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Structural deformation and geochronology of the ductile shear zone along the southern margin of the
Foping dome, South Qinling

Abstract: [Objective] A typical granulite-migmatite—gneiss dome developed in the Foping area of the central Qinling
orogenic belt. This area is key to studying the metamorphic deformation of continental crust and the Mesozoic tectonic
evolution of Qinling. The Yangtianba—Shimudi ductile shear zone along the dome's southern margin records information on
middle—deep structural deformation during the late Triassic compressional-extensional transition, offering crucial
constraints on the exhumation mechanism of the Foping dome. [Methods] A detailed investigation of representative
metamorphic and deformed rock samples from the shear zone was conducted using structural analysis, mineral
geochemistry, crystallographic preferred orientation (CPO), and geochronology. Field observations and kinematic vorticity
analysis show that this shear zone developed under right-lateral ductile shear deformation controlled by pure shear.
[Results] In the felsic mylonite, quartz primarily shows prism <a> and prism <c> slip systems, suggesting deformation
occurred under amphibolite facies conditions at approximately 550—-650 °C. The characteristics of the metamorphic mineral
assemblages and the results of garnet-biotite—plagioclase thermobarometry indicate a clockwise P—T path, with peak
metamorphic conditions of 568—611 °C/5.2-5.3 kbar and 630-654 °C/7.1-7.9 kbar. The isothermal decompression stage
M2 recorded conditions of 590-616 °C/3.5-4.5 kbar. Zircon U-Pb dating of the leucosomes in the migmatites within the
shear zone yielded an age of 180.8 = 3.8 Ma, representing the lower limit of the ductile shear deformation. [Conclusion]
Integrated with regional geological data, the metamorphic and deformational evolution of the study area can be
reconstructed as follows: Prior to ~210 Ma, the central segment of the South Qinling tectonic belt was dominated by
collisional orogenesis, leading to crustal thickening and the development of progressive metamorphism (M1) in the Foping
area. During 210-200 Ma, the Foping region transitioned into post-collisional extension. This transitional phase was
characterized by a bidirectional stress regime combining horizontal shortening and vertical collapse, which triggered ductile
shear deformation (D1) in the Yangtianba-Shimudi area and initiated the isothermal decompression metamorphic event
(M2). The region entered a phase of post-collisional extension at about 180 million years. Continued extension resulted in
the formation of partial melts in the northern part of the study area. During the subsequent exhumation of the ductile shear
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zone, the mylonitic foliation was reformed by late fold deformation. [Significance] The findings provide a reference for
discussing the detailed process of metamorphic deformation response in the process of Late Triassic—Early Jurassic tectonic
transformation in the south of Foping dome.

Keywords: South Qinling; Mesozoic; Structural Deformation; Ductile Shear Zone; mineral fabric; P-T conditions;
geochronology
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Fig. 1 Regional geological map of the Qinling orogenic belt and the Foping area

(a) Regional tectonic setting of the Qinling orogenic belt; (b) Simplified regional tectonic framework of the Qinling orogenic belt, the numbers
on the black dashed line represent the dip angles of the mylonitic foliation, while the triangles indicate the dip directions (modified after Dong
and Santosh, 2016); (c) Simplified geological map of the Foping area (modified after Shaanxi Provincial Bureau of Geology and Mineral
Resources, 1989); (d) Structural cross-section from Longcaoping to Shimudi Village (A—A’; in Fig.4d, stratum attitudes are shown as "dip

direction/dip angle")
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Fig.2 Geological map of the Yangtianba—Shimudi ductile shear zone

(a) Simplified geological map of the Yangtianba—Shimudi shear zone and geochronological data of zircon, the numbers along the shear zone and

black dashed line indicate the dip angles of the mylonitic foliation and the triangles represent the dip directions; (b) Structural profile of the

Shimudi segment in the shear zone, lower hemisphere projection of attitudes, and sample locations within the structural profile; (c) Structural

profile of the Yangtianba segment in the shear zone, lower hemisphere projection of attitudes, and sample locations within the structural profile
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Fig. 3 Shear deformation and fold deformation within the Yangtianba—Shimudi shear zone

(a) Mineral stretching lineation in felsic mylonite; (b) Calcareous mylonite showing dextral asymmetric folds and S-C fabrics (photo view to
south); (c) D:-phase fold deformation in felsic mylonite (Fig. ¢ shows folded mylonitic foliation S:, represented by great arcs in lower-
hemisphere equal-area stereoplot); (d) D:-phase fold deformation in felsic mylonite; (e) Dextral asymmetric folds in calcareous mylonite (photo
view to north); (f) Boudinage lineation formed in migmatized leucosome; (g) D:-phase fold deformation and foliation transposition in calcareous
mylonite; (h) D:-phase fold deformation and foliation transposition in felsic mylonite.

Yellow dashed arrows represent mineral stretching lineation; Yellow dashed lines represent early metamorphic foliation or relict boundaries in
marble/quartz schist units; Orange dashed lines represent pervasive mylonitic foliation; "S2" represents mylonitic foliation; "S3" represents late-
stage axial planar foliation or crenulation cleavage.

Grt: garnet; Bt: biotite; PI: plagioclase; Q: quartz
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Fig. 4 Photomicrographs of mylonite samples

(a) Mineral assemblage and mylonitic foliation in sample 23FP-33B; (b) Garnet with S-parallel inclusion trails in sample 24FP-6B; (c) Staurolite
porphyroblast coexisting with fibrolitic/needle-like sillimanite in sample 24FP-6B; (d) Asymmetric pressure shadows flanking staurolite
porphyroblast in sample 24FP-6B; (e) Grain boundary migration dynamic recrystallization in quartz from sample 23FP-15B; (f) Mylonitic
foliation defined by preferred orientation of quartz, feldspar, and biotite in sample 23FP-15B; (g) Asymmetric pressure shadows adjacent to
garnet in sample 24FP-8B; (h) Mylonitic foliation defined by aligned quartz, feldspar, and biotite in sample 24FP-8B. (Mineral abbreviations:

Grt—garnet; St—staurolite; Bt-biotite; Pl-plagioclase; Ms—muscovite; Q—quartz; [lm—ilmenite; Sil- sillimanite)
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Table 1 Peak and retrograde metamorphic conditions of mylonite

BB E &

samples calculated using mineral thermobarometers

oo TREE/C J£43/Kkbar
eSS N N N N
W] B U IR
23FP-33B 568~582 590~592 4.8~52 3.5~45
24FP-6B 604~611 593~616 52~53 3.8~44
24FP-8B 630~654 — 7.1~7.8 —

-2 = £ (GB) iR & 1T (Holdaway, 2000) 5 A 1 F
1 -2 =8 -p K A9 (GBPQ) JE /131 (Wu et al.,
2004) T+ 5 9% RE Y 2 BT 04 B9 7 IR R S Y
568~582 °C, J 713 Bl 2y 4.8~5.2 kbar, ifif 18 28 i i
FEJL I 590~592 °C, 13wl 3.5~4.5kbar(£ 1) .

