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The Tien Shan and its adjacent areas have been a prime place to understand the
process of continental collision, the mechanism of mountain building and the
interaction of tectonic blocks. In this study, we collect seismic data recorded by
74 broad-band stations from the China Provincial Digital Seismic Networks and
the Regional Kyrgyzstan and Kazakhstan Networks between January, 2007 and
September, 2009. A joint inversion technique that combines three types of
datasets (receiver functions, phase velocities of Rayleigh wave measured from
both ambient noise and teleseismic earthquake data) is applied to image the
crustal and upper mantle structure beneath the Tien Shan and its adjacent areas.
The average crustal thickness in the study area is about 50 km, however, theMoho
depth extends to ~70 km beneath the Kyrgyz Platform near the southwestern Tien
Shan. Our velocity models show a good correlation with subsurface geological
features at shallow depths: low velocities are predominantly observed beneath the
basins due to thick sedimentary layer, whereas high velocities are mainly
distributed beneath the mountain ranges due to crystalline basement rocks. In
the upper mantle a low velocity zone is obviously observed beneath the western
Tien Shan. Both the crust thickness and S wave velocity structure of the Tien Shan
and its adjacent regions display obvious horizontal and vertical heterogeneities
fromwest to east, which suggests that the far-field effects of the collision between
Eurasian plate and Indian plate plays an important role in the tectonic activity of the
Tien Shan. The apparent velocity heterogeneities beneath the northern Tarim
Basin may indicate that the Tarim Basin may have been eroded and damaged by
upwelling hot materials from the upper mantle.
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1 Introduction

The Tien Shan and its adjacent areas, the focus of the study, are situated more than
1,500 km from the India–Eurasia collision, and extends approximately 2,500 km in the
east–west direction with a width of up to 400 km in the north–south direction in its western
part (e.g., Burtman, 2015; England &Molnar, 2015; Yu et al., 2017). As one of the largest and
most active intra-continental mountain systems in the world, the orogenic belt is composed
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of several parallel ranges and intermountain basins oriented nearly
east–west and surrounded by several stable blocks, such as the
Junggar Basin and Kazakh Shield to the north and the Tarim
Basin to the south (Figure 1). In general, the Tien Shan orogenic
belt can be divided into three segments from west to east: the
western, central, and eastern Tien Shan.

The Tien Shan was initially formed at the end of the late
Palaeozoic, and was associated with the closure of the Palaeo-
Asian Ocean and the accretion of continental blocks and island
arcs (e.g., Burtman, 1975; Windley et al, 1990; Avouac et al, 1993;
Allen et al, 1999). Since the Oligocene the Tien Shan is in the re-
active stage due to the continental collision between the Indian and
Eurasian Plates (Tapponnier and Molnar, 1979; Li et al, 2009).
Several multistage magmatic episodes are identified from the late
Cambrian to late Permian based on zircon U/Pb dating (De Grave
et al, 2011). There are lots of intracontinental faults characterized by
active periods during the Triassic and Jurassic and remained stable
during the Cretaceous and early Tertiary beneath the Tien Shan and
its adjacent areas (Omuralieva et al, 2009). However, the far-field
effect of the India–Eurasia collision since approximately 50 Ma
makes the modern Tien Shan rejuvenated in the late Cenozoic
(e.g., Molnar & Tapponnier, 1975; Yin et al, 1998; Kaban& Yuanda
2014). The tectonic activity continues to the present day in the Tien
Shan orogenic belt and its adjacent areas based on current
intracontinental seismicity and complex Cenozoic tectonics (Ma
et al, 2023).

