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plate, is adjacent to the Songpan-Garzé block to the west. It is an ideal region for studying the uplift of the
Qinling orogenic belt and the outward expansion of the northeastern margin of the Tibetan Plateau since the
Cenozoic. In this study, continuous waveform records from 58 broadband seismic stations were used from
January to March 2014. Cross-correlation of ambient noise was performed, and the time-scale phase-weighted
stacking method was employed to enhance the signal-to-noise ratio. As a result, phase velocity dispersion curves
of the fundamental Rayleigh waves in the range of 2 ~ 30 s were extracted. Using the direct inversion method
of surface wave travel times, high-resolution 3-D S-wave velocity structure in the crust (2 ~ 30 km) of the
Hanzhong basin and adjacent areas was obtained. The results reveal that: (1) There is an obvious east-west
difference in the velocity of the shallow basin that the low-velocity area in the west is deeper than that in the east,
reflecting the tectonic characteristics of the western fault depression and the eastern shallow fault depression in
the Hanzhong basin. The upper crustal velocity layer of the basin displays southward tilting, likely influenced by
the rapid uplift of the Qinling Mountains in the north during the Cenozoic. Furthermore, sedimentary
discontinuities from the Indosinian to the Yanshanian periods caused abrupt increases in S-wave velocity within
the middle-upper crust of the basin. (2) The Qinling orogenic belt exhibits special inverted velocity structure
characteristics in the middle-upper crust. The significant high-velocity body in the upper crust is inferred to be
related to the generation of high pressure-ultrahigh pressure metamorphic rocks resulting from Paleozoic plate
subduction and collision, as well as subsequent multiple stages of exhumation. The low-velocity anomaly in the
middle crust of the Qinling, primarily reflecting felsic crustal components, may be due to the removal of lower
mafic crust by delamination during the Mesozoic. (3) In the study area, there is no notable low-velocity anomaly

in the middle-lower crust, suggesting that the middle-lower crustal flow on the eastern margin of the Tibetan

Plateau during the Cenozoic may not flow eastward into Qinling and Hanzhong basin.
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Fig. 1 Map of geological settings and seismic station
distribution in the study area
The white circles represent Mg >4.0 earthquake events since 2009, according
to the National Earthquake Data Center (http://data.earthquake.cn). S-NCB:
Southern North China Block; N-SCB: Northern South China Block; WQL:
West Qinling orogenic belt; SQL: South Qinling orogenic belt; NQL: North
Qinling orogenic belt; B1: Ordos block; B2: Weihe basin; B3: Hanzhong
basin; B4: Sichuan basin; B5: Bikou block; F1: Mianlue suture zone; F2:
Shangdan suture zone; F3: Qinling mountain front fault; F4: Weihe fault;
F5: Qianxian-Fuping fault; F6: Qingchuan fault; F7: Chaba-Lin’an temple
fault; F8: Liangshan south margin fault; F9: Hanzhong south
margin fault; F10: Bashan fault; F11: Ankang fault.

The tectonic information refers to Zhang (2015).
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0.5°, BB R£10%. 0y T $ = 10 45 44 1) 43 %
T TG b 40 A B, A SORR B RO Hh 26 (1] 6) 7
TR EE b R4 W A% 0 43, XA T B o TR B 104 385 &
Wikl K :0~24kmUA 3 km M6 B, 24 ~ 42 km LA
6 km> A [A] B&, 50 ~ 70 km A 10 km A7 [6] B& , TR B 9 4%
RACH 15.

P19 kg AN [v] 88 J32 A 00 Al 0 4 ) 485 2R, 0 52 IX ep
BRAGHI AR A5 B TR R A, TR T IX 30 2 A% OB

REI IR, X5 5L IS A . BE
e RS MR S T AR A MR T LSRR KR A
5T B R B K B £10%, fE 05 43 3 K OF 7 )
0.5° x 0.5° {43 J& 8. 3 ~ 18 km AYWK &2 SR T
24 ~30 km, X5 5~ 20 s J& A [l P9 S B 5 28 i 4%
AR, IR W I 20 s J5 SR AR IR SRR A
5. DRG0 i A PR B AR5 A S o i s A T 5
BT, R TEIR BEAE 3 ~ 30 km S2 B8 R AT FE Y. 7R 52
Prgchs sos v, SR SR — S Sk E . &
i 10 ARG, i 5k 22 bR 22 NPT 19 2.676 s
FUETE 1.572 s (K1 10), X 7E— & FRFE B RWIA STy
R RS TR SR UGS b, B T
% D3 A DA B K A2 A58 R A 2 1 DX 3k