Folt FH 300 %) JBE % 7+ FF & 24FP-8B 1 £ 0 M H &
KA T A BB R AR K A K A
RNV ER i R RS~ IV s ok £ 0 N N S8 3002 S S
ERA A (Alm: 0.57~0.60) , T4 45 18 A1 & B F 0.177~
0.181, BEFR M A S E5 401 A & & ¥ 4E 0.10~0.13 Z
B o RHS A POR A An 7 &2 22 LKl 0.29~0.47,
il Ab & 7E 0.52~0.71 Z [a], 5 /R H FE K A
H5BE A (F Se). Bt fE Mg-(Fe™ + AIY + Ti) -
(Fe** + Mn) fil 10TiO,-FeO*-MgO = 3t 7T [l fi#t t 7% A
B 2 BF B X 8k (& SE, Sg), I S 45 5 Y AR
A, XMg (286 AN K (2.0~2.2), FIH A8 T4 -2
= B (GB) i J& 11 (Holdaway, 2000) 5 1 # F A — 2
=B =K A - 95 (GBPQ) JE /1 i1 (Wu et al., 2004)
THAAZ R i 19 06 1 R R 2% 4 R 630~654 C, 7.1~7.8
kbar(5% 1) o
43 ¥ BRIEMIET L (CPO)

+ B H 5) 1 (24FP-6B., 23FP-33B) Al Ft [ 301 ]
[fil (24FP-8B. 23FP-15B) H' 4 {44 & [T JBE 15 5 FF i 3%
PR E A VEEER I S50 W hi 23 . EBSD B
A8 4 1 D 3 IX 3 A o AR 5 0 RO RIR,
B BRI LS R B, R 0 e
HI|, 25 i BE b T B (DL OSID A5 [/ 32 ) o B £
UREL 31 58 52 90 L0 S IR 78 B B A, R B
WOk B A% B A LS 5 (GBM) I RHAE, 1 25 45 i
PR 25 RO () B 43 A R A 5 UK (] (I OSID 4%
HER)

EBSD 4" 4 41 44 43§17 2% W -+ i b 351 T JBE A% 2 A
it 24FP-6B. 23FP-33B [ f1 Je 41 #g 2K ), ¥ X B
<a>h W A DL RR 7S 30 08 19 B 303 A FE XZ TR

Y, W R ORAE LR 5 X £/ £ B AR A2, T
<c>HUA A o3 A T Y il B O O AR X5 1] B Ok
Gl (1 6) o 3k 1 2H A4 R AE 48 75 B i v 19 A7 9 3
W TR <a>fi 55 WA R, BA AT VYB3 2
FEAE . 30UE T Y BE B 45 FF i 24FP-8B I 23FP-
15B 5 AR o A7 & <c>Hl 75 X %l BRI BsF F 7 o)
oL E M B, AE Y 1008 UK — R % . A
<a>Hl1 9 324 B 43 A AE Z il BRI O O A B,
FE T {m ) 1 $5 52 00 %5 (8L 50 A A2 Z Bl BT, 8 75
A1 TR S A2 0 TR <> A5 R A 1 <a> 1
B R (I 6) o W25 T N BE R 25 h i B = BEX R B
th [OOT T4t il 25 {8 %o Bk 43 A T Z Sl B iz, B9 o6 2 B
F 18 B 5 18] 43 AR, T (100) F1C010) P A T8I A £ 5%
WA AT T B 7 ) AR 5 A5 (181 6), 46 735 [001]
(100) F1[0011(010) WA TE s # R 45, H) A+B 20
P (9026 S84, 2024) o XM HE R ARAE T K 9L i A
K & (Brownlee et al., 2011) Fl & £ ZL & 1 N & (Ji
etal., 2015) 1Y 2B = B A h G 40, 5 A2 80H
R AR Aot A 2 B B T AR R R

T 5 3% WA A S0 2 ) b 380 38 205 Ay B0, o P Ok
NI B A5 A R 4 7R L FE TR BE 29 550~650 °C 14 FR T A
FH 25 1 R BT A T <a>WE B R, FE IR EE 29 650 °C
F w5 A TN A R A 1 B B K SR R R B Ok R
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2022a, 2022b; P F 4, 2024) o A 4 DRES RS A
e 2] K A LA R E % i AR AR, FR R T A AT B )
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T 2 0 R T <a>M B8 1 4 05 5T B8 b 5 AR P BB
I3 T 550~600 °C 1Y ff1 R 75 AH 254 T 89 rhoiR A A7 59
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Fig. 5 Electron probe microanalysis (EPMA) results of mineral chemistry in mylonite samples

(a) Metamorphic mineral assemblage of sample 24FP-6B; (b) Compositional profile of garnet in sample 24FP-6B, Alm, Sps. Py. and Grs
represent the garnet endmembers almandine, spessartine, pyrope, and grossular, the vertical axis of the plot indicates the proportion (%) of these
garnet endmembers; (c) Metamorphic mineral assemblage of sample 23FP-33B; (d) Compositional profile of garnet in sample 23FP-33B; (e)
An-Ab-Or classification diagram for feldspar; (f) Mg—(Al"' + Fe** + Ti)~(Fe** + Mn) classification diagram for biotite (Foster, 1960) ; (g)
10TiO:—FeO-MgO (FeO = FeO + MnO) genetic discrimination diagram for biotite (Nachit et al., 2005).

