2017) investigated de-
formation field in the lithosphere beneath the NE margin of the Ti-
betan plateau using seismic anisotropy derived from XKS waveform 
splitting. Since the observed seismic anisotropy from XKS could, in 
principle, be located anywhere along the S-wave ray path from the 
core–mantle boundary (CMB) to the surface at the receiver side, it 
is thus impossible to use XKS to determine the deformation pat-
tern inside the crust and mantle separately.

S waves from local earthquakes occurring in the upper to 
middle crust have been employed to study azimuthal seismic 
anisotropy in the upper crust beneath the NE Tibetan plateau 
(Zhang et al., 2012a; Qian et al., 2017). Seismic aniostropy in the 
upper crust is generally attributed to the stress-induced alignment 
of fractures and cracks, and is usually featured by small split-
ting times (<0.1 s) as compared to those from XKS data (∼1.0 s). 
Measurements of seismic anisotropy inside the lower crust thus 
become crucial for bridging the gap between surface GPS data, 
shear-waves splitting data derived from local S waves and tele-
seismic XKS phases. In principle, the P-to-S converted phase at 
the Moho (Ps) is an ideal phase to study crustal anisotropy. How-
ever, the Moho Ps phase recorded by individual seismograms is 
of too low amplitude to permit robust shear-wave splitting mea-
surements like XKS. Liu and Niu (2012) developed a comprehen-
sive technique that utilizes radial and transverse receiver functions 
to estimate crustal anisotropy. Sun et al. (2012) further proposed 
to add a harmonic analysis in the processing which aims to fur-
ther argument the measurement. Wang et al. (2016) employed 
the method to measure crustal anisotropy beneath the NE margin 
of the plateau. They found that the Moho Ps and the XKS show 
roughly the same fast polarization directions, which they argue for 
a vertically coherent deformation within the lithosphere beneath 
the margin. The comprehensive analysis package proposed by Liu 
and Niu (2012) and Sun et al. (2012), however, only works for sta-
tions that are underlain by a relatively flat and sharp Moho and 
possess good quality receiver functions with a good backazimuthal 
coverage. As such, robust measurement of crustal anisotropy can 
be made only from very few seismic stations.

We noticed that the methods of Liu and Niu (2012) and Sun et 
al. (2012) were designed for analyzing single station data. In this 
study, we extend this single-station based receiver function tech-
nique to receiver functions gathered from multiple stations that 
are closely located. We applied this technique to teleseismic data 
recorded by a large-scale dense array of broadband seismographs 
recently being deployed at the NE margin of the Tibetan plateau 
and its adjacent regions (Fig. 1). Based on the multi-station gath-
ered receiver function data, we estimated the Moho depth, V p/V s
Fig. 2. Locations of 439 earthquakes used in this study. Note that although some 
events are located inside the 30◦ and outside the 90◦ circle, all the seismograms 
we used have an epicentral distance between 30◦ and 90◦ .

ratio and crustal anisotropy beneath the array. In general, the mea-
surements turned out to be much more stable and robust since a 
larger number of receiver functions were used in the analyses as 
compared to the single-station approach. In particular, the num-
ber of robust measurements of crustal anisotropy increases signif-
icantly with the multi-station gathering due to the large amount 
of receiver functions and the broad coverage in backazimuth of 
teleseismic events. In the following sections, we first describe the 
data and the modified method, and then present a new model of 
the thickness, average V p/V s ratio and azimuth anisotropy of the 
crust beneath the NE margin of the Tibetan plateau and its adja-
cent areas. They are followed by a discussion of some implications 
of the deformation mechanism of the NE margin and the regional 
tectonics of the study area.

2. Data and analysis

2.1. ChinArray phase II deployment

We used waveform data recorded by the second phase deploy-
ment of the ChinArray project, which plans to roll over mainland 
China with a transportable array consisting of ∼800 broadband 
seismographs with a station spacing of ∼30–40 km. The second 
phase of the ChinArray deployment covers an area of 10◦ × 10◦
centered at the NE margin of the Tibetan plateau and its adja-
cent regions from October 2013 to April 2016. Each seismograph is 
equipped with a Guralp CMG-3ESP seismometer and a Reftek 130 
data logger. We selected a total of 654 stations that have high qual-
ity three component recordings. To calculate the receiver functions, 
we used a total of 439 earthquakes with a magnitude greater than 
5.0 and an epicentral distance between 30◦ and 90◦ . As shown in 
Fig. 2, a large portion of the teleseismic events are located inside 
the western Pacific subduction zone and the Java trench with a 
back azimuth between 30◦ and 210◦ . We also have many earth-
quakes coming from other back azimuths; therefore the overall 
coverage in backazimuth is reasonably good, which seems to be 
also true for the distance coverage (Fig. 2).
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To generate receiver functions for the three-component record-
ings of a teleseismic event, we first need to rotate the two hori-
zontal components into the radial (R) and transverse (T) directions 
based on the great arc raypaths connecting the events and stations. 
It is important to employ the true orientation of the two horizon-
tal components, which might be different from the north and east 
directions due to misalignment, for conducting the rotation. There-
fore we first used the P wave particle motions of teleseismic events 
to determine the true sensor orientation for each station with the 
method proposed by Niu and Li (2011).