Many geophysical and geological researches have been devoted
to study the enigmatic Tien Shan(e.g., Kosarev et al, 1993; Roecker
et al, 2001; Vinnik et al, 2002; Vinnik et al2004; Lei &Zhao, 2007; Li
et al, 2009; Makarov et al, 2010; Lei, 2011; Zabelina et al, 2013; Gao
et al, 2013; Gilligan et al, 2014; Li et al, 2016). However, some

controversies still remain because of sparse stations and the
limitation of a single method. Active source data from Middle
AsiaN Active Source (MANAS) project revealed a thick crust
beneath the southern Tien Shan, which may suggest that the
Tarim crust is underthrusting beneath the Tien Shan (Makarov
et al, 2010; Gilligan et al, 2014). The seismic reflection data beneath
the south-west Tien Shan showed that there is no firm justifications
for undertrusting of the Tarim block beneath the Tien Shan (Gao
et al, 2013; Li et al, 2016). Body wave tomographic studies using
passive source data showed that a relatively low-velocity zone in the
upper mantle exceed 150 km depth is visible beneath the central
Tien Shan, which has been interpreted as asthenospheric upwelling
induced by lithospheric delamination (Roecker et al., 1993; Li et al,
2009; Lei, 2011; Zabelina et al, 2013). The low-velocity anomaly in
the middle crust beneath the central Tien Shan were also reported by
some of these studies (Li et al, 2009; Lei, 2011; Zabelina et al, 2013),
and the low-velocity anomaly was interpreted probably bymagmatic
intrusion into the crust from the upper mantle. Receiver function
studies revealed a thin lithospheric lid with high velocity beneath
central Tien Shan may indicate the strong lithosphere is competent
to transmit stress from Tarim Basin north to the Kazakh Shield. The
strong mantle lithosphere and the lack of low velocity layer in the
crust (Vinnik et al, 2002; Makarov et al, 2010) in the Nargn Basin
where the shallowest Moho is found indicate that the strong
lithospheric block protects the overlying crust form deformation
(Bielinski et al, 2003;Vinnik et al, 2004;Gilligan et al, 2014).

Owing to sparse station coverage and limited data availability, a
detailed 3-D structure from the shallow crust down to the
uppermost mantle beneath the Tien Shan are still poorly
resolved. As is known, surface wave dispersion measurements are
sensitive to the absolute velocity while receiver functions are mostly

FIGURE 1
Seismic stations used in the study. Black triangles represent regional stations operated by the China Earthquake Administration (CEA), blue triangles
indicate seismic stations of Kyrgyz and Kazakh networks, red triangles are stations deployed by XW, G, KZ and KN networks.
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sensitive to the velocity contrast. To reduce the ambiguities due to
one single type of observation, in this study, we apply a joint
inversion technique by using multiple dataset: receiver functions,
and surface waves measured from both ambient noise and
teleseismic earthquake to investigate the crustal and uppermost
mantle structure beneath the Tien Shan and its adjacent areas.

2 Data and methods

We use a joint inversion technique that combines three types of
datasets (receiver functions, phase velocities of fundamental mode
Rayleigh wave measured from ambient noise and teleseismic
earthquake arrivals) from 91 seismic stations deployed by a
number of groups from 2007 to 2009 (Figure 2A) to image the
crustal and upper mantle structure in the Tien Shan and its adjacent
areas. Since receiver functions are mostly sensitive to velocity
discontinuities and surface wave dispersion measurements are
more sensitive to volumetric velocity variations, such a joint
inversion can significantly improve the resolution compared to
those obtained using a single type of data.

We select 487 telesismic events with magnitudes larger than
5.0 and epicentral distances between 30° and 90° (Figure 2A)
recorded by 91 broadband stations from the China Provincial
Digital Seismic Networks, the Regional Kyrgyzstan and
Kazakhstan Networks between January, 2007 and September,
2009. A bandpass filter of 0.05–2 Hz with a Gaussian parameter
of 3 is adopted to remove the lower frequency noise. Then P wave
receiver functions are calculated with a time domain iterative
deconvolution method (Langston, 1979; Liggorria and Ammon,
1999). Finally 17,350 receiver functions are obtained in total, and
the Moho depth and Vp/Vs. ratio at each station are determined by
applying a H-k stacking method (Zhu and Kanamori, 2000).