Grt—garnet; Bt—biotite; Pl-plagioclase; Q—quartz; [lm—ilmenite



55 3 1) AT, S 2R O B I T 0 T 0 U R s A T B AR AR R RS 397
PEE b 7RI
i s c[O%Ol] a<11220> m{lé)lO} a(lZOO) b(OZIO) c[OZOI]
24FP-6B 4 2
KR RBEb 4
6
8
N=9589 Max D=14.50
A
23FP-33B 3
KRB b ¢
2
N=32981 Max D=17.00
e 900 i
24FP-8B Y %
K TR s 3
5
§
N=21025 MZax D=29.41
1
23FP-15B 2
K3 R b 3
5
6

N=79946 =6.76 Max D=7.51
R 7 1605 8 96 TS5 - KB 0 1 46 1 € 20 ) 2 9 13 V 1y K40 005 M D Ol BR800 1
B 6+ Bk T AR R R P B A R = & EBSD A A8 S R T BOR A R PR K

Fig. 6 Fabric diagrams of quartz and biotite in mylonite samples from the Shimudi—Yangtianba shear zone and the lower hemisphere equal-area

stereographic projections

N=31724 Max D=25.82

The X-axis represents the foliation direction, £ is the angle between the foliation and the normal to the c-axis maximum (white dashed line), N

denotes the number of measurement points, Max D indicates the maximum density, color scale represents variations in density
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Table 2 Calculation of finite strain in mylonite samples

YZ Y1 5 1 b A 48 A g EURE K S B L (8 44 T
TR BER AR A RN AR A (R 2), 3RS
FE i XZ T AR AR 00K R A T 130~
1.57 Z 18], i YZ AT 1.07~1.262 8], 515 3 g
B2 S5 RE 5 Y Flinn 2 8% K (6 A T 1.95~4.87 2 [, i
T — M pr Ay AR Y5 [, A LS AU i 5 (1] 7a; Flinn,
1962; [n] 1555, 2024) o

L) FEfS i Y/Z XY K(FillinZ4%)
N 23FP-33B S 1.07 1.39 1.95
b i .
24FP-6B KT A 1.26 1.57 4.87
Tl H 301 24FP-8B Ko TR A 1.13 1.30 2.11

Fry 3 D45 09 A7 BRIV A2 {E Ry LA B AR 46 A7 3 -
ol 2 A AT B9 AR pELE B T 3 R BT A Y
Ry, M 2 HZHACA LU T A A 1552 3 2 i JE (H

W, (Xypolias, 2010), 545 R4 3 FiR:

= tan"'sin2B/[[(Rxz+1)/(Rxz—1)] — cos23] (1)
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Fig. 7 Results of kinematic vorticity and finite strain analysis
(a) Flinn diagram for finite strain analysis; (b) Orientation of instantaneous flow units in a non-coaxial dextral shear zone (Cheng et al., 2022)

where o represents the angle between two flow planes, and # denotes the angle between the maximum instantaneous stretching axis (/S4,,.) and
the shear zone boundary, the orange arrows represent the material movement trajectoriesthe, the red arrows indicate the shear direction, the black
arrow represents the direction of regional extrusion stress; (¢) Diagram illustrating the relationship between vorticity values and the proportion of

shear components (Law et al., 2004); (d) Diagram showing the relationship between kinematic vorticity number (W,) and angle # (or o)
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Table 3 Kinematic vorticity of mylonite samples in the Shimudi—Yangtianba ductile shear zone

) . SN BRI
gl Bl 5 ATEEIIRHE R e ) Wk e
oy 23FP-33B M ifi<a>1%% 1.48 11.80 0.49 14.51
e 24FP-6B H<a>H# 1.98 6.67 0.34 9.84
- 24FP-8B FEHi<c>FIE Hi<a>1H 75 1.47 9.85 0.41 12.06
23FP-15B FETH <c> I T<a>1H 7 1.41 6.76 0.28 8.14

Wi= singl(Rxz+1)/(Rxz=1)] (20 el B P 4 15 -l B (1 1 3 2 (HE b T 8L ) 22 )

A Ry I RLAE W ERIR Bl L g s A9 Jesh
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Fig. 8 Characteristics of leucosomes in outcrops and results of zircon U-Pb geochronology

(a) Macroscopic outcrop characteristics at the sampling site 23FP-17; (b) Contact relationship between the migmatitic leucosome sample (23FP-

17) and the mylonite zone; (c) Concordia diagram, weighted average age plot, and representative cathodoluminescence (CL) images of zircon

grains from the analyzed samples; (d) U-Pb concordia diagram of metamorphic zircon from sample 23FP-17

B %o ¥ {2 AR BE Sy 23FP-17 FF B T 36 A4 45, 11
AT (L BA B 88 W, OSID A v & 26 ), Hiv 33 S

VeI T AT B — a5 2 R P9 R 45 A 4 78 BB A el
HA - s e A i, 3400586 T B A =5 3



400 ¥R 55 54 https://journal.geomech.ac.cn 2025

WA RS A o, R IR AR T B A UKL R T
B I, R AR R AR, KA TE B 24 0 100~
150 pum, #8730 & B /NP . KA 73748 B i A JF Tt
Yk 7R A% 5 AR B A 1, #E CL IR b AT Bk L)
(9 AT LA B 3 — sl BiE 2% HR P9 3 45 44 (151 8¢) o #E IR
19 B B - S5 0 S A UL R B O . AR
Ui AT B AL, S S B — 4 A8 BT (1] 8e) .

FE AR 45 3 R, 33 A AR A IR A A 12 A4S
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U o HA 21 A 2 B oR H 90%~102% 1 =
PR, H Th/U HefH 2 504 T 0.008 2 0.06( 15 />l
A, DB T 0.15 3 0.2906 4N 45 ), 2 0 X s g
A Al B AR T A8 T 3 A4 T 3l 1 F2 (Rubatto, 2017; Sun
etal., 2019a; Wu et al., 2021) . FHHr 20 4~ 45 45 H Y
206ph/A8U 4E i A T 200 = 170 Ma, il KF 2 4E 82 K
180.8+3.8 Ma(MSWD=3.2; [&] 8c. 8d) . 1/>7% i it Al
A5 5 3455 04 A0 A5 R s P R B (93%~
102%) , T5c 4F- 1% B 4F % o0 326 Ma, T iy % 19 4E i 0
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5 it
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JBT S T AR A e 0 0 AR BT 2% R 590~605 °C/4.9~5.1
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JE 2514} 593~616 °C/3.5~4.4 kbar(5£ 1), i 1 F
AR A B oy s ) — 2R AR R P-T
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JoT A M2 3 2 A8 5 = 1 (] 9a, 9b) o BEWE 5 HE
dir (23FP-33B) [A] A9 55 1 3 45 ik B e 20 2 v (590~
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1998; & W%, 2000) . Fifl J5 9% 7 M X #E J= il 15 1
HRTEMT Vb4 /e, &8 &
b 57 5 B B0 4 8 3 AR T Al AR AR (8] 9a; Liu et al.,
2025) o PRt B B A e R 0 i R BT MR Be
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i1 DN 2 AH T 45 3 B R S 4 M2 DT B 5 A i A 4
550l 4 S R SO G
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(Youetal., 2024); (4) i ¥-5 B & ST AR 55 )2 (RT3, 2000) 5