2.2. Receiver functions and multi-station gathering

After rotating the horizontal components into R and T , we fur-
ther projected R and T components to the principal directions 
(longitudinal, P , and in-plane transverse, SV) estimated from the 
covariance matrix in order to minimize the P wave energy in 
the receiver function. We then computed the receiver functions 
with these two components, as did by many other studies (Vinnik, 
1977; Niu and Kawakatsu, 1998; Niu et al., 2007).

We used the “water-level” deconvolution technique (Clayton 
and Wiggins, 1976; Ammon, 1991), which is designed in the fre-
quency domain, to generate receiver functions:

R F (ω) = V (ω) · P∗(ω)

max{|P (ω)|2, γ · |Pmax(ω)|2}e−( ω
2α )2

. (1)

Here, γ and α are two constants that define the “water level” and 
the corner frequency of the Gaussian low pass filter. We set them 
to be 0.01 and 1.5, respectively. P (ω) and V (ω) are the spectra of 
the P and SV components taken from a 200 s time window (50 s 
before and 150 s after the P wave). We used the method of Chen 
et al. (2010) to remove outliers. We selected a total of 151,341 
receiver functions from the 654 stations, with a station average of 
∼231 receiver functions.

Seismic array processing technique has been used to detect 
weak signals and image Earth’s structure for 50 yr (Rost and 
Thomas, 2009). By stacking individual station records of the ar-
ray, we expect the noise to be canceled out while signals to re-
main, leading to a significant increase of the signal-to-noise ratio 
(SNR). Here the SNR is defined as the ratio of average amplitude 
computed from a signal window, 2–10 s after the direct P and 
a noise window 2–4 s before the direct P, respectively. We drew 
inspiration from seismic array processing technique and then pro-
posed the multi-station gathering method to process the receiver 
function data in this work. The dense seismic array deployed in 
the NE Tibetan plateau and its adjacent regions offers an excel-
lent opportunity to perform the processing of receiver functions 
using multi-station gathering method. We first considered a ref-
erence station and its surrounding stations in a circled with a 
radius of 0.5◦ as a station cluster, such as the station cluster 62316 
located at lower left corner shown in Fig. 1. For each teleseis-
mic event, we first formed a cluster receiver function by sum-
ming all the receiver functions recorded by the stations inside 
the cluster using the Nth-root stacking technique (Muirhead, 1968;
Kawakatsu and Niu, 1994). To take account the distance effect on 
the Moho Ps arrival, we employed the ray parameter based stack-
ing method developed by Chen and Niu (2013). Let x j (t + δt j) 
represents the receiver function of jth station in the cluster, δt j

is the distance related correction, which is zero for the reference 
station. The cluster receiver function, r(t), which is the Nth-root 
stack of the gathered individual receiver functions, is given by

r(t) = y(t)
∣∣y(t)

∣∣N−1
, (2)

where
y(t) = 1

M

M∑

j=1

sign
(
x j(t + δt j)

)∣∣x j(t + δt j)
∣∣1/N

. (3)

Here M is the total number of stations within a cluster, and N was 
set to 2. As shown in the later examples, the uncorrelated noise is 
greatly suppressed, whereas the coherent phases are significantly 
amplified in the cluster receiver functions, as compared to single-
station receiver functions.

2.3. Depth stacking and H–κ analysis

For each station, we applied the multi-station gathering tech-
nique to obtain cluster receiver functions. We then adopted the 
two-step analysis following Niu et al. (2007) to estimate the crustal 
thickness and the average V p/V s ratio beneath each cluster cen-
tered at the reference station. This includes a first step of depth 
stacking to determine the initial depth of the Moho using the 
Moho Ps phase alone, followed by a refined H−κ analysis to es-
timate the final Moho depth and V p/V s ratio that has the largest 
stacking value of the Moho Ps and the multiples.

To compute the initial depth, we first converted the time-
domain receiver functions to depth-domain P-to-S conversion co-
efficient functions. Here we made an assumption that receiver 
function data comprise primarily of P to S conversions at vari-
ous depths. For an assumed conversion depth, d, we computed 
the P-to-S conversion time by ray tracing with a modified iasp91 
velocity model (Kennett and Engdahl, 1991) that has a crustal 
thickness of d. We then stacked the depth-domain receiver func-
tions using the same Nth-root stacking technique with N = 2. We 
searched d from 0 to 100 km with an interval of 1 km and con-
sidered the depth with maximum stacking amplitude as the initial 
crustal thickness. Fig. 3a and 3b show examples of the depth stacks 
of receiver functions gathered at the station 62316 and cluster 
62316, respectively. A clear P to S conversion peak can be found 
at ∼54 km in Fig. 3a and ∼57 km in Fig. 3b, respectively.