We extract Rayleigh wave phase velocity dispersion curves from
both telesismic earthquakes and ambient noise data. Continuous
seismic data recorded at 74 stations from January 2009 to September

2009 are used to retrieve short-to intermediate-period surface waves
(Figure 2B; Shapiro and Campillo, 2004; Shapiro et al, 2005; Bensen
et al, 2007). More than 2,700 reliable Rayleigh wave phase velocity
dispersion curves in a period band from 8 s to 40 s are obtained. The
estimated lateral resolution based on checkerboard tests is about
1.2° × 1.2°(Figure 3).

By applying a two-plane-wave tomography method proposed by
Yang and Forsyth (2006a,b), 896 earthquakes with Ms ≥ 5.5 and
epicentral distances between 30° and 120° are picked to extract
intermediate-long period surface waves (29–111 s). Checkerboard
test with 2° × 2° elements shows an overall good recovery of the phase
velocity except the marginal area (Figure 3). Rayleigh wave
dispersion measurements from ambient noise and two-plane
wave methods are then combined to generate Rayleigh wave
phase velocity maps from 8 to 111 s.

Finally, we perform a linear joint inversion of surface wave
dispersion data and teleseismic P wave receiver functions. Ozalaybey
et al (1997) first proposed to invert the S wave velocity structure of
the crust and upper mantle by combining the receiver functions with
the surface wave dispersions. Since then, this method has been
applied in different regions with good results (Julia et al, 2000;
Herrmann and Ammon, 2004). In this paper, an iterative least-
squares linear inversion method (Herrmann and Ammon, 2004) is
used to jointly invert the receiver functions and base-order Rayleigh
surface wave group velocities at Tien Shan and its neighboring
stations. During the joint inversion iteration, the Vp/Vs. ratio is
fixed for each layer of the model, and the density is calculated from
the P-wave velocity after each iteration. In order to obtain the
simplest model in the case of data matching, a first-order difference
constraint is applied to the velocity variation at each boundary
during the inversion process. By simultaneously inverting the
Rayleigh wave dispersions and receiver functions with the
method of Juli`a et al. (2000), we construct a 3-D shear wave
velocity model from the surface down to 120 km depth. In our
joint inversion, the starting model is set up as a simple half space
with a constant shear wave velocity of 4.0 km/s, a Vp/Vs. ratio of

FIGURE 2
(A) Epicentres of teleseismic events used in the P-wave receiver functions analysis. (B) Epicentres of teleseismic events for two-plane-wave
tomography in this study. Blue circles represent earthquakes, red square and triangle represent the study area and the center of the array, respectively.
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FIGURE 3
Checkerboard tests of 20 s, 40 s and 66 s, 83 s in ambient noise tomography and two-plane-wave tomography, respectively.

FIGURE 4
(A) The inverted S wave velocity structure for station BCH located at 39.790°N, 78.780°E. (B) The inverted S wave velocity structure for station KNDC
located at 43.217°N, 76.966°E. The dispersion curve fitting: black crosses denote observed phase velocities and red lines represent predicted phase
velocities. Receiver function fitting: black and red lines represent observed and predicted receiver functions, respectively. The values to the right of the
curves are ray parameters.
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1.75, and a density of 3.3 kg/m3 and is parameterized by 1 km-thick
layer from the surface to 80 km and 5 km-thick layer from 80 km to
120 km. We did not define the Moho depth in the initial model, but
rather rely on the joint inversion of receiver functions and surface
wave dispersion to determine the Moho independent of the H–k
stacking. Moreover, for the receiver functions used in the joint
inversion, we discard the stations with only a few receiver functions
(<10). Figure 4 shows two examples of joint inversion results at
stations BCH and KNDC. As seen in the figure, the obtained model
from the joint inversion fits the observed data well and the Moho is
obviously delineated by the velocity gradient.

