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Abstract Uplifting mechanisms for the Tien Shan, an active intracontinental orogenic belt, have been
under debate for decades, a key issue being how the convergence has been accommodated at depth.
Here we investigate the Moho structure across the Central Tien Shan by common-conversion-point
imaging and H-k-c stacking of receiver functions from a dense array. The observed Moho exhibits
distinct characteristics among subblocks. A southward-dipping diffuse Moho is imaged in the
South-Central Tien Shan (SCTS), in contrast with the relatively flat and sharp Moho beneath the Tarim
Basin. This feature along with the large Moho offset beneath the South-Boundary Fault suggests that the
shortening and thickening of the Tien Shan crust rather than the underthrusting of the Tarim Basin are
responsible for the uplift of the SCTS. In the North-Central Tien Shan, however, the imaged Moho
doublet provides direct evidence for the underthrusting of the Kazakh Shield accommodating the
convergence there.

Plain Language Summary The formation of the Tien Shan mountains, situated ~1,500 km north
of the plate boundary between India and Eurasia, has puzzled scientists for decades. Tectonic activities at
depth could deform and thus leave footprints on subsurface interfaces such as the crust-mantle boundary
(Moho). In this study, we reveal distinct Moho structure in the southern and northern parts of the Central
Tien Shan through analyses of seismic records, suggesting different mountain building processes in the two
regions. The strong Tarim Basin to the south squeezes the weak South-Central Tien Shan mass just as a
wooden block squeezes plasticine. The Kazakh lower crust in the north, on the other hand, underthrusts
beneath the North-Central Tien Shan. The combined effects of the two processes lead to the rapid growth of
the present-day Tien Shan.

1. Introduction

The Tien Shan, one of the largest and most active intracontinental orogenic belts on Earth, has undergone
tectonic uplift since 20-25 Ma (Sobel & Dumitru, 1997; Yin et al., 1998) in response to the collision between
India and Eurasia (Molnar & Tapponnier, 1975). Deformation is distributed pervasively across the moun-
tains, accommodated by active thrust faults on the edge of and within the belt (Thompson et al., 2002;
Zubovich et al., 2010). Geographically, the Central Tien Shan is bounded by two stable tectonic units, the
Tarim Basin to the south and the Kazakh Shield to the north, and can be divided into three segments: the
North-Central Tien Shan (NCTS), the Middle-Central Tien Shan (MCTS), and the South-Central Tien
Shan (SCTS) based on Paleozoic fault zones (Figure 1).

The high relief in the Tien Shan mountains is the product of compressional tectonics; however, it remains an
enigma regarding the geodynamic processes at depth, which are responsible for this surface reconstruction.
Several hypotheses have been proposed based on geophysical findings. The underthrusting of the Tarim and
Kazakh lithosphere beneath the Tien Shan has been suggested by high-velocity anomalies in the upper man-
tle (Koulakov, 2011; Lei, 2011; Lei & Zhao, 2007), thickened mantle transition zone (Chen et al., 1997; Tian
et al., 2010; Yu et al., 2017), and wave speed reversal in the lower crust (Gilligan et al., 2014; Sychev
et al., 2018). However, the northward underthrusting of the Tarim Basin has been questioned by a deep
seismic-reflection profile in the Central Tien Shan (Gao et al., 2013) and a receiver function (RF) investiga-
tion in the Eastern Tien Shan (Li, Zhang, et al., 2016). Interestingly, recent studies also show no clear evi-
dence for the southward underthrusting of the Tarim Basin beneath the Tibetan Plateau (Bao et al., 2015;
Kao et al., 2001; Yang & Liu, 2002).
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Figure 1. Topography map of the Central Tien Shan. Black thin lines show major fault zones and sutures separating main tectonic segments: the North-Central
Tien Shan (NCTS), the Middle-Central Tien Shan (MCTS), and the South-Central Tien Shan (SCTS). Stations are marked as triangles with the ones shown in
Figures 2, S1, and S2 labeled or colored in yellow. Line A-A’ shows the projected profile in Figure 3. The top right inset illustrates the back-azimuthal distribution of
teleseismic events (purple: MANAS, yellow: KRNET, green: GHENGIS, and red: KNET) whereas the top left panel shows the study area in a larger scale. Blue
arrows denote GPS velocities relative to Eurasia (Zubovich et al., 2010). Beach balls show focal mechanisms for large earthquakes (My, > 5.5) since 1976 (Ekstrom
et al., 2012) where event depths are indicated by different colors (red: 0-20 km, orange: 20-50 km, and pink: 50-150 km).