We continued to use the phase notation of npms introduced by 
Niu et al. (2007) to perform the H−κ analysis. For a hypothetic 
crustal thickness, H , and V p/V s ratio, κ , we first computed the 
relative arrival times of the Moho Ps and the two crustal multiples 
with respect to the direct P wave, which are denoted as t1, t2, and 
t3, respectively. We then stacked the three arrival windows based 
on their polarities:

s(H, κ) = c(κ)

K

K∑

i=1

{
w1ri(t1) + w2ri(t2) − w3ri(t3)

}
. (4)

Here K is the total number of receiver functions at a given station 
or cluster, ri(t) represents the amplitude of the ith receiver func-
tion at time t . w1, w2, and w3 are the weights of the three time 
windows, which are assigned to 0.5, 0.25, and 0.25, respectively. 
c(κ ) is a coherence index of the three phases, which is introduced 
by Niu et al. (2007) to reduce the trade off between H and κ . We 
also used three combinations in the H−κ analysis: (1) including 
all three phases, (2) using 0p1s and 1p2s phases, and (3) 0p1s and 
2p1s phases to ensure robust measurements. Meanwhile, κ was 
varied in the range of 1.5 to 2.0 with an increment of 0.001 and H 
was searched within ±20 km of the initial depth derived from the 
depth stacking. H and κ were determined when the summed am-
plitude, s(H , κ ), reached its maximum. In Fig. 3c and 3d, we show 
the results of H−κ analysis based on station 62316 and cluster 
62316, which give an estimate of (H, κ ) being (56.0 km, 1.678) 
and (54.4 km, 1.727), respectively.
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Fig. 3. (a) and (b) are the stacked receiver functions after the time-to-depth conversion of station 62316 and cluster 62316 respectively. The maximum peak marked by 
black triangle indicates the initial Moho depth. (c) and (d) are the results of H−κ analysis at station 62316 and cluster 62316. The cross white lines indicate the location of 
the peak amplitude. (e) and (f) show the time domain stacked receiver functions with the Ps slowness (red solid line) and the 2p1s slowness (blue dashed line). Note that 
amplitude of the phases is larger when they are stacked with the correct slowness. (For interpretation of the colors in the figure(s), the reader is referred to the web version 

of this article.)
2.4. Moveout correction and harmonic analysis of the Moho Ps

In general, the relative arrival time of the Ps phase has a neg-
ative distance moveout due to its negative slowness with respect 
to the direct P wave. We calculated the moveout and make cor-
rections for each station cluster using the estimates of crustal 
thickness and V p/V s ratio derived from the above H−κ analy-
sis. After corrections, all the cluster receiver functions are expected 
to have a Moho Ps arrival time equivalent to the one with an 
epicentral distance of 60◦ and a source depth of 0 km. For the 
comprehensive analysis of crustal anisotropy, we employed R- and 
T -component based receiver functions, which are normalized with 
the peak amplitude of the P wave. After the moveout correction 
and normalization, we investigated the R and T receiver functions 
as a function of back azimuth to study the systematic variations in 
the peak Ps arrival time of the R receiver functions and polarity 
changes of the T receiver functions.

The Moho Ps arrival time can be caused by inhomogeneous 
crustal structures, various types of anisotropy and scattering (Levin 
and Park, 1997; Savage, 1998; Shiomi and Park, 2008). For exam-
ple, a dipping Moho or an anisotropic crustal layer with an inclined 
symmetry axis can result in a harmonic degree-1 back azimuthal 
variation, while small-scale heterogeneities in the crust and Moho 
topography can act as seismic scatterers, leading to high order 
(n > 2) degree variations along back azimuth direction. On the 
other hand, azimuthal S-wave anisotropy with a horizontal sym-
metric axis can register a degree-2 back azimuthal variation in the 
Ps arrival time. We employed the method proposed by Sun et al.
(2012) to analyze the back-azimuthal variations, which calculates 
the normalized maximum amplitude (An,max), maximum energy 
(En,max), and minimum total residual (Rn,min) between each re-
ceiver function and the stacked receiver function that are summed 
along a harmonic moveout with a degree varying from 1 to 8. 
In Fig. 4a and 4b, we show the station-based and cluster-based 
receiver functions of station 62316 that are plotted in the order 
of back azimuth. Fig. 4c shows the results of harmonic analysis 
with the cluster receiver functions, which shows clear peaks of the 
An,max, En,max and 1/Rn,min at degree 2.

2.5. Estimate of crustal anisotropy

We applied the method of Liu and Niu (2012) to estimate 
crustal anisotropy beneath each hypothetic cluster. The analysis in-
cludes computing three individual objective functions (IFOs) and 
one joint objective function (JOF), and performing a statistical anal-
ysis on the robustness of the estimated anisotropy. The three IOFs 
are (1) peak energy of the stacked R receiver function, (2) the cross 
correlation of the R receiver functions, and (3) the total energy 
of transverse receiver functions, and the JOF is the average of the 
three IOFs. The statistical analysis evaluates a signal or noise win-
dow by examining whether it increases steadily with the number 
of stacking.