3 Results

The measured crustal thickness shows large scale lateral variation
passing across the margin of basins to the orogenic belt, varying from
40 km to 70 km (Figure 5A). The shallowest Moho is observed beneath
the edge of Tarim terrane, Lake I-K in the central Tien Shan andKazakh
Shield, while the deepest Moho is located in the southwestern part of
Tien Shan area, the Kokshaal and Kyrgyz platform. The Moho depths
beneath themagins of Tarim Basin and Junggar Basin aremuch thinner
than beneath the Tien Shan orogenic belt. The crustal thickness of Tien
Shan area shows a thickening trend from north to south. The observed

FIGURE 5
Estimated Moho depth (A) and Vp/Vs. ratios (B) from teleseismic P wave receiver functions.
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crustal thickness shows a significant positive correlation with surface
topography. The Vp/Vs. ratio is in the range of 1.55–1.90 as illustrated
in Figure 5B. The detailed Moho depth, Vp/Vs. ratio and their
uncertainties are given in Supplementary Table S1 as a
Supplementary Materials.

The average S wave velocity structure at different depths in the
crust and upper mantle highlights heterogeneities (Figure 6). At
shallow depth (surface-20 km, Figure 6A), the edges of Tarim Basin
and Junggar Basin are delineated with apparently low velocity
(~3.0 km/s) because of the presence of thick sediment. A high

FIGURE 6
(A) Averaged S velocity within the up crust in the depth interval from surface to 20 km. (B) Averaged S velocity within the middle crust in the depth
interval from 20 km to 40 km. (C) Averaged S velocity within the low crust in the depth interval from 40 km to Moho. (D) Averaged S velocity within the
upper mantle in the depth interval from Moho to 80 km. (E) Averaged S velocity within the upper mantle in the depth interval from 80 km to 100 km.
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velocity feature (3.3 km/s-3.4 km/s) is observed beneath the Tien
Shan orogenic belt and Kazakh platform. The eastern Tien Shan
appears to have a slightly lower velocity thanthe western Tien Shan.
It is notable that the prominent high velocity anomalies are observed
beneath the Bachu Uplift in the northwest, while the lowest speed
appears in the Mangiaer Sag.

In the middle crust (20 km–40 km) (Figure 6B), the Tien Shan is
still depicted with relatively high velocities, meanwhile the velocity of
west Tien Shan is slightly lower than the east part. The margin of Tarim
Basin shows a high velocity trend gradually. Moreover, the northwest
part is evidently higher than the northeast. Kuqa Sag, located in the
northwest of the Tarim Basin, also shows a relatively high
velocity(~3.7 km/s) which is comparable to the Kazakh Platform;
however, the northeast of the Tarim Basin exhibits a relatively low
speed(~3.5 km/s).

In the lower crust (40 km-Moho) (Figure 6C), the high speed is
presented beneath the Tazhong Uplift and Junggar Basin (~4.2 km/s),
while the low speed is observed in the TienShan area, varying from
3.7 km/s to 3.9 km/s. We notice that the S wave speed shows a
significant variation across the Tien Shan from west to east.

In the uppermost mantle (Figures 6D, E), the basin areas still
remain high velocity feature (4.5 km/s–4.7 km/s), while the
mountainous region is characterized by continuously low speed
anomaly from mid-to-low crust to the upper mantle.

4 Discussion and conclusion

The Moho depths estimated from receiver functions are given in
Figure 5. The crustal thickness shows an inverse relation with

FIGURE 7
(A) Topography along Line AA’ is shown at the top. (B) Cross-section of S velocity along the Line AA’ for the crust (top) and for the uppermantle
(bottom). Inverted blue triangles represent seismic stations. Red dots delegate Moho depth from the receiver function.
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topography, reflecting general isostatic compensation of the
topography. The Moho in the study area varies sharply, and its
overall distribution shows the characteristics of thinness in the east
and thickness in the west. The crustal thickness in the inner part of the
contact zone between Junggar Basin and Tien Shan is about 51 km, and
the crustal thickness deepens from about 51 km to 54 km when it
extends from the inner part of the contact zone of Junggar Basin to the
inner part of Tianshan and reaches the front of TianshanMountain; the
crustal thickness in the contact zone between Tarim Basin and
Tianshan is about 48 km. (2) Figure 5B illustrates the variation of
the Vp/Vs. ratio of the crust across the study area. The Vp/Vs. ratios are
relatively highwith an average value of 1.9 in thewerst Tien Shan, where
thickened crusts are observed. In contrast, beneath the central orogen,
which also has a relative thick crust, the Vp/Vs. ratios are much lower,
with an average value of 1.73. The complex variation of crustal Poisson’s
ratio in the study area indicates the complexity of the crustal material
composition and significant inhomogeneous tectonics. (3) There is no
obvious correlation between the crustal thickness and Poisson’s ratio in
the whole study area.

