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Abstract: The mechanisms causing the uplifting of the Tien Shan, one of the largest and most active intracon-
tinental orogenic belts on Earth, have been vigorously debated for decades. Seismic investigation is a fundamental
tool used for deep structural exploration and is key to understanding continental geodynamics. As such, in this
study, we reviewed the recent research progress on the crustal and upper-mantle structures of the Tien Shan and the
remaining controversies. The results showed that the Tien Shan and adjacent basins exhibit contrasting structural
and physical properties from the crust down to the upper mantle in various aspects, such as crustal thickness, Moho
morphology, mantle transition-zone thickness, seismic velocity, and seismic attenuation. The mountainous areas
have complex crustal seismic anisotropy patterns, whereas orogen-parallel anisotropic fabrics dominate at upper
mantle depths. Low-velocity anomalies pervasively exist in the mid-lower crust and uppermost mantle of Tien
Shan. Taken together, these observations provide evidence of the important roles played by intracontinental subduc-

tion and mantle upwelling in Cenozoic orogenesis of the Tien Shan. However, further development of our under-
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standing of the geodynamics in Tien Shan has been hindered by the low imaging resolution of seismic anisotropy,
lithosphere-asthenosphere boundary, and mantle transition zone in eastern Tien Shan. And some important geo-
physical parameters and their implications are still far from being well-understood. Future deployment of dense
temporary seismic arrays in the eastern Tien Shan and joint inversion of multiple and complementary geophysical
data will considerably increase the resolution of seismic models and ultimately enhance our knowledge of geody-
namic evolution in compressional intracontinental orogens.

Keywords: Tien Shan; crustal and upper-mantle structure; seismic anisotropy; intracontinental orogenesis
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Fig. 1 Tectonic map of Tien Shan and surrounding areas. Gray solid lines show major fault traces from Styron and Pagani (2020).
Red dashed lines mark locations of Talas-Fergana fault and 80° E, which are boundaries between different segments of Tien
Shan. Gray circles show distribution of large earthquakes (M>5) that have occurred since 1964. Orange arrows denote GPS
velocities relative to Eurasia (data from Gan et al., 2007; Zubovich et al., 2010)
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Fig. 2 Crustal thickness and isostatic gravity anomaly of Tien Shan and its surroundings. (a) Crustal thickness measurements from
receiver-function studies interpolated using Kriging method (compiled from Bump and Sheehan, 1998; Vinnik et al., 2006; Li
et al., 2007; Chen et al., 2010; Liu et al., 2011; Schneider et al., 2013; He C et al., 2014; He R et al., 2014; Tang et al., 2014; Li
Y et al., 2016; Zheng et al., 2016; Wu et al., 2018; Schneider et al., 2019; Zhang et al., 2020; Cai et al., 2021; Xu et al., 2021;
Cheng et al., 2022; Cui et al., 2022). (b) Airy isostatic gravity anomaly (modified from Zhang et al., 2020). (c) Vening-
Meinesz isostatic gravity anomaly (modified from Zhang et al., 2020)
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Moho morphology of central Tien Shan (modified from Zhang et al., 2020). Seismic stations are marked as black inverted tri-

angles. Yellow circles denote Moho depth measurements from a stacking and grid search scheme on receiver functions (H-«-
¢); black dashed lines show preferred Moho geometry from CCP image
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Fig. 4 LAB morphology and MTZ thickness beneath central Tien Shan. (a) LAB morphology constrained by S-wave receiver-func-

tion imaging (modified from Kumar et al., 2005). Blue circles are earthquake hypocenters within a 100 km wide zone along
the seismic profile. Background S-wave velocities are based on surface-wave tomography images reported by Friederich
(2003). (b) Smoothed spatial distribution of MTZ thickness constrained by P-wave receiver-function imaging (modified from
Yu et al., 2017). Black lines are major active faults. Open circles show locations of bins used during backprojection of receiver