a— LUK WF 55 FF il 24FP-6B LA K b 3755 B A% 5 35 J2 10 P—T 9038 )R A (Ky AR 0 A1 8 And AR L0 A7 3 Sil R W & A il b4 6
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Fig.9 P-T-t paths of metamorphic rocks from the Yangtianba—Shimudi ductile shear zone and adjacent areas and sketches of the
metamorphism—deformation relationships

(a) Compiled P-T trajectories for sample 24FP-6B and the core-cover sequence of the Foping dome (Ky represents the kyanite stability field;
And represents the andalusite stability field; Sil represents the sillimanite stability field; The orange, magenta, and green dashed arrows in the
diagram represent P-T paths.); (b) P-T paths of mylonite samples 24FP-8B and 23FP-33B; (c) Representative mineral assemblages during the
prograde metamorphic stage (M1) of the samples; (d) Characteristic mineral assemblages during the isothermal decompression stage (M2) of the
samples; (e) Structural relationship showing the overprint of the mylonitic foliation S2 by the later foliation S3

Gray P-T trajectories 1: Kyanite schist, Foping dome (Wei et al., 1998); 2: Granulite, core of the Foping dome (You et al., 2024); 3: Pelitic
schist, peripheral cover of the Foping dome (You et al., 2024); 4: Metasedimentary cover of the Foping dome (Zhai, 2000);

Mineral abbreviations: Grt—garnet; St—staurolite; Bt—biotite; Pl-plagioclase; Ms— muscovite; Q—quartz; [lm—ilmenite; Sil-sillimanite

A E LG SRR, R AT UL A (BLG) KB 400~600°C. (1 1= £ 7 v AH 2 A7 [N AR 45 7 T (Stipp
(El de) o & kb7 42 [R) A7 9 S0k AH 3T, 52 F 47 et al., 2002a, 2002b; ¥ %5, 2009; Law, 2014) . 1 &
WA T MBS AIE S EE 2 Mo w2 b (DL Ml e & v oA Sk 2 RS E 4 M BN, &
BB E), DR ERM I EDZIE L AT S0 5 U /E FH WSS B, 475 4 1 3 B A X
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W (B da—4d) o 405 78 A8 T2 457 1k B 3 B AH XF
B B ORI B AR SRR, B Y ) AR R
A FH Uk 553 Bt 7 465 A AT AR 8t o ) AR ) P
R B B & & (Passchier and Trouw, 2005) . B SR FE 5
HAEAE T 2 WA E A SAE M, B R B T R0
TS O e PO el A A O R AR Y/ TR N2 v A 1)
(CPO), A It ] L) 38 3k 47 Wy il A 2 A8 3% 7 o7 oA i —
A4 BT 85 YAl A2 B AR T8 (8 I AR A o

W) A ) 51 685 Y A% 2 6 1Y) 93006 0 0 ko
L B AR T8 45 4, AN BE L RN g L AR Bl L AR
TR AE A BE b A v N R 0 A 2 A 3 A ]
PIAR i #tb 2 A8 TG 5 A0 A8 o A v 0% L R A%
(Zhang et al., 2012; 2022a; 7K 45, 2020; Cheng et al.,
2022; Sun et al., 2022), 3 7F H Al 37 2 818 ) M 55 V)
L 2 Tz N T AR TR IR R AR 1 ) R R
(Zhang et al., 2017a; 5K & 5%, 2020; Chen et al., 2022;
Zhang et al., 2022a; Li et al., 2024) . 1 H 47 A1 JEAE N
Hb 7 T A3 AT B R UL BT ) 22—, PR 6 A ) R
AR AR R B, N [ AR AR A B T RS R 0O [ 1 AR T
T ¥R 55 AT B 4 B4 IR W (Stipp et al., 2002b; Zhang et
al., 2012) . | m Hb ) T A BBE W A A 23FP-33B I
24FP-6B 1 1 9 B R B <> R, $8 /R H A
JE R FE 2 2R 550~650 °C (Stipp et al., 2002a, 2002b;
Law, 2014; Sun et al., 2022; 7} 3 L %5, 2024) . 71 it H
U 16 fY 24FP-8B FI 24FP-15B £ & 26 3 A7 0 H DAL
T <c>M 7% AT TH <a>M 7% 28 2L (W) 300 R R AiE, 150 W)
25 T SR AR T R R R RBAA 29 650 C, TE LT E K
T IR S5 A 2R (Stipp etal., 2002a, 2002b; Law, 2014;
P2 LA, 2024) o PRI BT BT ) P B U1 A2 OE AT g
T A AR 24 550~650 °C R R 7 A IN A R A 1
T o WFFE X S BE AR A B i (23FP-15B) H /by 3
Wikr & B BLG 5 25§ (&l de), 3 % A W FEMK T
400 C ML R A& TN R E, AT REIE BT M 57
It i 006 sl b o WF9E IXOh A 2 B AR JE O L
JEE A THT 3 S2 i B PA A5 AR Al TED LA B R B B
kW 4 S3 TE R B G, A BT YA ZE AT IR B b SR A AR
w2 16 3 R A8 AR T B ek v T A
52 TENMHETRERXER
521 EHITFEEH A

S A0SO 5 S SR 1 43 B e B, R T I
Hb BT U B AR Y JEE b T B LA R R AN
PRI, & T o AR A AT B0 B9 U048 (1 3) .
i ) Fry i D\ JBE B 55 A i 8 ) 3 v i 58 AR AR 1
KA 7E 1.95~4.87 Z [a) (Ff &l 2, & 2), Fillin [&] fift %

