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The crustal structure beneath Tien Shan belt was evaluated using teleseismic waveforms from 20 broad-
band stations and gravity modeling as well. The crustal thickness varies from 36 km to 68 km where the
crust thickens due north and the southwest of Tien Shan, while the central part has a thin crust. The area
of interest has Vp/Vs ratio of 1.81 ± 0.025, indicating a mafic crust, detached by Moho from the mantle.
Additionally, collision zone between Tien Shan and the Tarim Basin has the thickest crust and highest
U values. The average Moho sharpness, R (0.17), is comparable to that of the typical crust and decreases
due northwest. Stations east of the Talas-Fergana strike-slip fault show low Vp/Vs ratios and anomalously
thin crust of about 42 km, probably suggesting delamination of the lower crust. The average Bouguer
anomalies are large and negative, particularly near the stations in the southern part of Tien Shan where
the elevations are the highest. The study suggests these large negative values beneath Tien Shan are a
result of thickening of the lithosphere.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Tien Shan mountains belt is located in Central Asia and ori-
ented E-W. It has 2500 km long and 300–500 km width (Fig. 1)
with elevation of 7000 m (Molnar and Tapponnier, 1975). Recently,
Tien Shan belt have a considerable earthquake activity where
earthquakes with magnitudes greater than 8 have been recorded
in this century (Molnar and Deng, 1984; Deng et al., 2000). Bump
and Sheehan (1998) observed that earthquakes that take place in
southern Tien Shan are mainly shallow (10–20 km), whereas those
occurring on the northern side originate at depths of 40 km or dee-
per. Most earthquakes occur near the border fault zones and in the
active faults within the mountain belt (Avouac and Tapponnier,
1993). Therefore, Tien Shan is a great example and provides signif-
icant information concerning the deformation of mountain build-
ing. Tien Shan has always been a subject of debate among
scholars. Although several researchers investigate mantle struc-
ture, they have not studied the composition and structure of the
crust underneath (Tapponnier and Molnar, 1979; Vinnik and
Saipbekova, 1984; Lukk et al., 1995; Bump and Sheehan, 1998;
Zhiwei et al., 2009).

Vinnik and Saipbekova (1984) used arrival times to calculate P
wave travel-time residuals and concluded that there is a low wave
speed in the uppermost mantle underneath Tien Shan assuming
that the thickness of the crust varies linearly with mean elevation.
They found a crustal thickness ranging from 55 to 60 km, by using
data from 14 seismometers in central and western Tien Shan.
Vinnik et al. (2006) stated that the crustal thickness is greatest
(about 60 km) in the intersection of Tarim Basin and Tien Shan.
They also detected that the crust-mantle boundary in this region
changes rapidly because of an increasing thickness of lower crust.
They applied the receiver functions inversion of P- and S-waves
with teleseismic travel-time data. By applying the arrival time
tomography techniques, Zhiwei et al. (2009) declared the presence
of thin lithosphere (less than 100 km depth) underneath the cen-
tral part of Tien Shan and proposed the high wave-speed regions
broaden from the surface to a depth of 400 km, or even deeper.
Omuralieva et al. (2009) noticed a low-velocity zone due to the
flow of mantle upwelling.

Chen et al. (1997) have proposed that the Tien Shan may be
characterized by lithosphere activity. They came to this conclusion
based on the delay times of the Ps converted phases beneath the
region. Bump and Sheehan (1998) revealed the crustal thickness
ranges between 37 km and 60 km in north-central Tien Shan using
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Fig. 1. Location map of the Tien Shan and Tarim basin.