Structural information on subsurface interfaces, such as the Moho, is a good indicator of deformation
and dynamics at depth. Previous studies suggest that the depth of the Moho varies significantly across the
Tien Shan, ranging from 45 to 75 km (Bump & Sheehan, 1998; Gilligan et al., 2014; Kumar et al., 2005; Li,
Shi, & Gao, 2016; Steffen et al., 2011; Vinnik et al., 2004). However, due to limited resolution and sensitivity
of the utilized methods and/or data, the detailed morphology of the Moho beneath the Tien Shan remains
unclear. In order to evaluate the abovementioned hypotheses and deepen our understanding of the orogenic
processes in the Tien Shan, RFs derived from an orogen-perpendicular array of closely spaced seismograph
stations are used to image the Moho with unprecedented details, offering fresh insights into the deformation
patterns of compressional intracontinental orogens.
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2. Data and Methods

Data used in this study are mainly from a dense passive-source seismic array of the Middle AsiaN Active
Source project (Makarov et al., 2010). This deployment consisted of 40 broadband seismograph stations
along a NNW-SSE trending profile across the Central Tien Shan with an interstation spacing of ~10 km
(Figure 1). To better image the Moho interface, the Middle AsiaN Active Source data are supplemented with
seismograms from KNET, KRNET, and GHENGIS networks. We select teleseismic events with good
signal-to-noise ratios, magnitudes > 5.5, and epicentral distances between 30° and 95°, and remove
free-surface effects from three-component seismograms using the wave-vector method (Reading et al., 2003;
Svenningsen & Jacobsen, 2004). Then, we calculate radial RFs using the time-domain iterative deconvolu-
tion approach (Ligorria & Ammon, 1999), which applies a Gaussian low-pass filter to suppress
high-frequency noise (>1 Hz). All the RFs with good fit (>70%) are visually inspected in FuncLab (Porritt
& Miller, 2018). A total of 9,247 RFs (corresponding to 1,223 teleseismic events) are finally obtained, which
provide an overall good coverage in both distance and azimuth of the analyzed data (Figure 1). Supporting
Information Figure S1 plots the waveforms of RFs of several representative stations.

To obtain detailed morphology of the Moho discontinuity, an image section for Profile A-A’ is constructed by
the common-conversion-point (CCP) stacking technique (Zhu et al., 2006). Every amplitude on the RFs is
assumed to be generated by a P-to-S conversion on a seismic discontinuity and projected into the depth
domain along the theoretical ray path determined using the CRUST 1.0 model (Laske et al., 2013). The exis-
tence and properties of seismic discontinuities are detected based on the conversion amplitudes that depend
on the magnitudes and signs of velocity contrasts.

We also estimate crustal thickness (H) and Vp/Vs ratio (k) at each station using a modified H-k stacking
scheme with harmonic corrections (H-k-c) (Li et al., 2019; Zhu & Kanamori, 2000). The algorithm resolves
and removes the degree-1 and degree-2 back-azimuthal harmonic variations of Moho Ps and two crustal
multiples and then performs the traditional H-k scheme on the harmonic-corrected RFs to calculate the opti-
mal solution of H and k. Standard deviations are estimated using the bootstrapping resampling technique
(Efron & Tibshirani, 1986). In such a highly deformed orogenic belt, the traditional H-k method often suffers
from severe trade-off and multiple peaks on the energy maps. The H-k-c scheme, on the other hand, reduces
the ambiguity on the energy maps by removing the back-azimuthal effects of anisotropic media and dipping
interface on the three phases, thus generating more robust measurements of H and k (Figure S2). An exam-
ple of H-k-c analysis at station XP-KKTM is shown in Figure 2.

3. Results

The most prominent feature in the CCP image (Figure 3c) is the lateral variation of Moho conversions
between 30- and 70-km depth, which is also evident in Figure 3b between 5 and 9 s. The Moho morphology
correlates well with major tectonic segments across the profile. In the southern margin of the Kazakh Shield,
the Moho conversions appear at approximately 45-km depth and plunge into the southern margin of the
NCTS at a low angle. The Tien Shan Moho can be divided into three segments based on its geometry and
sharpness, corresponding to the division of the mountains. The NCTS is characterized by Moho doublet with
the Kazakh lower crust underthrusting beneath the Tien Shan. The apparent “gap” of the underthrusted
Kazakh Moho conversions beneath the center of the NCTS is probably caused by small-scale heterogeneities
of the crust (Figure S3), and the Kazakh lower crust likely extends beneath the whole NCTS. The Moho con-
versions in the MCTS are strong and relatively flat at approximately 46-km depth while those in the SCTS
gradually become diffuse and dip southward to 65- to 70-km depth. Further south, an offset of Moho appears
beneath the South-Boundary Fault (SBF) with the Tarim Moho lying at approximately 50-km depth.
Intracrustal positive conversions in the Kazakh Shield (~19 km) and the Tarim Basin (~28 km) indicate
two-layered crust in both regions. No explicit conversions associated with intracrustal discontinuities are
observed in the mountainous Tien Shan.