In Fig. 5, we show the analysis of crustal anisotropy at the sta-
tion cluster 62316. The ϕ and τ estimated from the three IOFs and 
the JOF are shown in Fig. 5a–c and Fig. 5d, respectively. All the four 
measurements agree well with each other. We further evaluate the 
robustness of the estimated ϕ and τ by comparing the SNRs of the 
Ps on the R and T components before and after the correction of 
crustal anisotropy, which are shown in open and filled symbols in 
Fig. 5e and 5f, respectively. The SNR computed from stacked T re-
ceiver functions with a polarity correction shows a steady increase 
with S1/2 (open squares in Fig. 5e). Without the polarity correc-
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Fig. 4. Radial receiver functions are plotted as a function of back azimuth at the station 62316 (a) and cluster 62316 (b). For comparison, (c) shows the same sets of radial 
receiver functions after the crustal anisotropy being corrected. The red dashed lines denote the average arrival time of the Moho Ps phase. The result of harmonic analysis 
of cluster 62316 is shown in (d). The reciprocal of the minimum residual, the maximum value of peak amplitude and total energy are plotted as a function of the harmonic 
degree.
tion, the SNR increases much more slowly (open circles in Fig. 5e), 
probably due to uneven distribution in backazimuth of the data. 
On the other hand, once the crustal anisotropy is corrected, SNR 
remains low regardless of whether a polarity correction is made 
(solid squares in Fig. 5e) or not (solid circles in Fig. 5e). Mean-
while, SNR computed from the stacked R receiver functions after 
correcting crustal anisotropy (filled triangles in Fig. 5f) increases 
steadily with S1/2, and generally appears to be larger than those 
uncorrected (open triangles in Fig. 5f).

For comparison, we also show the R receiver functions after 
the correction of crustal anisotropy at the station cluster 62316 
in Fig. 4c. The back-azimuthal variation shown in Fig. 4b before 
the corrections almost disappeared here, suggesting that azimuthal 
anisotropy inside the crust does seem to be the cause of the arrival 
time variations of the Moho Ps phase.

3. Results

3.1. Moho depth and V p/V s ratio

We conducted the H−κ analysis at all the stations with the sin-
gle station and cluster based receiver function data. The measured 
Moho depth from the two sets of receiver functions are shown in 
Fig. S1a and S1b, respectively, while the estimated V p/V s ratios 
are plotted in Fig. S2a and S2b. The measurements are also listed 
in Table S1, which is organized by grouping stations in the follow-
ing tectonic units: the Alxa block (AL), the Hetao graben (HG), the 
Ordos block (OR), the Qinling–Dabie orogen (QD), the Qilian Moun-
tain belt (QL), the Sichuan basin (SB), the Songpan–Ganzi terrane 
(ST) and the Yinchuan graben (YG). The average crustal thickness, 
V p/V p ratio, and crustal anisotropy are listed in Table 1, together 
with other parameters.

In order to further show the lateral variations of Moho depth 
and V p/V s ratio beneath the study area, we employed the in-
version scheme of Niu et al. (2007) to interpolate the measure-
ments at 654 clusters into 2475 meshed grids of 0.25◦ × 0.25◦ . 
The inverted Moho depth and V p/V s ratio are shown in Fig. 6a 
and 6b, respectively. Overall, the Moho in the study area exhibits 
significant topography, which also shows a good spatial correla-
tion with tectonic blocks in the area (Fig. 6). We note that the 
measured Moho depth varies from ∼39 km at the station cluster 
15663 (Fig. 1) in the northern Alxa block to ∼67 km (Fig. 1) at 
the station cluster 63007 located in the western Qilian Mountain 
belt. The Ordos block appears to have the thinnest crust (43.7 km) 
while the Qilian Shan thrust belt possesses the thickest crust (53.7 
km) in the study area, which is comparable to the previous re-
sults (Chen et al., 2005; Pan and Niu, 2011; Yue et al., 2012;
Wang et al., 2016). Meanwhile, the lowest and highest V p/V s ra-
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Fig. 5. Measurements of crustal anisotropy from the joint analysis with multi-component receiver function data at cluster 62316. (a), (b) and (c) show three individual 
methods to estimate seismic anisotropy: (1) radial energy maximization with a cosine moveout correction; (2) radial correlation coefficient maximization; (3) transverse 
energy minimization. (d) is the joint solution. (ϕ , τ ) are searched in the range of 0–360◦ and 0–1.5 s with an increment of 1◦ and 0.02 s, respectively. White plus marks 
the measured (ϕ , τ ) where the objective functions reach to maximum. (e) and (f) show the calculated SNRs of stacked receiver function data as a function of the square 
root of the subsample numbers, S1/2. Open and filled symbols in (e) and (f) indicate SNR calculated from stacks of receiver functions before and after the removal of seismic 
anisotropy measured by the joint receiver function. More specifically, opened squares shown in (e) indicate stacks from T receiver functions without anisotropy correction 
but with polarity correction, while opened circles are from T receiver function with no corrections of anisotropy and polarity. Filled squares and circles represent stacks after 
correction of anisotropy, and with and without polarity correction, respectively.
tios are, respectively, observed at the station cluster 62449 (1.607) 
located at the Qilian Mountain and the station cluster 15628 
(1.879) inside the Hetao graben (Fig. 1). The Qilian Mountain belt 
seems to have the lowest average V p/V s ratio (1.724) while the 
Hetao graben possesses the highest V p/V s ratio (1.777) in the 
study region.