functions
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Fig. 5 Upper-mantle seismic anisotropy of Tien Shan and its surroundings. (a) SKS/SKKS anisotropy targeting both crust and upper

mantle (compiled from Silver and Chan, 1991; Makeyeva et al., 1992; Vinnik et al., 1992; Helffrich et al., 1994; Wolfe and
Vernon III, 1998; Barruol and Hoffmann, 1999; lidaka and Niu, 2001; Chen et al., 2005; Li and Chen, 2006; Jiang et al., 2010;
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AP B T 1 R Ll 1 s o] BE AN BT (Vinnik et
al., 2002, 2007; Chen et al., 2005) . Pms 72445 B [
WeT Gl R 7 M A R A5 ) e P A, — TR )
Kl Bt MANAS I £k 1) SKS/SKKS F1 Pms 43 %4
W g R ER (K 6a), KilihFe & i) 5 i 4 i
(45 0.6s), HIELT SKS/SKKS AL 1.0 s (K5
ZLW ), 2 WK Il b X b 5% e A B AR TR S
SKS/SKKS 73 % HA Byt (Zhang et al., 2022) .
LI LRI 38 7~ T R 45 1) Stk 5 0 (A 1) 22 S
A R L BASPAT LUK 1] PR DR 3B O 4 7 100 R i, )
I3 B 1) R 32 Bl 110 28 T DR L A Bl (1 4 B
PIASTE s AR L R b 7 45 i e 1k R R I S5 %
HUR—PEBE sl R 7 10 PAT, AT RES A 5l T 5%
T [ 0 e | ) 1 SR BY D) AR TE A G (Zhang et al.,
2022) .
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Ko Rl MABXHIMTEH mtE. (a) Hlpd 3 Pms 73 RGOS & ) S 0E 20 AT (220 H Zhang et al., 2022) . RFRH
7 1) RV P PR A N 73 5l 2 7= PR B U708 i 9 75 1) A R M 38 7 284S T, 6 0 Sk 2 7R S M e K K- N ) 7 1) (Heid-
bach et al., 2018), B EL R R R ILKER. (b) MR S P/ 2R B Fe & i etk o0 A CREA Bl
FIT R, 2017; Li et al., 2021) . FEHERI 7 [0 T BT 3R 77 1f)
Fig. 6 Crustal seismic anisotropy of Tien Shan and its surroundings. (a) Pms anisotropy targeting the crust (modified from Zhang et

al., 2022). Fast-polarization axis and amount of splitting are indicated by bar line orientation and circle size, respectively.
Orange arrows indicate maximum horizontal compressional stress direction (Heidbach et al., 2018). Dashed lines in rose dia-
grams denote strike of Tien Shan. (b) Local S-wave anisotropy targeting upper crust (compiled from Bao and Gao, 2017; Li et
al., 2021). Fast-polarization axis is demonstrated by bar line orientation
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(<0.28), RPHTE M FMEFEERET PR
Ho 528 A B3 HES (Wolfe and Vernon 111,
1998; i Be i 45, 2002; =R i3, 2006; fif] - 3¢
Al R, 2017, 2019) (] 6b) . fEH R HLGTER B,
BT 15 5 A ST T R I, DR R 7 17
0P ZE 5 91 PR A Dy 2 ARATE T L GE 1], A
X 45 SKS/SKKS 7 4 4 I — 3, #k Wy b 18 $4 4
JRAT BE L3 B b ST IR . (Guo et al., 2017) . B4h,
KT Rliade 1l 428 ) & 1) et BRI 9T H RTS8 h 4
W, BB RZE RN (JEHAE, 2014; Liang et al.,
2020) .