In our study, we construct a 3-D velocity model obtained from the
joint inversion of Rayleigh wave dispersions and receiver functions. Our
results show that the middle-lower crust beneath the east Tien Shan is
delineated with a relative low velocity while a prominent high velocity
anomaly highlights in the upper mantle (Figures 7A, B), which has been
also revealed in previous researches (Xu et al, 2002; Zhao et al, 2003).
Zhao et al (2003) reported that the polarization directions of fast shear-
waves of the stations located at the Tarim Basin and Junggar Basin is
dominant N-S, aligning with the direction of impact extrusion
deformation between tectonic units, which indicates that the
lithospheres of the Tarim and Junggar basins have subducted
beneath the eastern Tien Shan. The relatively high velocity anomaly
in the upper mantle observed in this study also support the subduction
of Tarim Basin towards the eastern Tien Shan which leads to the uplift
of the orogenic belt.

The relatively low velocity beneath the west Tien Shan extends from
the middle-low crust to upper mantle continuously, which is generally
consistent with previous tomographic images (Friederich, 2003; Kufner
et al, 2016; Li et al, 2018). In the west Tien Shan, the high speed lid in the
upper mantle moves eastward into the deeper lithosphere, while the
west part is replaced by apparently low velocities. We suggest that the
orogeny and deformation beneath the east Tien shan are relatively weak
than in the west Tien Shan since the far-field effects of the India-
Eurasian collision diminish from west to east. The approximately NS-
trending low velocity zone of lower crust and the high velocity lid of
upper mantle vary with depths between east and west parts of Tien
Shan, implying the differences in tectonic activities and deformations
for eastern and western Tien Shan. The differences may be caused by
the different responses of western and eastern Tianshan to the India-
Eurasia collision. The intracontinental orogenic process of the whole
Tien Shan orogenic belt is not only limited to the crust and the low
velocity anolmaly in the upper mantle beneath west Tien Shan may be
caused by a small-scale convection due to the lithosphere delamination
and deformation.

Based on geological analysis, Molnar and Tapponnier (1975) stated
that the Tarim Basin is completely rigid and stable as a Paleozoic craton
basin above the Precambrian basement, which plays a role of stress
transfer in the process of the Tien Shan orogeny. The results in our
study show obvious heterogeneities in S wave velocities in the northern

Tarim Basin. In the upper mantle, we notice that an obvious low
velocity anomaly is distributed in the northwestern Tarim, suggesting
that the lithosphere of Tarim Basin may not be as stable as the craton
basin should be. Body wave images also found that there are significant
differences in velocity between the northern and southern parts of
TarimBasin (Xu et al, 2002). Qu et al (2013) speculated that theremight
be partial melting from the upper mantle which might be related to the
Permian lithospheric volcanism in this region. Therefore, we suggest
that in some ways the Tarim Basin may have been eroded by upwelling
hot material from the mantle.

In a summary, a detailed 3-D shear wave velocity structure in the
crust and upper mantle across the Tien Shan was derived by the joint
inversion of teleseismic P wave receiver functions with Rayleigh wave
phase velocity dispersion data in this study. A high-resolution image of
the crust and upper mantle structure could provide significant
tomographic evidence for a new analysis perspective to the dynamic
processes of the Tien Shan orogenic belt. Both the crust thickness and S
wave velocity structure of the Tien Shan and its adjacent regions display
obvious horizontal and vertical heterogeneities from west to east which
suggests that the far-field effects of the collision between Eurasian plate
and Indian plate plays an important role in the tectonic activity of the
Tien Shan. The apparent velocity heterogeneities beneath the northern
Tarim Basin may indicate that the Tarim Basin may have been eroded
and damaged by upwelling hot materials from the upper mantle.
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