In general, the observed crustal thickness and V p/V s ratio 
are in good agreement with the results of previous studies (Pan 
and Niu, 2011; Xu et al., 2013; Wang et al., 2017a). The lat-
eral variations of the crustal thickness and V p/V s ratio, how-
ever, show much more details than previous studies that used 
much less seismic stations. One interesting feature shown in the 
Moho depth map is that the front of the thickened crust appears 
to have a zigzag geometry (green dotted line in Fig. 6a), sug-
gesting that crustal thickening did not occur uniformly across its 
front.
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Table 1
Average properties of the crust beneath major blocks.

Tectonic units H
(km)

κ ϕ
(◦)

τ
(s)

	ϕX

(◦)
	τX

(s)
	ϕG

(◦)
	ϕA

(◦)

AL 46.4 1.740 101.5 0.7 21.1 0.3 −18.1 1.4
OR 43.7 1.766 90.2 0.6 20.8 0.1 13.1 12.7
HG 45.4 1.777 59.4 0.7 80.5 0.2 36.5 42.5
YG 44.0 1.755 42.2 0.8 85.0 0.2 50.6 60.0
QD 45.3 1.725 105.5 0.5 −11.8 0.4 −0.9 −2.7
QL 53.7 1.724 118.7 0.7 0.9 0.4 −45.2 −18.9
SB 46.7 1.748 – – – – –
ST 49.5 1.733 120.4 0.7 −10.6 0.2 −29.5 −19.8

H , κ , ϕ and τ are the average crustal thickness, V p/V s ratio, Pms fast polarization direction and splitting time. 	ϕX , 	ϕG and 	ϕA are the directional 
residuals between the XKS splitting (Chang et al., 2017), GPS velocity (Zhao et al., 2015) and APM (Kreemer et al., 2014) and the Moho Ps phase 
splitting. The “–” symbol indicates null measurement. 	τX (s) is the difference of splitting time measured between the XKS and Pms. Major blocks 
are: AL, the Alxa block; OR: the Ordos block; HG, the Hetao Graben; YG, the Yinchuan Graben; QD, the Qinling–Dabie Orogen); QL, the Qilian Mountain 
belt; SB, the Sichuan Basin; ST, the Songpan–Ganzi Terrane.

Fig. 6. Maps of Moho depth (a) and V p/V s ratio (b) estimated from observations at 654 station clusters. The abbreviations of tectonic blocks are defined in the caption of 
Fig. 1. The dashed white line indicates the front of the depressed Moho beneath the plateau margin, which is roughly a smoothed line with a Moho depth of ∼48 km.
Fig. 7 shows four depth sections that extend from the plateau 
to the neighboring blocks at different parts of the front. The north-
ernmost section AA′ (Fig. 6a) runs across the Qilian Mountain 
belt to the Alxa block through the Northern Qilian suture (S1), 
where we found that the Moho jumps rapidly from ∼61 km to 
∼53 km (Fig. 7a). It then gradually shallows to ∼50 km beneath 
the Taohualashan–Ayouqi fault (F1) and further shoal to ∼45 km 
beneath the northern Alxa. The BB’ line (Fig. 6a) runs across 
the Northern Qilian suture (S1) through a convex front (Fig. 6a). 
Here the Moho shallows as much as ∼12 km across the suture, 
and stays nearly flat under the Alxa block (Fig. 7b). Moho depth 
changes along the CC’ line appear to be more gradual, and there 
seems no noticeable changes across the Northern Qilian suture 
(Fig. 7c), which defines the surficial front of the plateau. The DD’ 
line runs from the plateau to the Qinling–Dabie mountain range, 
and also shows a rather gradually changing Moho (Fig. 7d). Over-
all, the crust is not thickened so much beneath this part of the 
Songpan–Ganzi terrane.

The measured V p/V s ratio also shows significant variations in 
the study area (Fig. 6b). The western Ordos, western Hetao graben 
and areas west to the Hetao and Yinchuan grabens have the largest 
V p/V s ratio in the study area, with an average V p/V s ratio greater 
than 1.8. The Qilian Mountain belt, the Songpan–Ganzi terrane and 
Qinling–Dabie orogen, on the other hand, have a very low V p/V s
ratio, generally below 1.732 (Table 1). We also noticed that the 
observed V p/V s ratio appears to anti-correlate with crustal thick-
ness; regions with a thick crust tend to have a low V p/V s ratio, 
which was also observed in North America by Lowry and Pérez-
Gussinyé (2011).