Fig. 2. Generalized geologic map of the Central Tien Shan and western Tarim Basin
(after Omuralieva et al., 2009). Thick and thin black lines are regional and main local
faults (courtesy of R. Mellors and S. Roecker). Dotted lines are approximate location
of ancient faults. Closed blue areas stand for lakes. Basins and ranges (dark blue
letters): ChB – Chu Basin, NB – Naryn Basin, AtB – Atbashi Basin, IK – Issyk Kul, KR –
Kyrgyz Range, KAT – Kungey Ala Too, TAT – Terskey Ala Too, KsR – Kokshaaltoo
Range, KTZ – Kelpintag Thrust Zone, BU – Bachu Uplift. Faults (green letters): NL –
Nikolaev Line, AIF – Atbashi-Ingylchek Fault, TFF – Talas-Fergana Fault. Subdivisions
within the Central Tien Shan (black letters): NTS – Northern Tien Shan, MTS –
Middle Tien Shan, STH – South Tien Shan.
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receiver function analysis. They used teleseismic events between
30� and 90� with magnitudes greater than 6.0. They also observed
that in general, the crust thickens with increasing elevation.
Deyuan et al. (2000) revealed a two-layer crustal structure, namely
the lower and upper crusts, based on deep seismic sounding
profiling.

This study provides the latest determination of the crustal
thickness (H), Poisson‘s ratio (r) and quantifies the sharpness of
Moho by stacking teleseismic P-to-S converted waves (PmS) and
their multiples (PPmS and PSmS). Here we report results of such
determinations using all the broadband seismic data archived at
the IRIS Data Management Center. Moreover, the gravity data used
to constrain the interpretations of the seismic data.
Fig. 3. Surface topography of the Tien Shan including the distribution of seismic
stations [blue triangles], earthquakes [red stars], and existing faults [green lines].
2. Regional geology and tectonics

Tectonically, the Tien Shan is situated between the active Tarim
Basin from the south and from north by stable Kazakh Shield
(Fig. 2). Tien Shan is dominated by an E-W trending structure with
10–15 mm/yr and 2–6 mm/yr reducing rate of southern and
northern Tien Shan respectively (Buslov et al., 2004). The current
topography is mainly a result of uplift in Cenozoic time in response
to the India-Eurasia collision (Burchfiel and Royden, 1991; Yin
et al., 1998). Strike-slip and normal fault types characterize most
of the Tien Shan area (Omuralieva et al., 2009). Geological studies
related to timing and sequences have proposed the distortion of
Tien Shan initiated 20 Ma after Indo-Asian collision
(Abdrakhmatov et al., 2002). Furthermore, geologists stated that
the Tien Shan has stayed tectonically inactive for most of the Late
Cretaceous and Cenozoic (Burtman et al., 1996).

The tectonic structure of the largest part of the Tien Shan was
formed in the late Paleozoic between the middle Carboniferous
and the Permian (Chang, 1959; Burtman 1975). Its basement was
assembled throughout a number of Palaeozoic addition procedures
associated with the closing of the Palaeo-Asian Ocean (Buslov et al.,
2001). Rocks of the Tien Shan were deformed in Late Paleozoic
when Tarim Basin collided with Siberia (Burrett, 1974; S�engör
et al., 1988; Windley et al., 1989). Igneous outcrops can be
observed over the north and east of Tien Shan, while the southern
and western parts of the Tien Shan consist of meta-sedimentary
rocks (Fig. 2) (Vinnik et al., 2002; Wang et al., 2004). The long per-
iod of stability and tectonic inactivity, throughout Late Cretaceous
and Cenozoic caused the incline of the topography and the
decrease of local relief (Burtman 1975; Bally et al., 1986). The
Talas-Fergana Fault Zone, a dextral strike-slip, divides Tien Shan
into NE and SW parts. Across Kyrgyz Tien Shan, the shortening in
rate ranges from 13 to 23 mm/yr (Abdrakhmatov et al., 1996).
The Tien Shan is divided into three major blocks; northern Tien
Shan, middle Tien Shan and southern Tien Shan.
3. Data

The used dataset through this study include teleseismic wave-
forms recorded by 20 broadband stations (Fig. 3). They were
requested from data management center at IRIS and were recorded
from August 1997 to August 2010 with epicentral distances
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ranging from 30� to 180� (Fig. 4). These data consist of three-
component seismograms with a clear P-wave arrival. The seismo-
grams were filtered between the frequency range of 0.05 Hz and
1.5 Hz and were converted into radial receiver functions by apply-
ing the technique of Ammon et al. (1990). The receiver functions
were examined visually and those with clear first P arrival were
used. Finally, more than 1424 radial receiver functions were
chosen.