We obtain 49 reliable measurements (Table S1) of crustal thickness and Vp/Vs ratio from H-k-c analysis.
Four stations are discarded due to large back-azimuthal gaps or unreasonable results compared to adjacent
stations. The crustal thicknesses show significant variations along the profile, ranging from 44 to 70 km with
an average of 54 km (Figure 3c). The deepest Moho is observed at station XP-KORU in the SCTS while the
shallowest is located at station XP-CHIC in the southern margin of the Kazakh Shield. The resulting Moho
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Figure 2. An example of H-k-c analysis at station XP-KKTM. (a-c) Best-fit harmonic fitting curves with cos6 and cos26 functions, search results of harmonic
parameters, and energy maps showing the optimal harmonic parameters for the three phases (Ps, M1(PpPs), M2 (PpSs + PsPs)). Uncertainties are shown by
99% contour lines on the energy maps. The good alignment of the best-fit harmonic curves and the three phases ensures the removal of harmonic effects, arising
particularly from crustal anisotropy and dipping Moho. (d) Top: energy map showing the optimal crustal thickness and Vp/Vs ratio. Bottom: stack of
harmonic-corrected receiver functions. The green, blue, and red symbols indicate the Ps, M1, and M2 phases, respectively.
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Figure 3. (a) Surface relief along profile A-A’. Major tectonic segments separated by faults or sutures are labeled (TB: the Tarim Basin, SCTS: the South-Central
Tien Shan, MCTS: the Middle-Central Tien Shan, NCTS: the North-Central Tien Shan, KS: the Kazakh Shield, SBF: South-Boundary Fault, AIF:
Atbashi-Ingylchek Fault, NL: Nikolaev Line, and NBF: North-Boundary Fault). (b) Stacked receiver function image obtained by binning and stacking the
moveout-corrected receiver functions according to their piercing locations at Moho depths, which are determined by the CRUST 1.0 model (Laske et al., 2013).

Moho Ps conversions with

lateral variations are explicitly observed between 5 and 9 s. (c) Image showing the CCP results. Red and blue colors show positive

and negative amplitudes, respectively. Moho depths obtained by H-k-c analysis are marked by yellow circles, consistent with the Moho conversions from CCP
analysis. Black dashed lines denote the preferred Moho geometry, which show significant variations in different tectonic segments. (d) Vp/Vs ratio measurements
from H-k-c analysis. Uncertainties are marked by black bars.

depths generally agree with the Moho conversions in the CCP image (Figure 3c), which enhances the
credibility of the imaged Moho structure. The H-k-c-based Moho correlates with the deeper conversions
of the Moho doublet in the NCTS, suggesting larger velocity gradient at the Kazakh Moho depth. The
Vp/Vs ratio measurements vary from 1.61 to 1.90 with a standard deviation of 0.03 (Figure 3d). The Tarim
Basin and the Kazakh Shield are characterized by high Vp/Vs ratios (~1.80) likely due to the thick
sediments, whereas the average Vp/Vs ratio of the Tien Shan is ~1.75, suggesting limited occurrence of
partial melt in the crust.

4. Discussion

Although previous studies inferred similar variations of the Moho depth beneath the Central Tien Shan
(Gilligan et al., 2014; Li, Shi, & Gao, 2016; Makarov et al., 2010; Vinnik et al., 2004) as we describe above,
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our CCP image illuminates the geometry of the Moho with more details, such as the Moho offset beneath the
SBF and the Moho doublet beneath the NCTS, which provides fresh insights into the orogenic processes of
the Tien Shan.

The northward subduction of the Tarim lithosphere has been supposed to account for the thickened crust
and uplift in the SCTS (Gilligan et al., 2014; Makarov et al., 2010; Vinnik et al., 2006). However, our CCP
image (Figure 3c) shows distinct Moho structure in the SCTS and the Tarim Basin. The SCTS Moho conver-
sions are diffuse and dip southward while the Tarim counterparts are relatively flat and sharp. Based on this
feature as well as the large Moho offset beneath the SBF, we conjecture that the underthrusting of the Tarim
Basin is unlikely the dominant collisional process between the Tien Shan and the Tarim Basin. This inter-
pretation is in agreement with a deep seismic-reflection profile (Gao et al., 2013), which suggests that thrust
faults and décollements beneath the northernmost Tarim Basin are confined above the cratonic crystalline
basement at approximately 24-km depth, equivalent to the upper-lower crustal interface shown in Figure 3c.