3 g = R R R A
IS M RE F2 T P19 4 R s L J

SBDCALHE P S B AR R AE N 2 Bl
T o2 P — eI LS54, T AR R st 7

b HbbE FAA W R AR A V. A B TR IR L A
o By s R A IE A ARG R N OG- (] Ta) . AEDT
JARA R B AR L HENES /K . IS me X DL A
gyililE i CangoRTah, it PRI RIN
oy S 2 B e, L R R A R A R
) B BTG K, R RE S AR LB T DL R R JR D R
REREAR G T LBk AR S T2 B AR AR S A kR
JEFOTHR R, — R A B R R (Xu
et al., 2002; Zhao et al., 2003; Omuralieva et al., 2009;
Guo et al., 2010; Zheng et al., 2010; Lei, 2011; Gao et
al., 2014; Gilligan et al., 2014; Bao et al., 2015; Li Y et
al., 2016; Guo et al., 2017; Li et al., 2018; Li et al.,
2019; Aminov et al., 2020; FLFEHI%E, 2021) .
P R HGEEE (B 7h), Rl AR B Ak
BORBAR, AR 204, BRI FAES
A ZE SO X R B o A AR R e R AT SR Y
=gk (Kosarev et al., 1993; Xu et al., 2002; Zhao et
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v (B2 H Lietal,, 2019) 5O SEE BHAI—2% /K T 9920 80°E £82k, TR B A A WF T X L PIR G AR 3.
Prp 3 2R 20 . WLVZ: PERINMIGEX, CLVZ: HFRIMGHEN, THVZ: BRI, JHVZ: #ER IR X,
(d, e) PRUEGE I R AT AR ARATH I IR 113t 1y o BE PR 6 3 B T 45 58 (2250 L et al., 2009; Zabelina et al.,
2013) . BI5E 1 FoR AL ETREROR,  BSE 2 Ry FURNIG % 5e ol it
Fig. 7 Seismic velocity structures of Tien Shan and its surroundings. (a-c) Horizontal slices of S-wave velocities at 11, 42, and 60 km
depths revealed by full-wave ambient-noise tomography (modified from Lii et al., 2019). Purple solid lines mark locations of
Talas-Fergana fault and 80° E. Black dashed lines are outlines of major sedimentary basins. Major velocity anomalies: WLVZ,
Western Tien Shan Low-Velocity Zone; CLVZ, Central Tien Shan Low-Velocity Zone; THVZ, Tarim basin High-Velocity
Zone; JHVZ, Junggar basin High-Velocity Zone. (d,e) Vertical slices of P-wave velocity perturbations across central Tien
Shan constrained by body-wave travel-time tomography (modified from Zabelina et al., 2013; Li et al., 2009). Pattern 1
denotes the subducting Indian slab; pattern 2 shows positions of Tarim and Kazakh lithospheres beneath Tien Shan
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al., 2003; K724, 2005; Vinnik et al., 2006; 4= 5 %5,
2007; Omuralieva et al., 2009; Guo et al.,, 2010;
Makarov et al., 2010; Lei, 2011; Zabelina et al., 2013;
Gilligan et al., 2014; X 3L 2% 4%, 2014; Ji#%5, 2014;
Li Y et al., 2016; Guo et al., 2017; Khan et al., 2017,
Sychev et al., 2018; Z<WF4%E, 2019; Li et al., 2019; Lii
etal, 2019, 2021; fLFFHE5%, 202105 AHLLZ T, B
AT TR L P B 7 IR R AE 4 UK
Fen R AT 4 S, T SEOA A R L v B DA ey
H T, RN AT e S B 2 R T g W ]
AR R IE B A % (Kosarev et al., 1993; Kufner
et al., 2016; Khan et al., 2017; Li et al., 2018; Lii et al.,
2019; Liang et al., 2020; Aminov et al., 2020) . ¥ i
R N M AR S A WK L) g 2 i B A O A
%, G T RARIARTE (BHE, 2019; fLAHHESE,
2021) AHZ U7, AN FEBESIRAR AR R
P& BENESR LA BE SR, KT KH
JE ) BEEILBIATIAN 233 R 2% 18 31K 1 ) 5 T
IRFERER, AR )2 nT BE AT T M 5% 1) 386 J5L 2 AH K
(Zabelina et al., 2013; Aminov et al., 2020) . 7 4b,
L 3 M 5T R R A B A DA K s T T ) A
AR F T 1R 0 K J4 Rt £ Wk 2 A A1 M R IR 0 L
(Kosarev et al., 1993; Xu et al., 2002; Vinnik et al.,
2006; Omuralieva et al., 2009; Guo et al., 2010; Lei,
20115 X 3L % 45, 2014; ) # 4%, 2014; Guo et al.,
2017; Khan et al., 2017; Li Y et al., 2016; Li et al.,
2019; Lii et al., 2021) . WATHFFTIA A LI 7 M7 FROAIC
U AR SO T AR AR E b 1m) R LT ) R 4
M (Zhao et al., 2003; 2= 5145, 2007; Omuralieva et
al., 2009; Makarov et al., 2010; Zabelina et al., 2013;
Gilligan et al., 2014; Khan et al., 2017; Sychev et al.,
2018; ZLWEAE, 2019; FLAEHISE, 2021), (HILA L
S5 R PIT RS BRI 58 A B R 28 I AN
W7, D DT ) R R AR v ank o e 5 o PR ™ A PR
RN T L 5E AR TEAE Y SO S 2K