3 =4S P ELER

FFEIX 30 km DL EAS [RIR B2 Y S I8 3 B 43 A1 4
B 11 7R, 3 km SR BE (8] 11a) B 34 BE 5 5 b 36 b
JBT A 385 B O A TR AT R DG I, e I e AR
Pl FEEEAW) & AR, 22081 1L o RIS
R E, UURUZ 8 1w 5Bk 2 B bk (B1) w5 20
I ARG SR, X SRR AR S T Y MR 1R 4
PR LS, 2015, T 3055, 2017; 411K 45, 2019)
FEAR—F BeAh, DU A (B3) YR EE S B SR
IR L B A R B S M AR R R ) A R A
i PG ] 4 A (F1). R ILEE & B34 (F8).
JI W24 (F6) Fi A5 0 —Mk jis <¢ Wr 24 (F7) db AR Bt L) K&
DU RSk 22 (F9) BEIE, X 5 a0 A e 45 5% (fe
M AR5 2019) 8 AFE. 6 km IR EE (K 11b) AL BF5E
XA S i BE 43 A AR 5 i b 3R (3 km) AHAL, RS 5
IR 28 W PR VG S ATH A7 A A R BRUIR G =8, i rh
3% ) ARG S DX sl ) i) 0

(AR B R, 16 12 km IREEAL B9 |- Hi 7, R4
T 1L PG 5 3 = IR (High Velocity Zone,
HVZ) (El 11c, Vs> 4.05 km's ™), 572 N 4 55 S0 3 5 75
2 IR EE A A 93 A 5% (Christensen and Mooney,
1995). 7F 18 km IR EEAL . FHbFE, R TR/R Z2 Wk
AR VG 2% A S AR IR 8 T T 2K, T G 2% Sl (F1) 5
ZE U4 1L T Wy 24t (F3) 22 [] 179 DX s s 42 AR 3
W (& 11d). WEE A 24 km B, Z8 04 15 15 3 0 B
Wi ) DX 388 BRI 3 5 8 fR (Low Velocity Zone, LVZ)
(Vs=3.6~375km-s") (K 11e), 3 HAELEH] T F
e IR (B 116).
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Fig. 8 Ray path coverage of Rayleigh waves at different periods

T represents period and N represents number of paths.

SRR G T 0F 5% DX 1) 3 B A R B I ) AR L R
fIE, AR SCE I T E RN (& 116 T YI#EI S
P R R AASITE IS 33°N H 7 1A 4R 5 I
A i, T LA 20 R (0 ~ 6 km) S P
JEAT A B 2RV 22 5 (8T 12), PG DN AR B X s e AR
MR, HEAh, BAR4S H BoR P 4 AY S I 3 B i
1E b e TR B S BBk BRI (Vs =3.0 ~3.7 km's™).

BB’ [ ¥ % 107°E A # ) b 28 i 3 7
(B3). e LA | pE TP /R Z R (B1) VE 4k, HAR
T b T 3K 3 AR i AT R RIR B Y S s
JEARRARAE (] 13). 1 8o, 75 2508 1 AT (F3)
FEAEAE R 00 S I s Il o L. U 2 1l K e
B IR 22 3 R 76 G AE b 3 5e AR S PG S,

TR IR 22 i B A ) A1 R B BRI, X AT B PR SR T
F b R AR AR A, LSS I AR Sk =, TR
JEHHE, T R SRR 22 W R LA AR AR A rh AR
FRARE DL R 2 (X 1845, 2003), TTBUZ 3R, FF
)2, BB T 8 B M s 28 04 i 1A B HVZ R
JTFEAES LVZ (B 13), X ffif3 B IS 4Eh | b 2
IR H R B B ML 5 R 5 R AL