3.2. Crustal anisotropy

Although we had measurements of crustal anisotropy at all the 
station clusters, which are listed in Table S1, we only chose station 
clusters with a degree-2 harmonic variation, which leads to 221 
measurements of the crustal anisotropy from the total 654 station 
clusters. The estimates of harmonic degree and splitting param-
eters, as well as the results of the statistical analysis are listed 
in Table S1. We used “–” to indicate stations or station clusters 
that are lack of enough back azimuthal coverage, and “X” to de-
note unstable and anomalous measurements (measured splitting 
time, τ > 1.5 s), respectively. For stations or station clusters with 
τ < 0.2 s, we marked them with “Null”. These measurements are 
mainly found in the cratonic Alxa and Ordos blocks (Fig. S3). In 
addition, “0” in the harmonic degree column means that the har-
monic degree space has a broad distribution, which may suggest 
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Fig. 7. Profiles of receiver functions in depth domain along lines of AA′ , BB′ , CC′ and 
DD′ shown in Fig. 6a. The abbreviations are defined in the caption of Fig. 1.

a complicated crustal structure beneath these stations or station 
clusters. A robust measurement is defined when the harmonic 
analysis possesses a degree n = 2 and receiver functions before and 
after the correction of the estimated azimuthal anisotropy are dis-
tinctly different. We take station cluster 62316 as an example to 
exhibit the crustal anisotropy beneath the Songpan–Ganzi terrane 
(Fig. 1). The estimated polarization direction and delay time at this 
station cluster are 128◦ and 0.5 s, respectively.

Comparing with the number of crustal anisotropy measure-
ments from station clusters and single stations, we found that the 
number of the robust estimates from multi-station stack is 221 
(Fig. S3b), which is much more than the 89 measurements de-
rived from the single-station gather (Fig. S3a) due to the improved 
SNR and back azimuthal coverage. Fig. 8 shows the fast polariza-
tion direction and splitting time of the Moho Ps at the 221 station 
clusters (red lines), together with those measured from the XKS 
phase (blue lines, Chang et al., 2017) as well as the GPS motion 
directions (green arrow, Zhao et al., 2015) and the absolute plate 
motion (thick black vectors, Kreemer et al., 2014). The fast polar-
ization direction measured from most of station clusters shows a 
NW–SE direction, roughly parallel to the strike of surface struc-
tures, for example, the strike of the Qilian thrust front. In general, 
the fast polarization directions show a good agreement with those 
measured from XKS data (blue line in Fig. 8). Stations located in-
side the Hetao and Yinchuan Grabens and their surrounding areas 
(marked by white ellipse in Fig. 8a), however, show a distinct NE–
SW fast polarization direction, which is nearly perpendicular to 
the rest of the stations as well as to those derived from the XKS 
splitting data. We also notice that the fast polarization directions 
measured in the northwestern part of the study area show sub-
stantial differences between the Ps and XKS splitting data with an 
average up to ∼21◦ as shown in Table 1. As uncertainties in the 
fast direction measurements can be as large as 10◦ , therefore we 
would like to leave the investigation of these potential differences 
and their causes for future studies.

The average splitting time of the 221 measurements is 0.68 s, 
which is consistent with those measured from the permanent sta-
tions in the area (Wang et al., 2016), but is larger than those 
estimated from individual receiver functions (Xie et al., 2017). We 
attribute this difference to the large uncertainties in the measure-
ments of crustal anisotropy using individual receiver functions, in 
which the Moho Ps has very low SNR. While the large splitting 
times measured at many station clusters indicate that the crust 
underneath them are highly deformed, we also noticed that many 
stations located at the Ordos block and the Alax block showed very 
weak to no seismic anisotropy.

We also compared our Moho Ps measurements with those from 
the XKS data, which is summarized in Table 1. We found that 
the two datasets show roughly similar fast polarization directions 
at five tectonic units, QL, ST, QD, AL, and OR, but very different 
ones at the other two blocks, the Hetao (HG) and Yinchuan (YG) 
grabens. For the five blocks with similar fast polarization direc-
tions, the Moho Ps splitting times are only slightly lower than 
those measured from XKS. In other words, nearly 70–80% of the 
XKS splitting times are originated inside the crust.

4. Discussion

Moho depth is a key parameter in characterizing the crustal 
structure and deformation (Zandt and Ammon, 1995). The large 
lateral variations of the Moho depth (Fig. 6a) indicate the com-
plexity of the crustal structure beneath the NE Tibetan plateau 
and its adjacent regions. The average Moho depth shallows from 
53.7 km beneath the Qilian Mountain belt to 46.4 km in the 
Alxa block in the north, to 43.7 km beneath the Ordos block in 
the northeast, and to 45.3 km beneath the Qinling–Dabie oro-
gen in the east (Table 1). This means that the Moho beneath 
this area roughly dips toward southwest, which was also re-
ported by previous studies (Pan and Niu, 2011; Xu et al., 2013;
Wang et al., 2017a). In general, the observed Moho depth appears 
to be correlated with surface topography (Fig. 7), which means that 
surface topography is roughly supported by crustal buoyancy.