R b i TR A GE S8 1 P M 5 R T
SURRFIE CE 7e) . AN IR ik 45 LS BOR I
R FI AR S8, SOt 1 R RASE F) b ) Joit
VS MR S IR T, R T BOt g
R L1 S S O O A R A R A I X s AL T
LA PN PR LA | #AE IS R LI 16 0 A Bl DU A0S
AR IT LU i R b R O B ) - BRFAE (Oreshin et
al., 2002; Xu et al., 2002; Vinnik et al., 2004; Vinnik
et al., 2006; Lei and Zhao, 2007; 2= 54545, 2007; Xu

et al., 2007; Koulakov, 2011; Lei, 2011; Bao et al.,
2015; Zhou and Lei, 2015; Kufner et al., 2016; Li Y et
al., 2016; He and Santosh, 2018; He et al., 2019; Li et
al., 2019; Lii et al., 2019; Liang et al., 2020) . Bifi 5 IR
FE I Im, R LL G B o S B Ok, Bk
1% DX 3R 38 35 B I AE IR B ik (Kufner et al.,
2016); TAER IR B 3IHREW WL 21 2 1)
TR AL, S TUTHRT M0 e ity 2 1) 22
ZARHUT T 3 W G PO Pl PR o 1R g,
Ty MR IAT v A AR} s T ) A, R RE
SR R L A el B AR I R s oo A el
ERT AR KBS AT G — AR (Xuetal,
2002; K & %5, 2006; X1 i 45, 2007; Lei and Zhao,
2007; Li et al., 2009; Koulakov, 2011; Zabelina et al.,
2013; He and Santosh, 2018; Hua et al., 2020) . %1,
Koulakov (2011) J% Lei F1 Zhao (2007) ) P it
I AT BT TR I, R R AL EAAE IS TEAS
EZERBORNH S S AR, GRS A A
Rl A3 - 1) e TR 21 150~200 km ¥R, R 57
VB H R, b B LRSS A T 23 B JR AR DT 2Y 500
km ¥R % CFE 7d): 0 Li % (2009 R 24007
V2[RI B P DR L A A o 5 o ) e A, AT L
JEARHEA T, IF H Il 3] 22> 400 km ¥
IR RERIFITR R b A A R (& 7e) .