W B8 i 5 ot o T = 7 A2 Al 5 g /s 32 0 AR 3 R A
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LA /AT Bl AR 3 (Rx/B) J7 15 Dk 3R AT 14 388 JE (E
£ 0.28~0.49 Z [a], & 75 39 )i 3£ 2252 4 57 Y] 11
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J it — RV R A OIE R TR
I REAE, AR IR A2 3 27 i B B — 20 H S DR A
Wl (1SA) J5 10 o Tk B 7 fof gl 30 R FH T 3 AE AR Y 0
i v B — I 220 v e K5 SR /IS B S A D [, H b g/
Pl 1S4, AR T J KW J7 I, T e Kz i Al
ISAwux A0 T 5 KALAH J5 9] (Fossen, 2016) o 7E 14 J&
Heow B AR A g o 9°~15°( 1 7d), 1k B o K 1R
It LA 5l 1SA e 5 B V130 538 7P AT, T e/ A
W5 ey Y R A L, SRR BERR AR R E TR
A7 55 U) 3 55 1 (4 4 J DA K e B 85 U0 3 B 1 1
Wi o 5T 3R B R PR 5 U0 A 8 R O BT R e T
R R v b ST AR T AT, N AR AE % W BROW Y A3
S 5 AR e Bl 5T ) DA K S b 4 55 U1 R OAS [
RSz m 7 PR BY V) A N A A1 (Dewey et al., 1998;
Wu et al., 2024) . 43 37 J7 &) 5 5 U] 43 5 76 B Pk 59
YA o Ak ) AR BE /N T 2000, A BT U T DL S
SO A BT U1 R SR AR T ) i R AR AR AR R
IR AT, 3 B Sy 3 K - B 4 iR Y 2 3 L R
3 0 B, 3X 5 A IX 5 U B A0 R IR — 2L
2% WY 78 i o 6 AL B2 P A9 PE AR B (Dewey et al.,
1998) o 1 A1 7 S 08 I 34 AT UL M 59 ) 4 Je 0 0E A
LA A0 85 Vi 3 2 FEAE 19 48 7= 44 DL R T 3 E 1]
P AR Ak, F — 25 SRR T B IA) Fe 45 43 it (9 47 7 (Fossen
and Cavalcante, 2017; Wu et al., 2024) . & I, # W
P 00— e 1 B Y07 0 s T A 8 A ) e R
T F A A E 1] 7 ) 4 0 A R R s Al By U AR ]
FHATTETY), R AR BT U R AE

R YY) v i LA 3 TR il A4
A N & E 53 A E m P47 40 4 (Das et al.,
2016, 2021) . WFHREXW L 5 LS W1 5 % & H £ M
T Wi 4 17 72 T, gl g 2 ke s 2 5 O il L VR
s N AR eI BB R DL R i L O 5 AR
(1) 6 5 55, 2024) o 76 fll 3 38 L0 B BE, )& 3 5€ A1
BRTEEMWAEAARENREIHARES . HTH
ST R R A O LAl vt ) i 0 W B Y,
W 51 K 1) b e 2 1) 5 4 T 4 1 AR L B 22 1) 30 2 U
55 o 3K BN AR A3 [R] 43 S 7R BIF ST IX R B D) 2 i
LT S 1] 9 320 5 B B i 43k 1 e b 1] 7K P 5 W g
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JE IV g e [a] M 1T A4 A8 36 3 S5, 4k i A2 {0 1 A2 0B 1y
AT R A AT I LAl E 1] 5 1) (0 ] 5% i (Das et
al., 2016, 2021) . H T 3K 1 3 4> BERE &5 34 R
LS B3t 7, 5 L AU 5 AN (] (9 02, A i 3 3R 81
R AT A B TR . 3X R R TR 3 5 )
IR AR I o AR b, R KR N A B 2 7R X (B
R 3= 0 AR Bl ) Ty 1) T e R 4 N AR R R U R Y
Crpra) 32 R A8 il ), PRI 32 B0 R S A7 X% 1) B4 i i
AL K DL Y il Ay 1 e ) B T L, T B ) 2
W) 3 B Sy ph AR B i B R A8 % K 1) L A
J3A] B S 2R T R 5 s 3 7 AR e g By g (T A
555, 2024) o H I HE BT 7E B 98 X R B LUK
£/ s e S I WA K 7y A B U R Y T R & e VR A
M5 BOWE 5T XN A7 AR 25 09 7R P4 1) K7 8 49 iz fif
2R3 DA R T T B g ThT B
522 EREMABEXZ

= U 5 U0 Y AR 5 AR I i
R TR - AR A L E ARG R T
FE N, B Y N A A A ) AR T W R A AR
(M), RIK AT A A 52T Y [F
A K . GBPQ ™ W IR R i1 5 45 2R s AR o 0
W98 R & 1 2 R 568~611 °C/5.2~5.3 kbar L M
630~654 °C/7.1~7.9 kbar(F£ 1), %f i K £y 25~30 C
Jkn F4 ML T B B, 26 B g N X M 2 R 4 T T —
BRI T e 85 55 T e g AR sk R AR I e 2%
PRIR B N A (B 9a) o 3% — o A& 5 A6 48 1% L By
B b 5e 1 JE A O[] B R 3 )2 R e e R A
TR B S0 Bl 58 4 4 ol A48 T B S1(ET 9¢) .