We suggest instead that the shortening and thickening of the SCTS crust are responsible for the high relief
there. The Tarim Moho is well preserved during the orogenic processes while the SCTS crust, on the other
hand, experiences intense deformation (Figure 3c). Such distinct responses to compressional tectonics
may be controlled by the large lithospheric strength contrast between the SCTS and the Tarim Basin
(Bagdassarov et al., 2011; Flesch et al., 2001). The northward subhorizontal indentation and obstruction of
the strong Tarim lithosphere have resulted in the thickening of the SCTS crust and its uplift. Some
Paleozoic faults originating during the Paleozoic Tarim-Tien Shan collisional event (Simonov et al., 2008)
may also be reactivated during this orogenic process, thus forming the active Keping fold-thrust belt in
the northern margin of the Tarim Basin.

The Moho doublet in the NCTS (Figure 3c) provides direct evidence for the low-angle southward under-
thrusting of the Kazakh lower crust contributing to the uplift there. This inference is also supported by sev-
eral body wave tomography investigations (Koulakov, 2011; Lei & Zhao, 2007), which indicated that the
Kazakh lithosphere dips southward to approximately 200-km depth beneath the Tien Shan. The lower crus-
tal conversion at depths between 30 and 40 km beneath the NCTS corresponds well to the high-velocity layer
revealed by joint inversion of surface wave dispersion and RFs (Gilligan et al., 2014; Li, Shi, & Gao, 2016).
The high-velocity lower crustal layer beneath the NCTS may be due to mafic/ultramafic composition (Li,
Shi, & Gao, 2016), pressure increase, and/or partial eclogitization of the underthrusted Kazakh lower crust.
It is noteworthy that a recent RF image also revealed that the southward underthrusting of the Junggar Basin
beneath the Eastern Tien Shan (Li, Zhang, et al., 2016), indicating that the southward underthrusting of the
adjacent stable terranes beneath the Northern Tien Shan has played an important role in the uplift of the
northern part of the mountains.

Relatively flat Moho and low surface relief in the MCTS suggest that this region has experienced minor
deformation in the Cenozoic in comparison with the NCTS and SCTS, thus forming the sedimentary basin.
Sparse seismicity in the interior of the Naryn Basin (Engdahl et al., 1998) also confirms the stability of the
MCTS crust. Magnetotelluric and RF studies (Bielinski et al., 2003; Oreshin et al., 2002; Vinnik et al., 2006)
revealed the high strength of the MCTS mantle lithosphere based on its high resistivity and high velocity,
which was interpreted as an ancient platform remnant. This strong lithospheric lid could transfer stress from
SCTS to NCTS and block potential upwelling mantle flow, thus protecting the overlying crust from
considerable deformation.

Quantitative estimates of the Cenozoic shortening in the Central Tien Shan have mainly focused on the
SCTS-Tarim foreland (Heermance et al., 2008; Scharer et al., 2004) while the cumulative shortening esti-
mates (Avouac et al., 1993; Li, Zhang, et al., 2016; Makarov, 1995) across the mountains exhibit considerable
discrepancy ranging from 50 to 203 km with large uncertainties. The morphology of the Central Tien Shan
Moho shown in Figure 3c can be used to estimate the amount of crustal shortening. In detail, ~110 km of the
shortening is accommodated by the Moho overlap in the NCTS while ~20 km is absorbed in the SCTS by
crustal thickening if we assume the original crustal thickness equals to that of the weakly deformed
MCTS. Geodetic studies (Abdrakhmatov et al., 1996; Zubovich et al., 2010) suggested that the Tarim Basin
converges with the Kazakh Shield at ~20 mm year™", which is significantly higher than the average short-
ening rate of ~6 mm year ' estimated from the total Cenozoic shortening amount of ~130 km, indicating
a recent acceleration of deformation. This inference is in agreement with the pulsed deformation since
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the Late Miocene in the NCTS (Bullen et al., 2003) and pre-Miocene shortening rate of ~3 mm year™" across
the Tien Shan (England & Molnar, 2015).

5. Conclusions

In this study, high-resolution Moho structure across the Central Tien Shan is obtained using RF techniques
and can be divided into three segments. The diffuse and southward-dipping Moho conversions are imaged in
the SCTS with a large offset from the flat Tarim counterpart beneath the SBF. The relatively flat Moho at
approximately 46-km depth and the Moho doublet are observed in the MCTS and NCTS, respectively. A total
crustal shortening of ~130 km is estimated by the imaged Moho morphology. The new information about the
Moho structure provides constraints on the crustal deformation pattern of the Central Tien Shan. We suggest
that the shortening and thickening of the SCTS crust and the underthrusting of the Kazakh Shield are the
dominant orogenic processes in the southern and northern parts of the Central Tien Shan, respectively.
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