4. Receiver function analysis

Receiver function analysis is a robust method used to determine
the Earth’s crustal structure. It utilizes the teleseismic waveforms,
recorded by three components seismometer, to image the crustal
structures beneath isolated seismic stations. The processing
sequence detects the crustal/mantle boundary through recognizing
P-to-S converted waves and their multiples from the Moho. Pri-
mary conversion (PmS or Ps) and multiple phases (PPmS, also
called PpPs and PSmS, also referred as PpSs) often be recognized.
The procedure of Zhu and Kanamori (2000) H-k stacking technique
was applied through this study, where H denotes the Moho depth
and U is Vp/Vs ratio. A series of depths, Hi, varies between 15 and
55 km for Afar and 35–75 km for Tien Shan with 0.1 km, and Uj

from 1.70 to 2.10 for Afar and 1.65 to 1.95 for Tien Shan, increases
of 0.0025 were used. The moveouts of PmS, PPmS, and PSmS were
estimated for each (Hi, Ui) following Nair et al. (2006) method. The
following Eqs. (1)–(4) were used for PmS, t1(i,j) estimation;

tði;jÞ1 ¼
Z 0

�Hi

½
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where p represents P-wave ray, Hi refers the depth discontinuity, Uj

denotes Vp/Vs, and Vp(z) is the velocity of P wave at depth z.
Moveouts, t2(i,j) of PPmS assessed by:

tði;jÞ2 ¼
Z 0

�Hi

½
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðVpðzÞ=ujÞ�2 � p2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VpðzÞ�2 � p2

q
�dz ð2Þ

and those of PSmS, t3(i,j), were:
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Fig. 4. Locations of the events used in the Tien Shan.
For each station, the receiver functions were stacked as:

AðHi;ujÞ ¼
Xn
k¼1

w1Skðtði;jÞ1 Þ þw2Skðtðt;jÞ2 Þ �w3Skðtði;jÞ3 Þ ð4Þ

The weighting factors w1, w2, and w3 in this study were set for
both areas to 0.5, 0.3, and 0.2, respectively. A reference crustal
velocity Vp(z) of 6.3 km/s was chosen for the Afar Depression and
Tien Shan. To estimate the standard deviations of the resulting
parameters, the bootstrap method (Efron and Tibshirani, 1986)
has been applied in this study.
5. Results

The H-k stacking technique was applied to stack all the radial
receiver functions recorded by the 20 stations. The results were
categorized into two groups based on the quality of the H-k plots.
Category A display stations with strong single peak and conse-
quently H and k are identified. However, category B stations show
clear PmS, but not PPmS or PSmS, and therefore an optimal pair of
(H, U) cannot be determined. The crustal thickness (Hn) has been
estimated with U of 1.80, which is approximately the mean U of
Category A stations in the study area. Most receiver functions dis-
play a comprehensible peak of H-k plot and thus both H and U can
be determined with great confidence for A stations. Category A sta-
tions include (ARA, KAZ, DGE, KARL, TERE, KASH, HARA, WUS, KSA,
and AKSU) where majority of stations within this group presents
precise crustal thickness. The crustal thickness underneath these
stations ranges from 36.1 km (KAZ) to 68 km (HARA). The values
of U ranges from 1.724 at DGE to 1.85 at HARA. The R-value ranges
from 0.098 (AKSU) to 0.336 (KASH). While category B stations
include (AML, AAK, KAI, ULHL, ANA, AHQI, KENS, KOPG, KAR, and
POGR). The stations are described by crustal thickness in the range
of 46 km (KAI and KOPG) to 65.7 km (ANA) and R values between
0.084 (ULHL) and 0.267 (KOPG).

The crustal thickness varies in a range from 36 km (east of the
Talas Fergana fault) to about 68 km (northwestern corner of the
Tarim Basin) (Fig. 5). The crust thickens in the north and the south-
west side of Tien Shan, while the central part has a thin crust. The
crustal thickness beneath KAZ is among the smallest in the region
(36.1 km), but the U = 1.84 and R = 0.281 measurements are close
to the average value for the entire study area. The northwestern
corner of the Tarim Basin, beneath HARA, shows the thickest crust,
Fig. 5. Resulting crustal thickness (H) and Bouguer gravity anomalies (background)
for the Tien Shan. Circles represent stations with a smaller thickness and pluses
represent stations with a larger thickness. Solid symbols are category A stations and
dotted ones are the category B stations.