it 00— i b BT Y0 A R T AR R S, LA
ST R R LB M R TH S R U B
i 28 B R R AE, S-C 2 A8 TX )2 0] AN X Bk R 45 48 7
HA LT Y02 32248 10 (18] 3e) o 1 9 DAL T
<a>W % BT N F (550~650 °C) I & BRI A
i ) A 5 45 5 (GBM) 48 7 i A2 TE 4544, SR
PEBY Y1 T BT v R N s A AT (B 6) . A
I, B 30— b BT D) B R R AT BE AR &5 T AR A
v A U U A T L R A R A PR M B B A L 3B B
20 B A BRI AR Ay B = BT, Bk 8 Ul R
60%~80% 1 2 55 Y] 43 &t , 47 N BE 1% v & 2B 3 Jm] i
45 5 s b AR AR (LS BRI 2R ), X R B OB il
M B 303 B K STy 1) g b e R 3 0 JE M 5
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A w1 4 50 B R 2 AR DA M 2%
N 7 9 BB ARl B 5 X 0 1 B VI AR . R
AR 0P BY YA B T il R 1 R T A R Y ok
BB B W X AR B B, 7 1) 1 B U0
KB — WS R S M2(590~616 C/3.5~4.5
kbar), & 7~ M IR B B FH & (530 C/km), JF7E B =
R BEREORL (B B &R 2 4 A AR (18] 9d) o
53 A 1R A T S A ) T A R s B UKL ] &
AL B B 4 38 e i S R aX 1 AR I S 4 (1B 9d) .
AR R A TS Bl AR T R Y IXBR AR
i R, I AT 8 A2 B A0V 72 0] A AR AR A B B (8] 2)
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o, B EHTHES AL T T S3 (1A 9e) o
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ot FR b, Bl 3 LB B, B AL I R 5]k ML SE Y
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8 4% DL K 8 B B (D2) W 1 JR) 3 9k 4 ok T 3 S3.
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A, AFEAE SRR, T2 ) 1 B B D) A AR AR JE i
JE S A A7 A 25 5, H FLAR 5028 08 1 R 8] 20 A7 7 K %
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53 #HiEEREAKR

AR 3% 28 BT A8 S G FR 1 i, B 01—
b B YA 4 28 5 O i R T BB AFAE 2 ) OGS
[] 47 . Db 7 14 JE 3k B v i A28 T 34 ML B AR
@ A A FH 3k 31 06 ) TR R 2% 18 91 T 46 1) 45 T I
FE S M2 55 78 () B 3 B B, % B e B B L R R
Tt FE 30— i b B DA ) 1 B D) AR 0 14 & 2B B I

b B by DXORRRL 5 1) A8 A A e TR O 0 A
A5 AR A 201~ 188 Ma( X1 5 2545, 2019) o 1 X il
WEBREES LEERERARY LHT 38R
FEUH 2 v A8 8 5 5 A7 SHRIMP U-Pb 4F AR 2% )
WA T 241484, 1 410 214~210 Ma, A R 5 %
FEAEE N M52 3G IR A OC, 75 1408 207~197 Ma,
it B Sy A BR BT T B M B BT g5 1 (Liu et al.,
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2025) o 7E M PFE R A i AE BT TORR w5 )2 A R O
AR AR AR 2F 00 5%, AR U8 I A 1Y Al B A7 SHRIMP U-
Pb & 4F &5 4y 203 Ma Al 199 Ma( Bk g 8 %5, 2019;
Kl 2a), 118 1A B 2 A 7 R #5 A 303 U-Pb 4F i
& 7 A8 B A R 196 Ma( X1 5 5 45, 2019) . B UL,
A TE 210 Ma i Ailf 48 385 111 By Be M 7€ 3 J5 2o 72 o 19
B4, X & A= 3 1 722 BT AR T O 3k 30 e 39 78 o 2 A, 3
i — & T 210~200 Ma s £F b X 4b T 6ilf 48 () J5 Al 48
iR ) e AR L AR v, AR TR S M RER E N T
O 2 WA BT . Dy Ah, B T Rl X Y A R I B )
IF 5 0 38 5 S5 A6 W AR A AR A I HE R L, B
15 1L Je (208 Ma, Qin et al., 2008a, 2008b, 218 Ma, Jiang
et al., 2010; 218~210 Ma, Zhang et al., 2018, 2019), 7§
25 (210 Ma, 557,55, 2008; 214 Ma, Qin et al., 2008a),
Z5 YT 11 (219 Ma, Jiang et al., 2010), %€ FH (221~215
Ma, 5K 5375 45, 2004) 55 . R A AR IE BT 208 Ma LA
HT, 22 90 A i B 5 2] o 5 JB R B0 A R A 0 4 T
47, 5 5 HFSE, Nb il Ta, & il T Hi 52 5 J5 49 & 9K
ol & Al 7 S (XA SC S, 20115 Dong et al., 2012;
Dong and Santosh, 2016) . g 25 /& i N K 0T R RRA
1 &5 A U-Pb AR AR 22 45 5 Ty 216~210 Ma, 456 5 B
W 2 28 B [ A A B 030 o 5 Bl R W TR & 5 b
ARAG 2 214~210 Ma B9 5 A1 U-Pb 4E AR 22 45 21, A
215 Ma 1 B 1l X 2 &b T flf 48 & 11 B Bt (Zhang et
al., 2016) o b B A6 Z8 04 T2 1l DX P50 HE AR b AH 56
N K, HOIE AR R 217 + 1.5 Ma, 1l Jg 55 5 48 %
N KA T 3K 15 1Y 189.3 +£2.9 Ma 2 T 1 filf 48 /5 %5 15
1 BF AR (Dong et al., 2012) . iR AR it 5 75 K AR 1
AEAR 2% T A 2 W b 39 b X 7E K 24 220~210 Ma 1 [i1]
A AE AL T IR A A 3 LB B, O R A R R AR Ml 5 4 R
T, FF A AT A MR D SR T B M1 E
A8 R R P-T Lk (18] 9a, 9b) . B 5 1 BF 4 X 3%
i 52 ) 0 JE b 7 B U0 5 8 LU P 3R 52 0 (210 Ma 2
J& ), BEGE X T IR & B LA e b TR R 08
FEAE 110 45 I R AR 5 A M2,

BRI AR 43 1 DA B AR T AR i R 2% 1 A oY R
W 4900 1 5 Y1) A28 JE & AR AE He Rl R 3 L 1) Rl R RS A R
By B 0 0 2k R o, 25 5 o 9 B b DX AR S5 LA R A
Ve B9 BF 58 A R, 210 Ma LR X 38 4k T il 48 3
Ll B B, 1 2] 200 Ma D) JiE DX 3 2 58 42 4b T il 4 5 i
JEE 1) A8 1 A 1R o B Ah, BY D) AT R 0 X
YKL AE b 7 BE BB A7 U-Pb 5 4E 45 1 R Bk 5
I 3h Al BT 201.1 £ 1.5 Ma(X1 35 245, 2019),

M 1 AR e A E A A D ROR G s ek
PR FE 5 85 A U-Pb 4 % 7 B D0 B A8 T8
4 B 1% AE 215~205 Ma(Li et al., 2022) . [H it #%
SY YIS S A= I ] B 4 7E K 249 210~200 Ma.