One new feature revealed by this study is the zigzag front of 
the depressed Moho, which shows some correlation, but does not 
match exactly with the surface front of the plateau. When the Ti-
betan plateau encroached upon the surrounding terranes, the front 
expanded unevenly depending on the strength of the encounter-
ing terranes. This might explain the observed zigzag front of the 
Moho. A recent P-wave traveltime tomographic study (Guo et al., 
2017) shows that the southwest Alxa area next to the convex 
front of the depressed Moho has a distinct high velocity man-
tle lithosphere extending to ∼250 km. Zhang et al. (2012b) also 
found that this part of the Alxa block has a very thick litho-
sphere based on S-wave receiver function data. All these results 
suggest that the southwestern Alxa has a strong lithosphere such 
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Fig. 8. The two anisotropic parameters, (ϕ , τ ), measured from the Moho Ps and XKS phases (Chang et al., 2017) are shown in red and blue bar lines, respectively. The 
orientation and length of the bar lines represent the fast-axis direction and the amount of splitting, respectively. For comparison, the GPS velocity (Zhao et al., 2015) and 
the absolute plate motion (APM) direction of the GSRM v2.1 model (Kreemer et al., 2014) are also indicated with thin green and thick black arrows, respectively. White solid 
ellipse outlines the anomalous region where the fast polarization directions measured from the Moho Ps and XKS are nearly perpendicular to each other.
that it hardly deforms in spite of the strong compression from 
the Qilian trust belt, which leads to the formation of a convex 
front in the depressed Moho. Meanwhile, the lower crust and 
upper mantle beneath the Qilian Mountain belt are featured by 
lower P- and S-wave velocity (Guo et al., 2017; Li et al., 2017;
Wang et al., 2017b). The area is also featured by high heat flow 
greater than 60 mW/m2 (Hu et al., 2000; Tao and Shen, 2008). All 
these suggest that the orogen has a thin and weak lithosphere that 
provides the mechanical basis for whole lithosphere shortening.

We further argue that whole lithosphere shortening has been 
occurring and is responsible for crustal thickening in the NE mar-
gin of the Tibetan plateau based on the observed crustal thickness, 
average V p/V s ratio and azimuthal seismic anisotropy. The first 
evidence comes from the observed low V p/V s ratio beneath the 
Qilian mountain range and the Songpan–Ganzi terrane. Labora-
tory data suggested that the V p/V s ratio is related to rock types 
and can be used to constrain the bulk average composition of the 
crust (Christensen, 1996). When temperature is far below the rock 
solidus, the V p/V s ratio varies very little with temperature, but 
is particularly sensitive to the composition. More specifically, the 
V p/V s ratio is good indicator of silica content when it is less than 
1.74 (Erdman et al., 2013). Mafic rocks tend to have high V p/V s ra-
tio as compared to felsic rocks. An increase of plagioclase content 
and a decrease of quartz content usually give rise to the increase 
of the V p/V s ratio, and the high V p/V s ratios (>1.87) indicate 
the existence of partial crustal melting (Tarkov and Vavakin, 1982;
Christensen, 1996; Owens and Zandt, 1997). The observed low 
V p/V s ratio is thus inconsistent with the lower crustal flow model. 
If the crust is thickened by an injection of mafic lower crustal 
material, then the average composition of the thickened crust is 
expected to be mafic, leading to a high V p/V s ratio. Furthermore, 
the low V p/V s ratio suggests that crust is likely rich in quartz 
and hence is weaker than more mafic crust (Lowry and Pérez-
Gussinyé, 2011), which implies that the crust beneath the Qilian 
Mountain range and the Songpan–Ganzi terrane is easier deforma-
tion vertically. Pan and Niu (2011) further argued that the system-
atic low V p/V s ratio beneath the Songpan–Ganzi terrane is due 
to its tectonic origin. The Songpan–Ganzi terrane was an accre-
tionary wedge with felsic composition before the Qiangtang block 
collided with the Tarim–North China block (Watson et al., 1987;
Wu et al., 2016).