4 Hu5EP R IEOH L B R R S ek A
FFAIE

HERA B PR L L (Vs SE AT A
WK EREY), I H B Rl A MR FE R iRy oK,
{EUAS [A) )3l s 25 A 06 1% 2 B0 s i 8 /) (Watan-
abe, 1993; Christensen, 1996) . K[t i 5% i - 24 9k 3k
b fAE 1.75~1.77 L Rg), JEHBT Eiise®
H A R RO B AT, VIR B U8 T LU A R A
i (<1.75), i BAEREE BT 4 oA 10 1 Hb e — fik
HABRS BB EL (>1.75) (Zandt and Ammon,
1995; Christensen, 1996) . ik VI & Ay A F) F 420
BREL H-re B0 S SLRT A A3 B0 I R L S LA X 1
5T YU EL 45 B (Chen et al., 2010; X1 32425
2011; He C et al., 2014; He R et al., 2014; ) B 1 45,
2014; B3 KWI4%E, 2016; Wu et al., 2018; Schneider et
al., 2019; Cai et al., 2021; Xu et al., 2021; Cheng et al.,
2022; Cui et al., 2022) (& 8), FAMKRZH &
Sl PSR R LU+ 1.70~1.80 X (8], 5 4Bk
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Fig. 8 Crustal Vp/Vg ratio of Tien Shan and its surroundings from receiver-function studies interpolated using Kriging method (com-
piled from Chen et al., 2010; Liu et al., 2011; Schneider et al., 2013; He C et al., 2014; He R et al., 2014; Tang et al., 2014;
Zheng et al., 2016; Wu et al., 2018; Schneider et al., 2019; Zhang et al., 2020; Cai et al., 2021; Xu et al., 2021; Cheng et al.,

2022; Cui et al., 2022)

SPRMEAHIT, PR ZE 0.06, T G sk
T>1.80 (R, (HATEONZFHL BARER 7 WTTIA
hy XL SRy e B A] AR AR R L R b SE R
PR B SRR (Cai et al., 2021; Cui et al.,
2022), HILAD P Wb e BRI AL 20 1 - (Rl SC
A, 2011) BEAFAERR IR TIRUZ  (Schnei-
deretal., 2019) A HES SECRBIMMIMLE R, 7
A0 R B IR I AT IRRFAE 00 R 22 1) 5 Tt AN
AL,

NS e - N E [ S )
ISR WAL 2B AT LA A AL AL
J3HU (Sato et al., 1989; Dong and Menke, 2017) .
SRR — R R 7 0 %o, oA Y
R 15 By 5 R AH SCHR BRF (AT 45, 2017) . R
3 Ay A AR TEAE I S 2%, s3I i s i 5
AR T2 0 AT KRR A R DL OnT RE RS 40 J4 Rk
)22 FEUON BN HLIX (1) RS P Az 9t Z RO 52
W, AL O AHEEZ TN, BEHR. BEE e LA
S 53 1 T 7 b A R 3 A E DX = BRI = O
{E A% W, (Sarker and Abers, 1999; 15 £ 4%, 2005;
Kopnichev and Sokolova, 2007; Sychev et al., 2018;
Ma and Huang, 2020) (&l 9) . {H AT # 7-HF 5T 45
REoR, B HRF M ICH & H A& 2Ll i i
O HEWBATT Rk, TAh 3= 2R X 8% 5 B
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Fig. 9 P-wave velocity attenuation at 15 km depth beneath
north-central Tien Shan (modified from Sychev et al.,
2018). ChB, Chuya basin; KzP, Kazakh shield; ChR,
Chuya ridge; KgR, Kyrgyz range; TFF, Talas-Fergana
fault; NrB, Naryn basin

AP ZE G, I3 BRI W 2datr . By
DL AR E R B IR SN e (24255, 2017, B4R %G
4%, 2003a, 2003b) . MbAL, BLRY B TR X

O {H S5 IR AR ¥ (Sarker and Abers, 1999;
BB A 4%, 20033, 2003b; Sychev et al., 2018) LA J%
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EREME (4R 2 55, 2005; 45445, 2017; Ma and
Huang, 2020) {547 ARG+