Pk 5 40 s il 1) e 2B b R A |l X A2 R b e
4 B B B DL R 3 Ll AR AR 4% i (Rey et al.,
2001) o BE YA 5 B B AL T AL BOR A A R A
AR 2 180.8 3.8 Ma( 8] 8), Y 3 T 4 R B J1 55
14 M2 5 35000 0 5 4 0 ) A o T e B e
RA A I = N KA 1% RS A U-Pb 4R 2%
45 L 182 Ma DA K B 3t X IR 4 25 v A0 350 40 1 =
PR AR T (195 Ma) , AR 2 0 J5E 4t 52 45 33 5 5 T A8
Jor L AR ¥ 43wl i AR (2 (24, 20105 Zhang et al.,
2018) ., 7E 1P 55 B A L K B LA A IH HUBE ) &
AT AR A AT TR & A AR PE . BRI, DA
B #b X 7E 210~200 Ma J 8] € 28 i#F A B 1) 18 4 ) 5%
e [ B, 78 I 1] & 2E AR I R AR B M2 (51 10b),
F| 195~180 Ma 5¢ 4= A7 hilf 15 J&5 Hf J& 4 i 4% il 4 il
IEE Vs w4 (& 100) . MBI S M
A4 P 5 Y A o 43 4 Rl AT BB TR T P 2 VAT Ml X
1% St/Y £ i #1207 (£ 196~192 Ma) L K Ji5 filf 13
TR Y B 1) [ JE 3 B2 ( Zhang et al., 2018) . b4k, X 38
P91 DL DA R A RS B B R R AT Y T B e B
%, R T D2 Wy i AR Y, R R BE 3l R AL T 4k
J AR R R AR T IR B B D) 4R
T 2 W A b 26 )2 Uk R op X R 1 R 6 B
Iy ¥ 1 8 25 1 2k — 25 e (B 10e) .
54 =53 R4k T 1T ih X #7E 4l

H— = & (R 24 237~225 Ma), € 1 Mg B
A6 % 55 R 22 08 A0 1 A Y RO MK 48 Bl K AR BT S, R
7 U5 #8357 E A AIE 45 3 1L B B (Dong et al., 2021) .
2 B I DX N A ST Bl A A A AR B A S K TR
WIFRAE (Hu et al., 2020) o i §8 & L0 A FH A2 foff 5 s 4%
Ao TR TR, s B A A S A A
BAr 4EAR 45 B g 227~220 Ma(Li et al., 1999), ifij
I i 9 AR T 1 2 AT B0 BT V1A 1 Ar-C Ar AF AR 4 2
BB R HAS L A 223.4 + 1.8 Ma( Chen etal., 2010),
LT ki il A A B PR R A L BT R RS e
P A & A T — F A P Y X SR AR T L e R
D38 ot L R KIAEAE 5 5 R A . B R T
AT K ) 225~210 Ma i T BUAE 5 5 10 AR 24 LA &
b ER Ak 2 5 AF 2% W 0 Bk il 4R 3 D VR T R 2 T A
2| T 1% ( Dong et al., 2012; Qin et al., 2013; Zhang et al.,
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Fig. 10 Metamorphic and deformational evolution of the Yangtianba—Shimudi ductile shear zone

(a) The collisional orogenic stage during which the Foping area underwent progressive metamorphism (M1); (b) The tectonic regime transitional
stage marked by the isothermal decompression metamorphic event (M2) and the development of ductile shear zones; (c) The regional transition
into a post-collisional extensional regime, characterized by decompression-induced partial melting, followed by foliation transposition during the
exhumation of late-stage mid- to high-grade metamorphic rocks; The gray arrows represent the stress regimes (compression or extension) during

different stages of tectonic evolution.

2016; X 3K EE4F, 2019; You etal., 2024) o b 5P 1 X filf Je . VA AR AR P AR — R A B A KA

T8 AR OC 1Y 5 G S AE S R A DR B an e AR K
N L P8 78 10 95 2 N K 7 S5 38R 38 5 T Y 4K i A
(i % ~7. %, 2008; Qin et al., 2008a, 2008b), L X Fi.

AR B B B4R (Liu et al., 2011; Dong et al., 2012;
Dong and Santosh, 2016) . 1% B #i (K 24 220~210
Ma) 35 H St/Y A M (La/Yb) « HAE 7R e 52



406 ¥R 55 54 https://journal.geomech.ac.cn 2025

JEL JBE 35 3 TH 04 (Hu et al., 2020), 3 B I A o 25 04 49
T B AT R AT (1 b 5 3 R, L2 I 30 L e
Jf R & £ ¥F B (Hu et al., 20205 Liu et al., 2025) , A
o, SR EN Y 78 WA AR A i i ) 2 0
B H ST AR AE T L Bk T X R AR
TE J) 38 A8 IR R 2% 1R 35 R A A, T Bl A 27 L 1X
TR Ml 5 AR OC B9 AR AR R BRRL A (~237~200 Ma 1
AR AR IS R B 10a; 4 55HE 5, 1999; X1 ik 2
2, 2019; You et al., 2024) . £ Bt H 31—+ w5 #5574
A TR S % 38 R TSR MU T R A
s, K2y 210 Ma DL, 386 iF 48 BT 44 M1 fiff X
Bk 3] 0 B AR U R 2% A, AE AR DOIE W DL A i
f. TFa . BB EREEERT YA, F
¢ X A 1% i 0 & A A DN AR AR B (8] 10a) , 33X 1T g
Wk J5 S )R 5 V) AR T 4R A TR 4 I R A5 R (Li
etal., 2024) ,