The second evidence is from seismic anisotropy data. Measure-
ments of seismic anisotropy in the crust are also conducive to 
understanding crustal deformation. In general, seismic anisotropy 
in the upper crust is attributed to stress-induced alignment of 
cracks (Crampin and Peacock, 2008), while anything below is more 
likely to be caused by strain-induced lattice preferred orientation 
of minerals (Meissner et al., 2002). Sherrington et al. (2004) found 
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that seismic anisotropy in the middle to lower crust can reach 
as high as ∼14%. As mentioned above, seismic anisotropy of the 
whole crust can be constrained by measuring the Moho Ps split-
ting as the vertically propagation S wave is confined within the 
crust. Results of the crustal anisotropy estimated from receiver 
functions (McNamara and Owens, 1993; Sherrington et al., 2004)
suggested that most of the observed anisotropy is derived from 
the middle-to-lower crust. Zhang et al. (2012a) and Qian et al.
(2017) computed azimuthal anisotropy using shear wave splitting 
from local earthquakes occurring in the upper crust of the NE Ti-
betan plateau, and obtained an average delay time of 6 ms/km in 
the upper crust, which means that the total splitting time accu-
mulated in a 15 km upper crust is less than 0.1 s, much smaller 
than the observed Moho Ps splitting time of 0.68 s. Therefore, seis-
mic anisotropy determined from the Moho Ps here is likely to be 
resulted primarily from the middle-to-lower crust.

We noticed that fast polarization directions measured from 
Moho Ps and XKS are quite similar, which align dominantly along 
WNW–ESE in the Qilian Mountain belt and Songpan–Ganzi terrane 
(Fig. 8), and the XKS splitting times are only slightly larger than 
those measured from the Moho Ps. These observations suggest that 
the lithosphere beneath the NE margin of the Tibetan plateau de-
forms coherently along depth with a compressional direction of 
SSW-NNE, which is roughly parallel to surface GPS motion direc-
tion (green arrows in Fig. 8). The small difference in the splitting 
time between the two phases suggests that crustal anisotropy is 
likely the primary contributor to the observed XKS splitting. It 
also implies that the mantle lithosphere beneath the area is rel-
atively thin (Zhang et al., 2012b; Ye et al., 2015; Guo et al., 2017;
Li et al., 2017; Wang et al., 2017b). For example, Zhang et al.
(2012b) found that the lithosphere is ∼125–135 km thick beneath 
the northeastern Songpan–Ganzi block and ∼170–200 km thick 
beneath the Alxa and Ordos blocks. Li et al. (2011) measured shear 
wave splitting with XKS phase from earthquakes coming from a 
wide range of back azimuths and found that a simple uniform 
anisotropic model can explain most of the measurements. This also 
provides an indirect evidence for a vertically coherent deforma-
tion beneath the margin. On the other hand, if crustal thickening 
is caused by an inflow of middle-to-lower crustal material from 
the central Tibet, then the fast polarization is expected to align 
with the flow direction, which is roughly along the NE direction in 
this area, and obviously is not supported by the Moho Ps data.

One distinct area in Fig. 8 is the western Hetao and Yinchuan 
graben located at the northwest corner of the Ordos block where 
the fast polarization directions measured from the Moho Ps phase 
and XKS are nearly perpendicular to each other (white solid el-
lipse). It is generally thought that the Cenozoic grabens around 
the Ordos block were developed due to the northeastward es-
caping of the Tibetan plateau and the interaction between the 
Tibetan plateau and its surrounding blocks (Zhang et al., 1998). 
The two grabens have a rift axis aligning roughly along the NE–
SW direction, which is more or less the fast direction of the 
observed crust anisotropy in this region. In general, extensional 
normal faults form parallel to the axis rift and exist only inside 
the crust. Earthquake focal mechanism data indicates a transten-
sional motion along these faults (Rao et al., 2018), suggesting that 
the observed crustal anisotropy is most likely caused by the sim-
ple shear motion along these faults. On the other hand, the ex-
tension that led to the development of the grabens is along the 
NW–SE direction, which aligns well with the fast polarization di-
rection of the XKS phases. Therefore the XKS splitting is most 
likely caused by the alignment of olivine crystals of the mantle 
lithosphere.
5. Conclusions

In this study, we measured crustal thickness (H), V p/V s ratio 
(κ ) and crustal anisotropy (fast polarization direction ϕ and split-
ting time τ ) using receiver function data recorded by a large-scale 
dense array that covered the NE margin of the Tibetan plateau 
and its surrounding areas. We developed a method that gath-
ers receiver functions within a station cluster in performing the 
H−κ and anisotropy analyses, which allowed us to obtain bet-
ter estimates of the four parameters than regular receiver-function 
analysis does. Based on the four measured parameters (H , κ , ϕ
and τ ), we reached on the following conclusions: (1) The Moho be-
neath NE margin of the Tibetan plateau is depressed by 10–20 km 
with an zigzag front roughly coincides, but does not exactly follow 
the surficial front of the margin. The complicated front is likely 
caused by different strength of the encountered terranes as the 
margin expands; (2) Whole lithosphere shortening along the com-
pressional direction is likely the primary cause of the observed 
crustal thickening occurring at the margin; (3) Deformation within 
the crust and mantle lithosphere beneath the Cenozoic Hetao and 
the Yinchuan grabens appears to be distinctly different, which may 
reflect the transtensional faulting inside the crust and extensional 
rift in the mantle.
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