5 RUFEARBE TSI R E) 12

B AR L 20 P i R A IS T B RO
B Bk ) #) 45 Alf 4% (Hendrix et al., 1994; Charreau et
al., 2006) . AHALE Y1l 2R A8L,  — A R il
R 1E AR TE Y BR B ) 3 AR T ids S Ak 1 5% He )3
77 (Raimondo et al., 2014), N} % d oGl i35 B
KEA R AL RS, FF i AR AR 2 AR 4K 55
FEAFA Nt 55 iy 19 R Ll H B L (Flesch et al.,
2001; Bagdassarov et al., 2011; Huangfu et al., 2021) .
TN, W PTIA B ORGSR 45 R B AR R L
JiK T 77 vl e A AR g S ) B, i R S B04
Qb A P ) 2 O R 2 AR, A R (R i o )
T H RIS ERIESE, 2006; 2= 55, 2007; X1
&% 2007; Xu et al., 2007) .

AH LT3R WA (R AL 3 N, R, M iR 5t
XK L 1 DX A P AR T ATy ARk B — 1A
PR Bt AR oeE R s AR A sk R 1) B P
R LRI, — ROA AR BT — 3 KT 9h
b 2R PR O 3 DK 2R T e BT S A S W A B 1) i
KR T7 W) R R (Sippl et al., 2013; Kufner et al.,
2016; Schneider et al., 2019), A7 T vl 7 F £L )

PO R 1 BL 4 38 )R AR TEAE 8 = (Kosarev et al.,
1993; Khan et al., 2017; Lii et al., 2019) . i 7E ¥4 47
Wi—2R TR, R ARG PR BE A A A,
Hrg 0 B A E i B R e bl AR, AELRG A AT
AHIHBE DA A A R 2R B e oAy o (R 8 ) 2 o
T BRI TP AR A RO B P RORS 40 5 M A7
Grill. — B N AEAE R B AR, JB i ng B
o, R UE VB R 5 A B 1) K Ll g 1) (R X ] i ek A
10a), JFHEH <2 R 4E NI 7« I b R 4 P
D07 ZEBEA (Zhao et al., 2003; Lei and Zhao, 2007),
{EXF F AR [ 0 /5 & (subduction/underthrust-
ing) I B LA R R Ll S M s T A 1) e bk
LAEAEAS R (R0 w5 U A >k 5 A b 7% 51 1 7 422 05 o
B FUNSE TR AR, A R LA TR AT e 2
KRR (B 10b), il AR P AR A AE R AR5,
A R L DU B R IR b i B R A2 A T R (1)
45 % A & (Li J et al., 2016; Zhang et al., 2020,
2022) . VEA DL BB TR HE LR 5 2 BB ST VAR AR
sl BRI/ NS R SR S5 R A R
HTURERE IR 2 RS 2 5 N &, RS — 3R r)E
X LE) ) 2 ] GEH B AR, A S —
A9 R IR L R P A R A T 2 L LR 5 R AP AR AR P
) 22 5, X T] BE R B R L AN [F) Bk v AR T i e
SEAFER. B, B A KR I (~85°E),
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Fig. 10 Schematic illustration of two possible geodynamic scenarios beneath Tien Shan. (a) Two-sided underthrusting (modified
from Lei and Zhao, 2007): underthrusted lithospheres collide beneath Tien Shan, which results in breaking-up and dropping-
off of the collided lithospheres and, consequently, upwelling of hot deep-mantle materials. (b) One-sided underthrusting
(modified from Zhang et al., 2022): Only Kazakh and Junggar lithospheres to the north underthrust beneath Tien Shan. The
Tarim lithosphere to the south, conversely, indents rather than subducts under the mountains, resulting in vertically coherent

thickening and subsequent foundering of southern Tien Shan lithosphere. Such distinct deformation responses under coher-

ent north-south compression may be controlled by different rheologic properties of bounding terranes
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