4 g
41 SUhEih b S iR E LA E

I 7 1 3 (0 ~ 6 km) S U B 5 M AR AE AR
B4y LR 20 7 001G X3 5 00 5 i
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INE 7 3 (B 5 TN Sy A VG A0 )1 T 200 A A A T A
B i JE Wk v ) X, i OEWTE R E , IEWE
AR A R B T D0 2, (B 45, 2008). LAE, T
Hh b 2 TR S M B R WY, T I DOk A
M AR PG AR 2 — Pk 0 & B B Be CEWTIAE, 2013),
FH T 2 b G O T 24 (T 11 DB 28 . 2% 00— bR s < BT 22

TR 2% W 228 1A S PR R, AR 2 M P 0 DB
W 2R, DUBUSE BESE . PRIk, AR SCAS S0 30 1l 70
P 00 ER T DX 3 L 2 A0 B ) JRE S R AL, e
ST DA P e | AR TR A T

DUP R b TR, DOonih AU Bl
& HE AN R A AR BTURR S L e A i PSR A
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Fig. 10 Variation of standard deviation of surface wave
travel-time residuals with the number of inversion iterations

F (= HEE, 2003). B SZ 3 LA, #5H  VAE AR DR
] i AR LR AR (14 22 1055, 2011). e 1L 1, 2804
LU T A T DA o 2 4 3 oA 32 9 AR TE B B, 4 b
PR TR —HELHZ, ERTF =855 =
4 M2 R A B il (T B, 2014; 5K E AT, 2015),
F b PSR A OAR (B W7 T BB S 80 T L HbSE S P E Y
BRI (Vs =3.0 ~3.7 km-s™). 2 T 5 %4 4 b 4>
Bl rh 231 S R B2 S5 48, A S il T A AE b b
Fe AN A B A (E I 1) = 4E oA (K] 14). 25 R BUR,
T AE b Hh e R 2 5 B A B S A 1) e e A
k. B KA BRI S s T 2208 7E~10 Ma (R
HREA X H ML, 2010; Liu et al., 2013), 455 1% 45
S, AT LA A 7t AU 2 0% L Jhk7e i A= AR bl e R
FEATRERZ I T 75 BRI M 1 R
42 RIGTETH AR H575R AT
ZRITE L PR ERIY Vs Bm (K] 11a, b), X HHE R
A% 45 % (Guo and Chen, 2017; Zhao et al., 2021)
B —3 B I TEA . SR 3 HVZ,
KECLI IS8 A4 (F1) FZE I I ATH 2 (F3) WAL
£ HVZ FJ5 (2 22 km) 3 LVZ (B 13), A& @
TN T X — ST SE A ) — 42 R AR ARRAE (1 15).
R X2 35 A . N HAE I LVZ, E R R Z
WEFEAT B ALY 25 L. 8 S M P 0 5 R 42 A v 250K
ARG R W, FI LA T M FE S T R
JZ, F2 IR AT 3 1 Ho5E (Guo and Chen, 2017). [A]
FE, P 3 RE RN 7 AL 4 ] S P E AT AR 3 s T %
W | b AE A IGEE S (Li et al., 2023). B4
Ll v LR M e IR K e IR Vp/Vs (Wang C
Y et al., 2014; Guo and Chen, 2016), it B I3 4 i &=
SRR TR, Kk, ZE0e b R e S A Y A
Al RESE B T A= AQ AR e Al B AR b Al B i i il Al

fi, SO e 3 TR K AR YRV, 0 A5 X R
Fe RV 2 B 2% (Guo and Chen, 2017; & T 25, 2020;
Li et al., 2023). ZE U4 X ] 32 40 A7 1 o AE QAR i A
(ZETTAE M2 B, 201 1) o IE T 3% — .

HARSCRAR IG5 HVZ FRIEZAL,
Hh FLA B 5T DX 38 A 7 5 8 TR B W SR 2 T R
BB Kl B A X AR T R R (Guo et
al., 2010) Z5 L WoR, PR G 1L 5 K il =z &) i
WP 3 B A 20 b 7 b 3 5 S R e R R AE G T
RTRIE N 10 km B, Vg = 4.0 ~ 4.25 km-s™"); B[R ff1—
T A R Al 458 2 S ) LA 22 8 Lk b DX 174 e 5 1T 30
JEBT AR S5 SR B, FLAS 2 B LU K AESE N (14 km) 52
PR R (Vs =3.77 ~4.1 kms™") (VahidRavesh et al.,
2023). X T e A eyt R AE B Y e N IR B,
H B AEAS [R] A% B¢ (Dashti et al., 2020; Talebi et al.,
2020; 757 A1 F A7, 2020).