Fig. 6. Resulting crustal Vp/Vs (U) for category A stations for the Tien Shan.

Fig. 7. Resulting ratio (R) of the stacking amplitude corresponding to the optimal
pair of (H, U) over that of direct P-wave on the radial component for the Tien Shan.
R is calculated for all the stations.
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highest U, and average R-values. In most cases, the crustal thick-
ness values increase from north to south with increasing elevation.
ARA, DGE, KARL, HARA, and KSA show a well-defined crustal thick-
ness and normal Moho amplitude. The Moho can be clearly notice-
able even on individual receiver functions. Most of the stations in
this study show well pronounced PmS.

The resulting Vp/Vs values range from 1.72 to 1.85, with a mean
of 1.81 ± 0.025 (Fig. 6). The northwestern corner of the Tarim basin
has the highest values at 1.81–1.85. The largest U values (1.85) in
the study area are found beneath the northwestern corner of the
Tarim basin HARA. The regions of thickened crust show high value
of Vp/Vs. The amplitude ratio R-values have a mean of 0.14 with a
range of 0.084–0.336, with KASH showing the highest amplitude
value of R = 0.336 at the northwestern corner of the Tarim basin.

Some of the PmS amplitudes are unusually large at stations
KAZ, DGE, KASH, and KOPG, which might be indicative of the pres-
ence of other multiple interfering arrivals. In general, our results
show that R-value decreases gradually towards the northwest
(Fig. 7). The R-values observed in stations AAK, AML and ARA
located at the northwest corner of the area are among the lowest.
The amplitude ratio shows changeable Moho across Tien Shan.
6. Discussions

The crustal thickness determined from the method of receiver
function analysis in this study shows an average of 53 km. The
crustal thickness varies from 36 km easting of Talas Fergana Fault
to 68 km in the northwestern corner of Tarim Basin. It was
observed that the crust is much thicker in the north and the south-
west; however, it is quite thin in the central part of Tien Shan.
Bump and Sheehan (1998) used receiver functions analysis and
obtained measurements of crustal thickness at AAK and AML. They
observed large variations with back azimuth at AAK and minimal
changes in depth with back azimuth at AML. In general, there are
increasing in the crustal thickness southward with increasing ele-
vation. Northwestern corner of the Tarim Basin (HARA) shows the
thickest crust, highest U, and average R-values. The crustal thick-
ness beneath KAZ is among the smallest (36.1 km), U (1.84) and
R (0.281). ARA, DGE, KARL, HARA, and KSA stations show a well-
defined crustal thickness.

The results of the crustal thickness for AAK and AML are close to
the results of Bump and Sheehan (1998). They found that the crus-
tal thicknesses beneath these two stations are 51 km and 60 km
respectively (Table 1). The H measurements, from this study, are
correlated well with those obtained by Bump and Sheehan
(1998), with a difference of a few kilometers. The largest crustal
thickness (68 km) is found in the Tarim-Tien Shan junction zone
and is possibly under-thrusting.

The Vp/Vs distribution in this study is, in fact, reasonable all over
the study area. Stations TERE, HARA, and KASH at the northwestern
corner of the Tarim Basin have high values of Vp/Vs up to 1.85, with
the highest in the entire study area at HARA (1.85). It seems that
the observed U values in this area, to some extent, are related to
crustal thickness. For example, the crust beneath HARA has the
highest values of U and H. Most of the category A stations have
high values of Poisson’s ratio ranging from (0.24–0.29), indicating
the presence of intermediate mafic components in the crust.

The results of this study suggest variations in the stacking
amplitude (R) beneath the stations. The average resulting R
(0.17) is similar to that of typical crust and decreases towards
the northwest. The Moho depths at AML, ARA, and KAI, located
at the east of the Talas Fergana fault, appear to be a relatively con-
stant depth. From TERE through KASH, the Moho depth increases
towards the junction zone between Tarim Basin and southern Tien
Shan, indicating that the Moho is deepening and agreeing with a
previous study by Vinnik et al. (2004).