M =& R (K2 210~200 Ma J57 ), ZE 14 3 1)
GRS RITEIR T e Gl R PR N
By B (X1 2545, 2019; Liu et al.,, 2025) . Z 478 L
TR W0, T 25 04 A o AT T U AR R S 8 i JE M
FC R AT 43 M AR T 2R I AR i A N R T — R A
Hh b 5 AR T DT BUA K R Y RE AR B A (Hu et
al., 2020; Qiu et al., 2023) . % W} 5 3K 75 B9 Sr/Y LA
J (La/Yb)y L 1H 3% B B 25 04 #4 3 fF i )5 dtb 7 78
210~200 Ma % A= T R 3 19 98 # (Hu et al., 2020) .
55 b [ Bb 9 B 5 e K A T 24 7~8 km B KR T
([ 10b), 7 35 22 rhic 5% T8 B i A9 It £ P-T %
B, A R R ) 3R B Ry R e R ok A R, 2000) o
M A U-Pb AR A2 2 B, b P15 A 0 B 2k ot LA I
8 IR AL A AE K2 209~198 Ma 22 15 1 £ [N 7+ AH R
25 AR (You et al., 2024), 155 J 48 5t #% B2 AN ]
B brp 2 A BT AE K 2 207~197 Ma & il T &
55 A N A AR S 5 358 (Liu et al., 2025), W%
B 0 57 5 R R R R AR BE T I R B AR 2 AR TR E
FH o 78 Rl 48 3 L[] il 4R O A B B G B R, o
509 b 1) L 7 LA RN RS b 5 Y K 7R A ) 3 )
715 B 5 X R A B9 D) AR Y (] 10b) . W58 3%
B i i il 2 3% 1L B ) o AR A SRR A A E
B R R T K i N3 A T 1 AR 3 M A L A R A A
il T b S P A i 1) R 3 R S e L
N5 W 30 56 e 0V B U0 Al Sy T R Bl o R AR B
A 3 SC B AR, i W B B U0 AR Yt i — 2B ik
T 5 WA ) 57, X TE B D PR A R DL R g A

T 1l — a5 1L -0 A L AR Y AR TS 2 X 3
H AR IR I ( Zhang et al., 2017b, 2022b; HKHE4E, 2020)
Tt EE 40— B0 BT U0 R R B T S R
T2 0 7 R, R Ot T B kBT T e T
B R R 22— o B 1) X S T R A =R M2
R TR 3 A ) A e B B O R 22 3] 200 Ma DL S
([ 10b), & B LAY 26 41 . 7 4 2B = BE DL AT
. T FA R EERIER R YA A, FBr X A
WY EAEELSGES T IR A LR g
A HELE AR RS (FE od) o 2 W78 5t 55 14 W) B
5 B0ZE 04 10 11 b X AR i 25 A &R a2 B AR AR
e L G

Bk B (R 29 200 Ma DL ), 35 22 59 Rl 48 )5
il JR A 3 B0 28 04 b 52 75 L b R 2 A (R 24 200~
160 Ma) Hf& 3 Ul 3, 2K M35 2 & (R B 2 . &
S 1L TE) 24 [ A D R A O I DU RRAE . e R
Hi X 24 189 Ma [ 4E i) IR 5 DL S A2 BH 55 78 72 11 24
192~198 Ma 77 14 & B 1% Bf 101 b 17 1l X 2 Ak T )5 i
1) e 3% 5 35 B Bt (Liu et al., 2011; Dong et al., 2012) ,
PR A Sy Bk A (200 Ma 5 ) b 7 Hb X 2 22 T Al
5 (RS S, 7R B AL B AR IR A A Rk
HR3RAS% 180.8 + 3.8 Ma LA M FE M P4 X 195~182 Ma
TR A 2 Al TR B PR A IS R B 2 P U R 8 1) i i 4
FHAE b 57 1, DX B 1490 0801 958 43 4 i =44 (11 10¢) o

25 bRk, g = & (~210 Ma LLET) fif 48 3 11
VB S 3005 VAl X B0U& & AR BT/ M1, 7E 210~
200 Ma filf 18 & L1 A FH I 46 1] Rl 15 )5 i e VR ] 5% 72
AR 00— i b b X B DA 4l B D) 4 i 2 A
17 WIPE BT D) A8 JE (D) JF 76 589 Y1l vh IR 46 & & I 5%
J5L I TR 19 A% B 35 F M2, 200 Ma DL 5, b B L X %
ilf 88 Ji5 R AR A P4 . 2 180 Ma, £ BT Y) A L &
Az Y 43 M L = R T 2 R ik . B S BT R
) b R Z S AR, D2 WK s AR A T BE A T
PRI R — NG R84 5 R EF PP B (4] 3d, 3h) .

6 %t

(1) BF M i AT« S A | s s eE i B DL
A7 BR A2 3 A 2 W, b B 55 [ Tk A T 0 — - i
BT 1T i i L ) R e (R e g B B, A
DA B B G S A2 45 T LI W 4 L8, K A L g
U1 0 IR A AT B U AR IR, S0 I8 e v B AE
Je I AR 2ok AR b e A o B
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RETI, S BRI IT S R R S BT DI A R R AR AR AT Y 407

QAT AR R AT YREITA
45 SR 6 B RS A A P—T Ak, H b R B S R ML
g 341 72 e 4% 1 3k F) 568~611 °C/5.2~5.3 kbar, 630~
654 °C/7.1~7.9 kbar; % i B F 25 F M2 193 5 2% 1
M 590~616 C/3.5~4.5 kbar, 454 BEWE A v AT 9 &
BH M <>l B R SHR<cTH R, ZPP) M)
W AR AR R HE E K2 550~650 °C 1 £ IR A HH 4%
PR, 128 Dy 45 TR R A8 5t S M2 19 38 in 2

(3) e FH 40— b 1 B B0 P9 A R R
G R AR ES 1 U-Pb I AE 45 5L 2 180.8 + 3.8 Ma, 1t
FT 1 A 0 S, B A A AR AR R
BT A2 G, Be TN T
B, s o 25 T s 300 7 b DX 2L 20 A R I B

(4) 19 BF 55 [ B % B B 30—+ |7 M BY DDAl 0 SR
T WA RS F A, ~210 Ma LURT#F 5T X 52 6l
3 LU AR 5 e G R B, R AR
M1, FifiJ5 7E ~210~200 Ma ] [a] #F 5 [X. HE A i filf 48
T LU R 1) il 48 Ao R A FH 2 7 4 s B B, DXk
NAETSHAENRITEREEE LT LT
ARTE KA, B IS S I R AR BT A M2 & A IR
s T BERS TP . 200 Ma i, 19 B Hb X 52 fif 48 ) A
JE AR B, 7E ~ 180 Ma 11 35 V14 N & 7 Ul 1 35
Sy KT, B RS ARIR A A . M AR IR & A AR R
T Rl R S, JRE AR T FR S2 A2 B 4 B ul A A 1
A & A T
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