PEAE R, dU 2204 3 1L 2R A 3R R R e AR
JEAE FHA™ 0 1 AH 4 T B0k 2 005 3 L1 4 1) R ARF e AT
R AL T H IR (Wang H et al, 2014; Bf1H
45 2015; B AHTE 4, 2016). BT, FEJL Z2 04 15 1A P
TR KoK ML X, & 30 T 5 i Rl AR e A
KM TN A (TR 45, 2022). ‘A M 2A R sE R, 1% IX
{1 TN 25 48 D7 T ~500 Ma F4 4/ 25 FH A8 AR L, OF
Z )N T ~450 Ma Fl1~420 Ma f4 9 138 45 T sle i (T
4, 2022), 3X % W 7E 23 04 1 11 AR VE 7 4 R A VT g
L3 T R B AR v %) 8 S AR 1 AR SO A ) B s 2
WA IR, Ak, JbZE 0 Rt A A A 5 B AR B9
FW, AL ZE 04 v R 1 A SO 1 3 AR I 300 K 7 40
IR AR BT 5 AR08 = 1A 3 1 12 0 iR K 3o
[A] (i oL 55, 2013), I HA2 H =15 305 08 oy
ST I i 76 TR b I JE L RARE e Al DB S il 4R
Jei A TR (4 4 1 T S, X PT RE S S 0 Ll o e
JEAE A AT IR A7 B VI R

L5 M OCHIE I A3 T, AR SCHE 308 1 1Ly G 3 0
3 HVZ 7T 6e 5 ol Az AR B oS 2508 688 &
JEAE A 7 A DA S 2 2 IR AR A G, T AR
LRI04 FI e Z5 e Mo b 2 (A1 22 177 T Z2 B B s L/
F R EEZE, 2019): ~500 Ma, 7 S 5 A7 18 1] 6 I
frpZEILZIR 2 (Dong etal., 2015; Dong and Santosh,
2016), Hu 5 1 5 F1 AR T F 40 S 398 R 5 SO A )
B, RV & A T VA A AR B AR A (Leech, 2001)
Az BT v s e B JBT 2 5 ~470—430 Ma, I i A
WS, R A A ITR & N ST (RFHRAE, 2019).
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Mo B A S RS R B, AEZR I Y T

i FEER A TR AR (B, 2016; ST
4, 2019; JERAE, 2022). U4 A BEE AL B8 1

TE~430—400 Ma 3 L AE I 390, B P 00 o 3 Dt
BAE A, Mo oT Al R RO, o R R R A R R
Th (B 5204, 2018) BAC TR, T AEJL 204 PG 3T
M PHEE G (F2) © 7 280 &l 5% (B e,
P 13). A SCHY 5 SR it — 2B A IE T 8 08 3 Ll g |
ARBEAT AP AE — 2 o — Bty A AR e A o R A T
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ST AR i ik
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e, AR T LRI R

FE i 20 1Y 2 I R Ji 4% 4 & (Dong et al., 2015; Dong
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3.65 km-s™") of upper crustal depth in the Hanzhong basin

and Santosh, 2016). Ak, Mt AE AR = i AR R ZE I8 &
ot b2 B PR B . mE R AR
W A ) Z ]I A T 22 B B ) AR B o Al
(Dong et al., 2015; Dong and Santosh, 2016). H T Z& 1%
X 28 11 1 2 W Be 52 A% i A 3 3 3, 400 A B8 R i

35.0°N

34.5°N

WML BB Vs T 5 #E K
Vs profile and topographic map along the profile line BB’