Gravity data shows that the average Bouguer anomalies are
large and negative, particularly near the stations in the southern
part of Tien Shan where the elevations are the highest. Burov
et al. (1990) explained the large negative values because of the
flow in the asthenosphere that pulls Tien Shan down causing deep-
ening of the Moho. The results of this study support what they
found. They assumed that the local isostatic compensation is
nearly complete and concluded that Tien Shan differs from the sur-
rounding region in terms of deep structure. The results of the grav-
ity inversion done by Bratfisch et al. (2010) indicated that Tien
Shan has a mountain root with a thickness of about 70 km. They
observed that the Moho is shallow under the basin and the crust
thickness is homogeneous at a small scale. Here we observed that
the eastern Tien Shan Bouguer gravity anomalies are too small
compared to the western side. The large negative gravity anoma-
lies over Tien Shan would be clarified by the sinking of the litho-
sphere root caused by normal stresses resulting from the flow in
the asthenosphere. It is assumed that the large negative Bouguer
gravity anomalies beneath Tien Shan are due to the thickening of
the lithosphere.



Table 1
Table of comparison with previous crustal thickness results for the Tien Shan.

Station Lat. (North) Long. (East) Elevation (m) Crustal thickness (km) Reference

AAK 43.72 74.49 1687 51 Bump & Sheehan (1998)
50 Vinnik et al. (2004)
43 Vinnik et al. (2006)
57 This study

AML 42.08 74.69 3400 60 Bump & Sheehan (1998)
62 Vinnik et al. (2004)
56 Vinnik et al. (2006)
57 This study

ARA 41.85 74.33 1484 50 Vinnik et al. (2004)
53 Vinnik et al. (2006)
53 This study

DGE 40.99 74.47 2941 45 Vinnik et al. (2004)
46 Vinnik et al. (2006)
50 This study

KAI 41.57 75.01 2016 56 Vinnik et al. (2004)
53 Vinnik et al. (2006)
46 This study

POGR 41.02 75.55 2357 55 Vinnik et al. (2004)
51 Vinnik et al. (2006)
55 This study

ULHL 42.25 76.24 2040 53 Vinnik et al. (2004)
52 Vinnik et al. (2006)
54 This study

KASH 39.52 75.92 1310 57 Vinnik et al. (2004)
60 Vinnik et al. (2006)
62 This study

HARA 40.17 76.84 1585 65 Vinnik et al. (2004)
64 Vinnik et al. (2006)
68 This study

KSA 41.54 77.93 3398 58 Vinnik et al. (2004)
56 Vinnik et al. (2006)
55 This study

KENS 42.32 79.24 2805 55 Vinnik et al. (2004)
53 Vinnik et al. (2006)
59 This study

WUS 41.20 79.22 1457 51 Vinnik et al. (2004)
53 Vinnik et al. (2006)
52 This study

KOPG 40.51 79.04 1114 61 Vinnik et al. (2004)
54 Vinnik et al. (2006)
46 This study

AKSU 41.14 80.11 1109 44 Vinnik et al. (2004)
46 Vinnik et al. (2006)
47 This study
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7. Conclusions

The study area is characterized by large Vp/Vs of 1.81 ± 0.025
and large overall stacking amplitude of the P-to-S converted
phases beneath most stations, suggesting a mafic crust, which is
separated from the mantle by a sharp Moho. Central Tien Shan is
mostly different from southern and the northern parts in terms
of crustal thickness and Moho sharpness. Additionally, the collision
zone between Tien Shan and Tarim Basin has the thickest crust and
highest U values. The thickest crust of 68 km recorded below
Tarim Basin. Distribution of earthquakes suggests that this area
is among the seismically most active in Tien Shan. In most cases,
crustal thickness increases from north to south, with increasing
elevation. The average resulting R (0.17) is similar to the typical
crust and decreases towards the northwest. Stations east of the
Talas-Fergana strike-slip fault show low Vp/Vs ratios and anoma-
lously thin crust of about 42 km, probably suggesting delamination
of the lower crust. The average Bouguer anomalies are large and
negative, particularly near the stations in the southern part of Tien
Shan where the elevations are the highest. The study suggests
these large negative values beneath Tien Shan are a result of thick-
ening of the lithosphere.
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