THRIGEREN HVZ E2 oyl 2 ny 5 AR g, fEdfr
RB|FENRE G, &M T AR &S =T RIREG
AR, 3R] R A fol 5 R e SRR
43 BESESR. FTHFEREE

T 98 e D AR G B 1) Ah 4 R SR b BRR 2 5 sk
AR R RN R B, AR T M e IR AP
T AR ) 5 ) AR G5 B Y BL R (Zheng et al.,
2010; Liu et al., 2014; Wang et al., 2020). 7 & = 5 A
R TR 0] AR i B8 1Y) 3k B v 32 B W e (091 4
M) A B4, 23 P S o0 0 1) 2R R R ZR G O 18] 8 B
(Clark and Royden, 2000; Enkelmann et al., 2006). T 4F
R, VI 22 M 3R ) SR 5 i S A0 )1 U b HRUE I 3 1 2R
B SZ (9 Hb5E 7% (Bai et al., 2010; Bao et al., 2015), {H 7
JC R I AR b T e IR A B AL AR R — B TR
418 (Yang et al., 2012; 3L SC¥H 45, 2015; Zheng D et
al., 2016). A2 A R T g i L R b SR AR A
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IS KGR T S8 h AR M, I HL'E AR VG 23 05 i 24
HEE O (Zheng et al., 2010; Wang et al., 2020), 4435 K
iy Bk % B R (S PG (E 29 M 3.4 kms™!
(B ACTH 5, 2023). A SCHY AR 45 R BoR, e ikl
R h A T e (1 13) B S B R T
EL 230 & or il B i) R, A A B N R
(Song et al., 2018; Li et al., 2022). H:¥k, P ik 14 B #1057
B4 1] SEPEZ BT A% (Li et al., 2023) K& Ps 432453 #r
(Li and Wu, 2022) 558 @R, Z#WEH X | F Hhse ol
I A ) PRI R T e, B R S ISR K AT RN
FETEZR UL s B H L T H e I

ZE A AR RBIEFE, AR SO N 75 0805 TR AR S B

TR (Vs < 3.4 km-s™") 7] fE A 4E fH =7 7
by S 7 U i LT L 2 0 RR R MR R R B S e
(X 2 45, 2021), T A0 7 25 5 5 BE A9 25 SR o0 i
(M LA, 2018) AR 2% W 7 6 e St v L T Ml A IR
Y BOIT A KRB E A Z I8 3 114, X7 — o R
AR T AR SO WL T R g T AR ) 5[] A
FAEZRW AR . T H5E B R (Clark and
Royden, 2000; Enkelmann et al., 2006), 7] & A Ki& &
i R 2 U8 3 Ly B b 2 i AR AR LR B A2 TR
A5 X 1) S A b R A 55 Ve L /N, X b
b VR BE VA R A Y 3 R, IR T 2 0 Bl R
B S A TR R X3k, A BB X T K = R AR
Zerp | PSS AU AR )3 B ICE TR AR ER A

5 %5

AW G R FH MR T S M 7 R B R Ab BT A
LA 24 K 48 IX A 5 B 36 58 AN BE AT 5 Ui 0 % Y %
SRR . 8 AT TR S M A OC, R A AR
JE AR A IS I 7 36 R o M B R, 485 45 vk
AR, RS T 564 LAWK 2 ~ 30 s A3
W9y T ) T 0% R o R A A5 bl £ . R R i 0k S R
T A RN T DU S S AT X A R A i ) b
Yk S R 5, IR A Ak X B 1 b T R L ER )
PR R, FEE B LT 458

(1) T 2 b K 408 IX b 58 6 3 1) 30 43 A 5 b
2 Ml IO 3 BT A AR A AT I G I . R 04 L kA
TRy e R, R 2R 22 M B A B e 3 bl D) 5%
R 5 UTRR A K B AR FRAE .

(2) W rh A b R AEE I B ARV 22 7, B
1A 2 TR Ay 7 AP X Hb 5 00 B, 32 S R
J R T A UG S TR B AR S I T A 1 R R
S A T M ST ) R AR, X AT e S A R s
Ll ke i A AR DR B T A G, A, BN S SR
WA DAL T, ATRE S 3 T At . SR
S U B H B RS A

3) ZEW &l . 5T 5B R R 09 S b
FC B BE S5 AL REAE. Z3 04 PU S b M oe Y 3 e R
A, AR 55t A AR R AR e R O R R
A A 7 AR DL R 2 22 AR AT R A G, AT g
ok [ A6 2R 0w 1Ly rp AR T A B sk B0 2R 04 A
ZR U v b 72 10 I S B I T K B R A M SR 4
g3, AR R b A AR A AR B 5 e Al Bl A AR
b e R R & AEYRUL, (15 T Hoe et 2 Bk

(4) BFFE DX | T A A H B I S . 4
G AT, N T S R AR Gy b L R b T IR
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38 TE AR T BB AN A FH A R 0 i L AT
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